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Editorial

Insights into Cancer Immunotherapies: Recent Breakthroughs,
Opportunities, and Challenges

Evan G. Pappas 1,2, Michael H. Kershaw 1,2 and Clare Y. Slaney 1,2,*

1 Cancer Immunology Program, Peter MacCallum Cancer Centre, Melbourne, VIC 3000, Australia
2 Sir Peter MacCallum Department of Oncology, University of Melbourne, Parkville, VIC 3010, Australia
* Correspondence: clare.slaney@petermac.org

This Special Issue reminds us that, although incredible developments have occurred in
the field of cancer immunotherapy, there is still plenty of room for improvement. Although
many otherwise untreatable patients have benefited from novel therapies, we still do not
completely understand why some patients respond while others do not. Here, experts
in the field summarize recent breakthroughs, but they also examine the challenges and
opportunities in improving current therapies. These discussions are increasingly important
because cancer immunotherapy has become a focal point in the race toward a cure.

Many manuscripts from this Special Issue focus on improving and better understand-
ing current immunotherapies. For example, Lau and colleagues lay the groundwork for
enhancing the clinical efficacy of adoptive cell transfers [1], and others identify novel
antigens [2]. An innovative approach by Jazowiecka-Rakus and collaborators boosted the
effectiveness of oncolytic viruses [3], while Ponath et al. redeployed histone deacetylase
inhibitors to improve natural killer cell immunotherapy [4]. Such advancements rely on
understanding existing therapies to identify suitable opportunities. This is exemplified
by the work of Wu et al., who revealed avenues for improving chimeric antigen receptor
(CAR) T cells by elucidating how they differ from conventional T cells [5]. In addition
to iterative improvements, Maruoka and colleagues also embraced new technologies by
leveraging recently developed photoimmunotherapy [6]. Together, these studies pave the
way for future clinical advancement.

Once a treatment completes clinical trials, it must continue to be scrutinized for efficacy
and safety. Notably, Choi and colleagues studied an immune checkpoint inhibitor (ICI)
that may be less effective than previously reported [7]. They demonstrated the importance
of retrospectively studying real-life clinical experiences beyond trials. An opinion piece
featured here also discusses current knowledge in the field of ICIs and how they can be
leveraged to improve clinical outcomes for patients with HER2-positive breast cancer [8].
These articles promote the idea that the bench-to-bedside process is indeed circular and
not linear.

In recent years, a wealth of knowledge has been generated and many of the included
reviews focus on the key cellular players underpinning tumor immunology and the cy-
tokines that control them. Examples include the importance of understanding metabolism
in CAR T cells [9] and not minimizing the physical properties of the CARs and their direct
impact on clinical outcomes [10]. Similarly, the use of CARs in a variety of other cell types
beyond T cells is reviewed [11], reminding us that the pursuit of innovation is within
reach. While cells play a central role in immunotherapies, we must not underestimate
the complex contribution of the cytokines that influence them. For example, the inter-
leukin 12 family of cytokines, and their roles in both improving and suppressing immune
responses, are discussed in depth [12]. Similarly, a pleiotropic cytokine, tumor necrosis
factor alpha, is also implicated in many processes that can promote or hinder effective
anti-cancer responses [13]. Such reviews help demystify complicated cellular interactions,
in turn informing better future therapies.
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The potential of non-T cells in immunotherapy is increasingly appreciated, including
natural killer cells [14] and dendritic cells [14]. The success of these strategies relies on
the immune recognition of cancer cells. It is imperative that we better understand the
mechanisms involved in the frequent failure to recognize tumor antigens [15] and the
evasion of immune responses [16].

Emerging strategies to modulate the immune system are also dissected in this issue.
For instance, the use of nonreplicating adenovirus for gene therapy is explored [17], while
another manuscript addressed the opportunity of targeting dynamic kinases expressed on
both immune and tumor cells [18]. New immunotherapies can be associated with toxicity
and, thus, clinical tolerance was discussed in some reports included in this issue. For
example, the use of pattern recognition receptors (PRR) to improve immune responses must
be balanced against potential harm and side effects. Some intratumorally administered
PRR agonists have recently been investigated, and they possess more favorable safety
profiles [19]. Complications have also been reported with the use of other immunotherapies,
such as anti-CD3-bispecific antibodies [20]. Reviewed by Middelburg et al., anti-CD3-
bispecific antibody therapies, like CAR T cells, are therapeutically effective in hematological
cancers, but they fail to treat solid tumors [21]. Hurdles include the immunosuppressive
tumor microenvironment and the difficulty for T cells to infiltrate the tumors [22]. Another
innovative strategy involves the use of nanoparticles and, more recently, combining them
with immunotherapies [23].

Glioblastoma, an aggressive tumor of the brain, is characterized by poor clinical
outcomes. Many animal studies failed to capture key human disease features, and the
results were not successfully translated clinically. One article from this issue discusses the
complexity of conducting and interpreting clinical trials featuring immunotherapies for
glioblastomas [24], while another article focuses on key limitations in the animal models
informing these trials [25].

Overall, the field of cancer immunotherapy represents an exciting breakthrough.
Improved understanding has resulted in novel therapeutics, which have, in turn, been
optimized. Despite such impressive advancements, many patients either lack access to
or fail to benefit from treatment. Future work must improve accessibility, as well as
stratify patients to better address their individual needs. This will allow a golden age of
personalized immunotherapy in oncology.
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Simple Summary: Adoptive cell transfer (ACT) is a potentially robust treatment option for patients
with advanced melanoma that is resistant to immune checkpoint inhibitors. The addition of cyclin-
dependent kinase 4/6 inhibitors to combination BRAF-MEK inhibitors can also greatly improve
the duration of response against melanoma. The aim of our study was to investigate adoptive cell
transfer with combination BRAF-MEK and CDK4/6 inhibitors. We show triplet targeted therapy is
highly efficacious against BRAFV600 melanoma in YOVAL1.1 and the BRAFi resistant SM1WT1 model.
Combination ACT with BRAF-MEK-CDK4/6i led to prolonged and deep anti-tumor responses in
YOVAL1.1. This work provides additional evidence for BRAF-MEK-CDK4/6i in clinical trials and in
combination with ACT.

Abstract: Despite the success of immune checkpoint inhibitors that target cytotoxic lymphocyte
antigen-4 (CTLA-4) and programmed-cell-death-1 (PD-1) in the treatment of metastatic melanoma,
there is still great need to develop robust options for patients who are refractory to first line im-
munotherapy. As such there has been a resurgence in interest of adoptive cell transfer (ACT)
particularly derived from tumor infiltrating lymphocytes. Moreover, the addition of cyclin depen-
dent kinase 4/6 inhibitors (CDK4/6i) have been shown to greatly extend duration of response in
combination with BRAF-MEK inhibitors (BRAF-MEKi) in pre-clinical models of melanoma. We
therefore investigated whether combinations of BRAF-MEK-CDK4/6i and ACT were efficacious
in murine models of melanoma. Triplet targeted therapy of BRAF-MEK-CDK4/6i with OT-1 ACT
led to sustained and robust anti-tumor responses in BRAFi sensitive YOVAL1.1. We also show that
BRAF-MEKi but not CDK4/6i enhanced MHC Class I expression in melanoma cell lines in vitro.
Paradoxically CDK4/6i in low concentrations of IFN-γ reduced expression of MHC Class I and PD-L1
in YOVAL1.1. Overall, this work provides additional pre-clinical evidence to pursue combination of
BRAF-MEK-CDK4/6i and to combine this combination with ACT in the clinic.

Keywords: melanoma; adoptive cell transfer; targeted therapy; cell cycle; immuno-oncology

1. Introduction

While immune checkpoint inhibitors (ICI) targeting cytotoxic lymphocyte antigen-4
(CTLA-4) and anti-programmed death-1 (anti-PD1) have taken center stage in the treatment
of advanced melanoma, there is a paucity of robust systemic treatment options in the
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refractory setting. Combination ipilimumab-nivolumab is generally favored as first line
treatment for BRAFV600 metastatic melanoma given its five-year progression free survival
(PFS) rate is double that of upfront BRAF-MEK inhibitors such as dabrafenib-trametinib
(38% vs. 19%) [1,2]. As such, targeted therapy with BRAF-MEKi is increasingly used as
second line therapy after immune checkpoint inhibitors but has relatively short duration
of response of around 11–12 months [2]. Adoptive cell transfer (ACT) derived from
tumor infiltrating lymphocytes (TIL) is a potentially robust option in the ICI refractory
setting. Original studies by Rosenberg and colleagues, showed an objective response rate of
approximately 50% with almost 30% of patients alive at the five-year timepoint in a pooled
analysis of 3 trials [3,4]. Owing to the high labor requirements of extraction and production,
TIL ACT has been limited to highly specialized academic centers. However, lifileucel is a
commercial, centrally manufactured TIL ACT product that has shown promising activity
in pre-treated ICI patients (n = 66) with an objective response of 36% [5]. Although median
PFS was 4.1 months, the median duration of response was not reached after 18 months
indicating the potential of long-term responses.

Combining BRAF-MEKi with ACT could therefore harness the advantages of targeted
therapy with its high response rate (60–70%) and immunotherapy with its capacity for
long term disease control. Findings from earlier pre-clinical studies support this approach.
The addition of BRAFi (vemurafenib) to pmel-1 and OT-1 ACT treatments enhanced anti-
tumor responses against the BRAFi resistant murine melanoma SM1 and SM1-ova tumors,
respectively [6]. In a subsequent study, Hu-Lieskovan et al. [7], demonstrated synergy
of combination BRAF-MEKi (dabrafenib and trametinib) with pmel-1 ACT against SM1
tumors. By itself, pmel-1 ACT had modest activity, but once combined with BRAF-MEKi,
substantial tumor control was observed. Although anti-tumor responses to BRAF-MEKi
are largely attributable to the sequential blockade of the mitogen activated protein ki-
nase (MAPK) pathway, pre-clinical and patient studies show targeted therapy can exert a
range of immunomodulatory effects on melanoma which are potentially synergistic with
ACT [8]. BRAFi upregulates melanoma differentiation antigens such as gp100, MART-1 and
tyrosinase in murine models [7], in vitro human cell lines [9,10], and in patient biopsy sam-
ples [11]. Additionally, expression of MHC I expression can be upregulated by melanoma
in response to BRAFi treatment [10]. Hence targeted therapy may enhance the immuno-
genicity of melanoma and potentially augment the activity of ACT.

Cyclin dependent kinase 4/6 inhibitors (CDK4/6i) may also play a role in enhancing
duration of response in combination with BRAF-MEKi via blockade of the cell cycle and
exerting immunomodulatory effects on melanoma. The addition of CDK4/6i such as
palbociclib [12] or ribociclib [13] to endocrine therapy almost doubles progression free
survival compared to aromatase inhibitors alone in metastatic oestrogen receptor positive
breast cancer. Approximately 90% of melanoma exhibit some cell cycle pathway dysreg-
ulation [14] which provides a strong rationale to combine CDK4/6i with BRAF-MEKi.
Studies in our laboratory have shown encouraging in vivo anti-melanoma activity of pal-
bociclib in combination with BRAF-MEKi [15,16]. Additional pre-clinical studies also
demonstrate potential immuno-modulation by CDK4/6 inhibitors (CDK4/6i) in breast
cancer and melanoma with upregulation of MHC Class I expression, T regulatory cell
reduction, increased IFN-γ release in the tumor microenvironment and enhanced long-term
anti-tumor immunity [17–21].

Building upon previous studies showing synergistic activity of BRAF-MEKi with
ACT, we investigated whether the addition of CDK4/6i could further improve anti-tumor
responses. We use two pre-clinical models, YOVAL1.1 which expresses the ovalbumin (ova)
antigen and SM1WT1 which expresses gp100 which are amenable to ACT such as OT-1 and
pmel-1, respectively. The SM1WT1 cell line is derived from SM1 which is resistant to BRAF
inhibitors by nature of a BRAF amplification and transversion thereby providing a suitable
platform to study the response in the BRAFi resistance setting [6,22]. Whereas YOVAL1.1
harbours a BRAFV600E mutation that is susceptible to BRAFi treatment. Importantly both
YOVAL1.1 and SM1WT1 exhibit a CDKN2A deletion which encodes the tumor suppressor
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p16 which is an inhibitor of CDK4/6 and thus the cell cycle pathway. Hence both cell lines
provide a mechanistic rationale for the addition of CDK4/6 inhibitor in melanoma.

2. Materials and Methods

2.1. Cell Culture and Drugs

The SM1WT1 cell line was derived at Peter MacCallum Cancer Centre from the SM1
cell line [22]. The YOVAL1.1 cell line was derived in our laboratory from YUMM1.1 [23].
SM1WT1 was maintained in Roswell Park Memorial Institute (RPMI) media supplemented
with 10% (v/v) fetal bovine serum (FBS) and Glutamax (35050-061, Life Technologies,
Carlsbad, CA, USA). YOVAL1.1 cells were maintained in RPMI supplemented with 10%
(v/v) fetal bovine serum (FBS), glutamax, 1 mM sodium pyruvate, 1 mM MEM Non-
Essential Amino Acids, and 0.1% 2-mercaptoethanol. Dabrafenib and trametinib were
purchased from Ark Pharm (catalog No. AK174048, Wuhan, Hubei, China) and Focus
Bioscience (catalog No. HY-10999, Queensland, Australia), respectively, and palbociclib
was from Pfizer Oncology (New York, NY, USA).

2.2. Cell Proliferation Assays

Cell proliferation assays were performed as previously described [15]. Plates were
imaged using the Incucyte, with continuous live cell imaging (Essen Bioscience, Ann Arbor,
MI, USA) every 12 h. Cell confluence was calculated as a marker of proliferation from
4 fields per well.

2.3. Gene Expression Analysis

Total RNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany) follow-
ing the manufacturer’s instructions. Purity and concentration of RNA was assessed using
the Nanodrop ND1000 spectrophotometer (Thermo Scientific, Waltam, MA, USA). Comple-
mentary DNA (cDNA) was generated using the High Capacity cDNA Reverse Transcrip-
tion Kit (Life Technologies). Quantitative real-time PCR using Mastermix Lightcycler SBR
Green Master Mix (Roche, Basel, Switzerland) was performed on a Lightcycler 480 (Roche).
NONO RNA was plotted as relative expression values. H2K1 (Biorad PrimePCR Assay
H2K1, Catalog 10025636), and TAP1 (Biorad PrimePCR Assay Tap1, Catalog 10025636)
were sourced from Biorad (Richmond, CA, USA). The primer sequences are as follows:

B2M-Forward: TTCACCCCCACTGAG
B2M-Reverse: GTCTTGGGCTCGGCC
NONO-Forward: TATCAGGGGGAAGATTGCCC
NONO-Reverse: GCCAGAATGAAGGCTTGACT

2.4. Animal Work

All in vivo mice experiments were approved by the Animal Ethics Committee of
Peter MacCallum Cancer Centre (Protocol E569). Male C57Bl/6 mice aged between
5 and 6 weeks were purchased from Walter and Eliza Hall Institute (Melbourne, Aus-
tralia). Mice were housed in pathogen free conditions at the Peter MacCallum Cancer
Centre Animal Hold facility.

Briefly mice were shaved on the right flank the day prior to implantation and were
anaesthetized using inhaled isoflurane and then injected with freshly harvested 1 × 106 tumor
cells in 0.1 mL of sterile PBS. For the SM1WT1 model only, male C57/Bl6 mice aged
12–16 weeks of age were exposed to 4 Gy radiation using the XRAD 320 irradiator im-
mediately prior to tumor establishment. Tumor measurements commenced 5 days after
implantation and were performed two or three times weekly using digital calipers. Tumor
volume was calculated by the formula 0.5 × length × width squared. Mice were sacrificed
when tumor volume reached 1200 mm3.

Dabrafenib-trametinib was prepared daily for administration in an aqueous solution
of 0.5% hydroxypropyl methylcellulose and 0.2% Tween 80 (Sigma-Aldrich, St. Louis, MO,
USA). Palbociclib was suspended in sodium lactate 50 mM. All mice were weighed prior

7



Cancers 2021, 13, 6342

to oral gavage. Dabrafenib and trametinib was administered at 30 mg/kg and 0.3 mg/kg,
respectively, once daily. Palbociclib was dosed at 80 mg/kg once daily.

2.5. T Cell Expansion and Adoptive Cell Transfer

Male pmel-1 C57/Bl6 were euthanized and spleens dissected and placed into cold
phosphate buffered saline (PBS) [24]. Spleens were minced and then incubated with
ammonium-chloride-potassium lysis buffer for 1 min. Splenocytes were washed and
filtered through a 70 micron filter twice prior to a manual cell count. Cell suspended to
a concentration of 1 million cells/mL and supplemented with gp100 peptide, IL-2, and
IL-7 at final concentrations of 0.1 μg/mL, 50 IU/mL, 0.2 ng/mL, respectively. Splenocytes
were then incubated at 37 ◦C 5% CO2. Cells were inspected every 2 or 3 days and split
in a 1:1 ratio and supplemented with IL-2 at final concentration of 50 IU/mL. The pmel-1
cells were injected via tail vein on day 6 of cell culture. IL-2 (5 × 105 IU) was injected
intraperitoneally twice daily for 3 days commencing on the day of pmel-1 injection.

Male OT-1 mice were subjected to the same red cell lysis and washing procedures as
above, however each spleen was placed into 100 mL of media supplemented with sinfekel,
IL-2, and IL-7 at final concentrations of (1 μL per 50 mL), 100 IU/mL, and 0.2 ng/mL,
respectively, incubated at 37 ◦C in 5% CO2. Three days later the splenocyte cultures
were counted then resuspended to a concentration of 4 × 106 cells/mL in fresh media
replenished with IL-2 and IL-7. Cells were incubated for a further 3 days until tail vein
injection into the recipient mice.

2.6. Flow Cytometry

Samples were blocked with 2% normal mouse serum. Fixable yellow (L34959, Invitro-
gen, Carlsbad, CA, USA) or 7AAD (Cat 00699350, eBioscience, Waltham, MA, USA) was
used to stain live/dead cells. Anti-mouse antibodies used were CD3 (17A2, eBioscience),
CD4 (GK1.5, BioLegend, San Diego, CA, USA), TCR Vα2 (KB5-C20, BD Pharmingen), CD8a
(53-6.7, BioLegend), CD44 (IM7, Biolegend), CD62L (MEL-14, eBioscience), H-2Db (KH95,
BD Pharmingen), H-2Kb (AF6–88.5, BD Pharmingen), PD-L1 (MIH5, eBioscience). Anti-
human antibodies used were HLA ABC (W6/32, Biolegend), PD-L1 (29E.283, Biolegend),
anti-mouse IgG2a K Isotype (Biolegend), and anti-mouse IgG2b K (Biolegend).

Fluorescence was measured on BD LSR Fortessa X-20 or BD FACSVerse flow cytometer
(BD Biosciences, North Ryde, NSW, Australia) and data analyzed using the FlowJo, LLC
software (BD Biosciences, Franklin Lakes, NJ, USA).

2.7. IFN-γ Release Assay

SM1WT1 or SM1 were co-cultured with IFN-γ (2 ng/mK) or control for 24 h. SM1WT1
cells were then trypsinized and washed twice prior to pulsing with gp100 peptide (1 ng/mL)
for 30 min and then washed twice prior to incubation with pmel-1 cells for 4 h. Supernatants
were transferred to a second 96 well plate and frozen at −20 ◦C until IFN-γ enzyme-linked-
immunosorbant assay (ELISA) was performed as previously described [25].

2.8. Chromium Release Assay

Target cells were labelled with 250 μCi/mL Chromium-51 (51Cr; Perkin Elmer, VIC
Australia) for 45 min prior to culturing with effector cells at 37 ◦C. Supernatant was
collected and 51Cr was measured by a gamma counter (Wallac Wizard). 51Cr release
due to effector-mediated killing was calculated as %Release = [(51CrSAMPLE − 51Cr-
SPONT)/(51CrTOTAL − 51CrSPONT)] × 100; where 51CrSPONT is spontaneous 51Cr
release from target cells cultured without effector cells, and 51CrTOTAL is total chromium
release from cells lysed with 10% Triton X-100.

2.9. Statistical Analysis

All statistical analyses were performed with the GraphPad Prism version 8 software
(GraphPad Software Inc, La Jolla, CA, USA). As indicated comparison between two groups
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were analyzed using Student’s t-test. Multiple comparisons were analyzed using one-way
analysis of variance (ANOVA). A p-value of <0.05 was considered significant.

3. Results

3.1. YOVAL1.1 but Not SM1WT1 Mouse Melanoma Cells Are Highly Sensitive to Combination
BRAF-MEKi and the Addition of Palbociclib Enhances Inhibition of SM1WT1 Proliferation

We assessed the sensitivity of the YOVAL1.1 and SM1WT1 cell lines to dabrafenib
(BRAFi), trametinib (MEKi), and palbociclib (CDK4/6i) (Figure 1A). YOVAL1.1 harbors
a BRAFV600E mutation, while in contrast SM1WT1 possesses a BRAF amplification ren-
dering it resistant to BRAFi. YOVAL1.1 cells were sensitive to dabrafenib, trametinib,
and moderately sensitive to palbociclib having GI50′s (dose required to inhibit growth
by 50%) of 4.5 ± 1.3 nM, 0.5 ± 0.1 nM, and 623 ± 147 nM, respectively. In comparison,
SM1WT1 cells were relatively resistant to both dabrafenib and trametinib but moderately
sensitive to palbociclib, exhibiting GI50’s of 519 ± 29.4 nM, 11 ± 3.2 nM, and 490 ± 52 nM,
respectively. To assess the activity of BRAFi, MEKi, and CDK4/6i combination therapy, cell
proliferation over time was assessed (Figure 1B). Combination dabrafenib and trametinib
(DT) at relatively low concentrations (10 nM and 1 nM, respectively) robustly inhibited
cell proliferation in YOVAL1.1 cells, and palbociclib alone partially inhibited proliferation.
In contrast, SM1WT1 cells exhibited resistance to both dabrafenib and trametinib at very
high concentrations of 1 μM and 30 nM, respectively which only partially inhibited cell
proliferation. However, the addition of palbociclib to DT elicited a more robust response.

Figure 1. Sensitivity of mouse melanoma cell lines to targeted therapy. (A) Dose response assays were performed, and the
concentration of drug required to inhibit proliferation by 50% (GI50) was determined. Bar graph represents mean ± SEM of
3–7 independent dose response experiments. For YOVAL1.1, a significant difference (p < 0.0001) in GI50′s was observed
between palbociclib (623 ± 147 nM) and both dabrafenib (4.5 ± 1.3 nM) and trametinb (0.5 ± 0.1 nM). For SM1WT1,
a significant difference (p < 0.0002) in GI50′s was observed between the trametinib (11.0 ± 3.2 nM) and both dabrafenib
(519.0 ± 29.4 nM) and palbociclib (490 ± 52.0 nM). There was no difference in mean GI50 between the other groups within a
cell line. One-way ANOVA was used to determine statistical significance. (B) To assess cell proliferation, cells were treated
for 7 days, and percent confluency was analyzed over time using an IncuCyte. For YOVAL1.1, cells doses for dabrafenib,
trametinib and palbociclib were 10 nM, 1 nM, and 2 μM, respectively. For SM1WT1, doses were 1 μM, 30 nM, and 1 μM,
respectively. Mean ± SEM of 5 technical replicates.
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3.2. Combination BRAF-MEK-CDK4/6i ± OT1 Is Highly Efficacious against YOVAL1.1

Earlier in vivo studies in our laboratory have shown the triplet combination of BRAF-
MEK-CDK4/6i leads to robust responses in YOVAL1.1 tumors that far exceed the response
to combination of BRAF-MEKi [16]. We therefore assessed the impact of the addition of
CDK4/6 inhibitor (palbociclib) in the BRAFi sensitive YOVAL1.1 cell line in conjunction
with OT-1 ACT (Figure 2A). Syngeneic C57BL/6 mice were inoculated with YOVAL1.1
subcutaneously. When tumors were at a target size of 50 mm3, 5 × 106 OT-1 cells were
injected via tail vein and daily gavages of dabrafenib-trametinib-palbociclib (DTP) com-
menced. Administration of OT-1 cells alone led to an anti-tumor response; however, by
day 26 tumors re-emerged. The triplet combination of DTP led to a robust and sustained
YOVAL1.1 tumor regression compared to OT-1 cells alone. When OT-1 ACT was combined
with DTP a similar robust and sustained response was observed. Given some tumors in
both DTP arms were impalpable, oral gavages of the targeted therapy were ceased at day
44, which led to subsequent regrowth of all tumors. However, a significant difference
(p < 0.03) in median survival was demonstrated between DTP (65 days) and DTP plus OT-1
(85 days).

Figure 2. YOVAL1.1 tumor response to targeted and ACT. (A) In vivo YOVAL1.1 tumor volume growth and Kaplan–Meier
overall survival curves of dabrafenib-trametinib-palbociclib (DTP ± OT-1 ACT with 4 mice per group (mean ± SEM).
Gavages of DT ceased at day 44. Median overall survival (OS) for OT-1, DTP and DTP + OT-1 was 40, 64.5, and 85 days,
respectively. OS hazard ratio (HR) for OT-1 versus DTP was 0.270, p = 0.006. OS HR of DTP versus DTP + OT-1 was 0.300,
p = 0.03. (B) In vivo YOVAL1.1 tumor volume growth curve and Kaplan–Meier overall survival curves of dabrafenib-
trametinib ± OT-1 ACT or dabrafenib-trametinib-palbociclib ± OT-1 ACT (mean ± SEM) with groups of 8 mice per each
arm. Gavages of DT ceased at day 46. Median OS for DT, DTP, DT + OT-1 and DTP + OT-1 was 25, 62, 55, and 77.5 days,
respectively. OS HR for DT versus DTP was 0.340, p = 0.02. OS HR for DTP versus DT + OT-1 was 1.154, p = 0.76. OS HR for
DTP versus DTP + OT-1 was 0.250, p = 0.001. Hazard ratios determined with log-rank (Mantel-Cox).
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In a second experiment (Figure 2B), we compared dabrafenib-trametinib (DT) or DTP
with OT-1 for treating large tumors. DT alone did not induce tumor regression with median
survival of 25 days. In contrast, DT + OT-1, DTP, DTP + OT1, and all led to strong anti-
tumor responses that plateaued at day 15 in all groups, with mean volumes of 298 ± 163.0,
90 ± 28, and 46 ± 16 mm3 respectively. Again, due to the deep regressions observed with
DTP, oral gavages of DT and DTP were ceased at day 46 and all but one tumor in the
OT1 + DTP group displayed regrowth. Median survival of DTP + OT1 was 78 days which
was superior to DT + OT-1 (55 days, p < 0.02). DTP was highly efficacious and superior to
both DT alone and DT + OT-1. Similar to the previous experiment, there was significant
additional anti-tumor activity, when OT-1 was combined with DTP compared to DTP
alone (median survival of 77.5 days versus 62 days, p < 0.001). Between both experiments
the DTP arms led to average weight loss of between 2.3% to 4.3% in the first 15 days of
treatment which then returned to their mean baseline between day 23 and 46.

3.3. In the Therapy Resistant SM1WT1 Model, ACT Does Not Enhance Response to Combination
BRAF-MEKi ± CDK4/6i

Given the YOVAL1.1 in vivo results, we then sought to assess whether the addition of
palbociclib to combination BRAF-MEKi and pmel-1 ACT would further enhance anti-tumor
activity against the BRAFi resistant SM1WT1 tumors. Syngeneic C57BL/6 mice were sub-
jected to 4 Gy radiation and then immediately inoculated with SM1WT1 subcutaneously.
When tumors were at least 50 mm3, the mice received 1 × 107 pmel-1 cells via tail vein
injection or mock ACT both with 5 × 105 IU of IL-2 intraperitoneal injection (control).
Dabrafenib-trametinib ± palbociclib gavages were also commenced. There was no differ-
ence in the tumor growth curves between the control and pmel-1 ACT arms (Figure 3).
The two DT containing arms exhibited slower growth compared to control and this was
enhanced by the addition of palbociclib. Surprisingly, pmel-1 ACT did not enhance either
DT or DTP responses. Median survival (Figure 2) was improved substantially with both
DT and DTP compared to control (p < 0.01 and p < 0.001, respectively) and DTP improved
survival compared to DT (p < 0.03).

Figure 3. SM1WT1 tumor response to targeted therapy and ACT. (A) SM1WT1 tumor volume growth curves of dabrafenib-
trametinib (DT) ± palbociclib (P) and pmel-1 adoptive cell transfer (ACT) with 8 mice per group (mean ± SEM).
(B) Kaplan–Meier overall survival (OS) curves of data shown in (A). Median OS for control, pmel-1, DT, DT + pmel-1, DTP,
and DTP + pmel-1 was 21, 21, 29, 31, not attained, and not attained, respectively. OS hazard ratio (HR) for control versus
pmel-1 was 1.57, p = 0.32. OS HR for DT versus DT + pmel-1 was 0.995, p > 0.99. OS HR for DTP versus DTP + pmel-1
was 0.627, p = 0.58. OS HR for DT versus DTP was 4.695, p = 0.03. Hazard ratios determined with log-rank (Mantel-Cox).
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3.4. Pmel-1 T Cells Kills SM1WT1 In Vitro Only with gp100 Stimulation

To investigate the lack of response in the SM1WT1-pmel-1 system, pmel ACT cells
were further assessed. Flow cytometry of the injected pmel-1 ACT cells showed a highly
activated phenotype (Figure S1) with a high proportion of CD3, CD8, CD44hi, and CD62Lhi

positive cells indicating a central memory phenotype. Chromium release assays were also
performed to determine if pmel cells were effective at recognizing and killing SM1WT1
cells. Pmel-1 cells were able to kill approximately 80% of the highly immunogenic MC38
cells pulsed with gp100 and 40% SM1WT1 pulsed with gp100 with an effector:target ratio
of 40:1 (Figure 4A). IFN-γ release assays (Figure 4B) showed low IFN-γ concentrations with
pmel-1 and SM1WT co-cultures compared to pmel-1 and SM1WT cells pulsed with the
gp100 peptide. These findings are surprising given we originally considered the melanoma
SM1WT1 cells to express the classic gp100 melanoma peptide. To determine if SM1WT1
cells have a low expression of gp100 by MHC Class I, SM1WT1 cells were pre-incubated
with IFN-γ for 24 h, to increase MHC Class I expression. Cells were washed extensively
and then incubated with pmel-1 cells. Only upon pulsing IFN-γ stimulated SM1WT1
with gp100 peptide were high IFN-γ titers achieved; indicating low expression of this
antigen as the likely cause for the poor activity of pmel-1 cells against SM1WT1 in vitro
and potentially in vivo.

Figure 4. SM1WT1 tumor response to targeted and ACT. (A) Chromium release assay of MC38 and SM1WT1 vs. pmel-1
(mean ± SEM of 3 independent experiments). (B) SM1WT1-pmel-1 IFN-γ Release Assay (mean ± SEM of 3 independent
experiments). SM1WT1 + pmel-1 were incubated for 16 h. To ensure MHC Class I expression, SM1WT1 cells were also pre-
incubated with IFN-γ (2 ng/mL) for 24 h and washed twice prior to incubation with pmel-1 (SM1WT1 + IFN-γ + pmel-1).
SM1WT1 was pulsed with gp100 peptide (1 ng/mL) for 30 min and washed twice prior to incubation with pmel-1
(SM1WT1 + gp100 + pmel-1). * p < 0.05, **** p < 0.0001.

3.5. BRAF-MEKi Upregulates MHC Class I and PD-L1 in SM1WT1 and YOVAL1.1 In Vitro

MHC Class I is a pre-requisite for responses to T cells including TIL ACT [26] and the
loss of antigen presentation machinery is an important resistance mechanism of anti-PD1
therapy [27,28]. Inhibition of BRAF is associated with up-regulation of MHC Class I and
presentation of antigen [29]. We therefore investigated if the addition of CDK4/6 inhibitor
to BRAF-MEKi could further enhance MHC Class I expression in our models. Dabrafenib-
trametinib led to a significant 2.4-fold upregulation of both H2Db and H2Kb over control
in SM1WT1 (Figure 5A,B: p ≤ 0.01). Similarly, dabrafenib-trametinib upregulated both
H2Db and H2Kb by 3.6-fold over DMSO in YOVAL1.1 (Figure 5D,E: p ≤ 0.05) and there
was no significant difference with the addition of palbociclib in either cell line. Palbociclib
itself did not alter YOVAL1.1 expression of MHC Class I (Figure 5F), while SM1WT1 H2Db
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and H2Kb expression increased by approximately 33% (Figure 5A,B). Representative FACS
plots are shown in Figures S2 and S3.

 

Figure 5. SM1WT1 and YOVAL1.1 MHC Class I and PD-L1 Expression. Samples analyzed using FACS for H2Db (A,D,G,J),
H2Kb (B,E,H,K), and PD-L1 (C,F,I,L). SM1WT1 and YOVAL1.1 were treated with dabrafenib-trametinib (DT), dabrafenib-
trametinib-palbociclib (DTP), or palbociclib alone. Median fluorescent intensity of the respective treatment group was
normalized back to controls and expressed as fold MFI change. Mean ± SEM. n = 3–5. Statistical significance was determined
using a one-way ANOVA * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Although BRAF-MEKi upregulates MHC Class I expression, it can also enhance
PD-L1 expression thereby potentially counteracting immune responses. SM1WT1 PD-L1
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expression was increased by 1.7-fold over DMSO control by both DT and DTP treatment
(p < 0.002) (Figure 5C). YOVAL1.1 expression of PD-L1 was increased by 2.0-fold (p < 0.006)
and 2.9-fold (p ≤ 0.016) with DT and DTP treatment, respectively (Figure 5F). Palbociclib
itself did not alter expression of PD-L1 in either cell line (Figure 5C,F) indicating BRAF-
MEKi was responsible for upregulation in the DTP treatment group.

In parallel with these experiments, we also assessed MHC Class I and PD-L1 ex-
pression in response to targeted therapy in the presence of IFN-γ. (Figure 5G–L). Under
these conditions, DT and DTP treatment did not consistently increase H2Db and H2Kb
expression compared to IFN-γ alone. Surprisingly, palbociclib treatment in the presence of
IFN-γ reduced YOVAL1.1 H2Db expression (0.66-fold decrease, p < 0.0018) with a similar
trend observed with H2Kb (0.674-fold decrease, p < 0.099). YOVAL1.1 PD-L1 expres-
sion was also inhibited with palbociclib plus IFN-γ treatment compared to IFN-γ control
(0.474 decrease, p < 0.006). However, palbociclib did not alter MHC Class I expression in
the human BRAFV600 mutant melanoma cell lines A375, HT144, SKMEL-28, and WM266-4
cell lines even in the presence of IFN-γ (Figure S4). Palbociclib enhanced PD-L1 expression
in A375 in particularly with IFN-γ (Figure S5).

In order to explore the potential mechanism of MHC Class I upregulation induced
by dabrafenib-trametinib ± palbociclib, real-time PCR of H2K1, Transport associated with
Antigen Processing-1 (TAP1) and Beta-2-Microglobulin (β2M) was performed (Figures 6and S6).
Dabrafenib-trametinib ± palbociclib upregulated TAP1 (approx. 6–7-fold) and β2M
(approx. 4-fold) mRNA expression in SM1WT1. H2K1 was also upregulated by dabrafenib-
trametinib ± palbociclib although the increase observed by the drug triplet did not meet
statistical significance. In contrast, palbociclib monotherapy down regulated H2K1 gene
expression by 50% (p < 0.05: Figure 5A). In YOVAL1.1 cells, TAP1 appeared to be upregu-
lated by dabrafenib-trametinib ± palbociclib although only the BRAF-MEKi group attained
statistical significance (p < 0.001). Overall, there was no effect by BRAF-MEKi nor CDK4/6i
on YOVAL1.1 H2K1 or β2M expression.

Figure 6. SM1WT1 and YOVAL1.1 gene expression of H2K1, TAP1 and β2M. SM1WT1 and YOVAL1.1 treated with control
(DMSO), dabrafenib-trametinib (DT), dabrafenib-trametinib-palbociclib (DTP), and palbociclib monotherapy. Samples
analyzed using real time PCR for H2K1 (A,D), TAP1 (B,E), and β2M (C,F). Mean ± SEM, n = 4. Gene expression normalized
to DMSO control. Statistical significance was determined using one way ANOVA * p < 0.05, *** p < 0.001.
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4. Discussion

The primary aim of this study was to assess whether the addition of palbociclib could
augment anti-tumor responses in combination with adoptive cell transfer and BRAF-MEKi.
Combination BRAF-MEKi can shape the tumor microenvironment by reducing immuno-
suppressive factors such as vascular endothelial growth factor, IL-6, IL-10, and TGF-β
which corresponds with increasing tumor infiltrating lymphocytes [11,30]. Given the
potential immunomodulation observed in previous studies, it is therefore logical to com-
bine CDK4/6i with BRAF-MEKi. Previously we have shown that DTP elicited a robust
anti-tumor response against YOVAL1.1 in vivo with overall survival of beyond 100 days
compared to approximately 70 days for BRAF-MEKi [16]. Combination DTP increased
T cell and CD8 infiltration in the tumor microenvironment while Treg populations were
reduced compared to both controls and DT treated mice [16]. Critically DTP reduced
CD103+ dendritic cell (DC) populations in the tumor microenvironment which accounted
for resistance to combination anti-CTLA-4 and anti-PD1 antibodies after progression of
the targeted therapy triplet [16]. Given this observation, we reasoned that DTP could also
antagonize ACT, however in BRAFi sensitive YOVAL1.1 tumors combined DTP and OT-1
ACT further enhanced the durability and depth of response compared to either treatment
alone.

CDK4/6 inhibitors have been shown to enhance the immunogenicity of cancer and
modulate the tumor microenvironment. Goel et al. demonstrated CDK4/6i upregulated
MHC Class I expression via upregulation of HLA-A, HLA-C, B2M and mRNA in breast can-
cer cell lines [17]. Similar upregulation of MHC Class I by CDK4/6i was also demonstrated
in the murine melanoma cell line B16-OVA with co-culture experiments showing enhanced
IFN-γ and TNF-α release when treated with OT-1 T cells [17]. Contrary to these prior
studies, neither SM1WT1 nor YOVAL1.1 MHC Class I expression was altered by palbociclib
monotherapy. BRAF-MEKi in both cell lines did enhance MHC Class I expression but there
was no additional contribution with the addition of CDK4/6i. Furthermore, we did not
observe changes of MHC Class I expression in several human melanoma cell lines which
indicates the response to CDK4/6i is not universal.

CDK4/6i can also enhance inhibitory immune checkpoints namely PD-L1. Treatment
with CDK4/6i inhibits speckle-type POZ protein (SPOP), a cullin E3 ubiquitin ligase protein
that stimulates proteasome-mediated degradation of PD-L1 [20]. In this key paper, Zhang
et al. demonstrated palbociclib upregulated PD-L1 in B16F10 in vivo. Additionally, they
showed fluctuation of PD-L1 expression during cell cycle progression and palbociclib
treatment consistently upregulated this immune checkpoint in a variety of different tissues
such as brain, liver and colon. In our work we did not identify enhancement of PD-L1
expression in vitro with palbociclib or in combination with BRAF-MEKi in our melanoma
models.

While we did not show palbociclib enhancement of either YOVAL1.1 or SM1WT1
MHC Class I expression, CDK4/6i itself can potentially enhance T cell and ACT activity.
Palbociclib treatment is associated with upregulation of nuclear factor of activated T-cells
(NFAT) in Jurkat cells with subsequent higher IL-2 and GM-CSF production [18]. Using
a CRISPR/CAS9 screen on Jurkat T cells, retinoblastoma protein was also shown to be
necessary for CDK4/6i upregulation of CD62L expression and skew TIL populations
towards memory differentiation [21]. These studies also showed significantly enhanced
CAR-T cell persistence and anti-tumor efficacy with palbociclib treatment indicating a
potential role for CDK4/6i in ACT [21].

In the clinic, the targeted therapy triplet of BRAF-MEK-CDK4/6i could be employed
in combination with TIL ACT. BRAFi have been combined with TIL ACT in small pilot
studies with encouraging activity and safety [31–33]. In two trials, the BRAFi vemurafenib
was commenced after excision of melanoma metastases for ACT production and briefly
withheld during the pre-conditioning chemotherapy regimen for five days [32,33]. Ob-
jective responses were observed in 7 of 11 patients which included 2 participants with
complete responses [33]. In a second trial, 6 of 16 patients (38%) exhibited objective re-
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sponses at the 12 month mark with prolonged overall survival in responders varying from
38 to 66 months [32]. Importantly vemurafenib was able to prevent clinical progression
during the three to six-week ACT manufacturing period which is a key limitation of this
therapy. The BRAF-MEK-CDK4/6i combined with ACT might be of particular benefit for
patients with poor prognostic features such as those with high volume disease or elevated
lactate dehydrogenase (LDH) where both immune checkpoint inhibitors and combination
BRAF-MEKi have substantially reduced efficacy [1,34]. Five-year progression free survival
of patients with normal versus elevated LDH was 41% and 28%, respectively in patients
treated with ipilimumab-nivolumab [1]. Moreover, only 8% of patients with elevated LDH
treated with first line dabrafenib-trametinib had ongoing responses at the same time point
indicating a critical need for new treatments in this poor prognostic group [2]. The rapid
onset of responses with BRAF-MEKi and ACT might serve as useful treatments for these
poor prognostic patients.

We acknowledge a limitation of this work is the use of murine melanoma rather
than human ACT models. However, xenograft ACT models require immunodeficient mice
which may confound outcomes. Furthermore, it would limit the ability to assess if depletion
of tumor associated proinflammatory macrophages and cross-priming CD103+ dendritic
cells which we have previously observed with BRAF-MEK-CDK4/6i treatment would limit
the efficacy of concurrent ACT treatment [16]. Although CDK4/6i induces neutropaenia,
which may bring safety concerns with pre-conditioning chemotherapy required for TIL
ACT, the potential for CDK4/6i to modulate T cell populations to a memory phenotype
might also be advantageous for ACT. Clinical data on the potential additive benefit of
palbociclib with BRAF-MEKi is pending with the phase Ib CELEBRATE trial (NCT04720768)
which investigates the addition of palbociclib to encorafenib-binimetinib. This eagerly
awaited study might provide an additional targeted therapy regimen that could set the
stage for future trials in combination with adoptive cell transfer.

5. Conclusions

Overall our findings indicate the BRAF-MEK-CDK4/6i can be employed in combina-
tion with ACT and provides additional evidence that supports clinical studies of CDK4/6i
in combination with BRAF-MEKi in advanced melanoma. We did not find that CDK4/6i
alone or in combination with BRAF-MEKi enhanced MHC Class I in YOVAL1.1 or SM1WT1.
Consistent with other studies BRAF-MEK-CDK4/6i led to robust anti-tumor activity in
both BRAFi resistant SM1WT1 and BRAFi sensitive YOVAL1.1 models and importantly
did not adversely affect the response to ACT. This data supports the use of this novel triplet
targeted therapy with adoptive cell transfer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13246342/s1, Figure S1: FACS plots of pmel-1 adoptive cell transfer, Figure S2:
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Trametinib-Palbociclib (DTP) and Palbociclib for 72 h, Figure S3: Representative FACS plots of
YOVAL1.1 treated with DMSO, Dabrafenib-Trametinib (DT), Dabrafenib-Trametinib-Palbociclib
(DTP) and Palbociclib for 72 h, Figure S4: Human melanoma cell lines and HLA-A, -B, -C expression
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IFN-γ Treatment.
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Simple Summary: Despite the unprecedented clinical benefit of immunotherapy in melanoma, some
patients still do not respond to treatment, arguing the need for novel therapeutic targets. The aim
of this study was to investigate the therapeutic potential of two understudied proteins, Ropporin-1
(ROPN1) and 1B (ROPN1B). We confirmed that these proteins are widely expressed in melanoma
patients using gene data derived from public datasets, and protein data derived from 61 patient
tumours. Moreover, these proteins were able to evoke strong immune responses in 104 melanoma
patients. These findings therefore suggest that ROPN1 and ROPN1B may be valuable targets for
immunotherapy, alone or in combination with existing treatments.

Abstract: Antibodies that block immune regulatory checkpoints (programmed cell death 1, PD-
1 and cytotoxic T-lymphocyte-associated antigen 4, CTLA-4) to mobilise immunity have shown
unprecedented clinical efficacy against cancer, demonstrating the importance of antigen-specific
tumour recognition. Despite this, many patients still fail to benefit from these treatments and
additional approaches are being sought. These include mechanisms that boost antigen-specific
immunity either by vaccination or adoptive transfer of effector cells. Other than neoantigens,
epigenetically regulated and shared antigens such as NY-ESO-1 are attractive targets; however,
tissue expression is often heterogeneous and weak. Therefore, peptide-specific therapies combining
multiple antigens rationally selected to give additive anti-cancer benefits are necessary to achieve
optimal outcomes. Here, we show that Ropporin-1 (ROPN1) and 1B (ROPN1B), cancer restricted
antigens, are highly expressed and immunogenic, inducing humoral immunity in patients with
advanced metastatic melanoma. By multispectral immunohistochemistry, 88.5% of melanoma
patients tested (n = 54/61) showed ROPN1B expression in at least 1 of 2/3 tumour cores in tissue
microarrays. Antibody responses against ROPN1A and ROPN1B were detected in 71.2% of melanoma
patients tested (n = 74/104), with increased reactivity seen with more advanced disease stages.
Thus, ROPN1A and ROPN1B may indeed be viable targets for cancer immunotherapy, alone or in
combination with other cancer antigens, and could be combined with additional therapies such as
immune checkpoint blockade.

Cancers 2021, 13, 1805. https://doi.org/10.3390/cancers13081805 https://www.mdpi.com/journal/cancers19



Cancers 2021, 13, 1805

Keywords: melanoma; tumour antigens; Ropporin-1; ROPN1; Ropporin-1B; ROPN1B

1. Introduction

Immune checkpoint blockade (ICB) targeting programmed cell death 1 (PD-1) and
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) has revolutionised the treatment of
melanoma, with clinical benefit seen in up to 70% of patients when compared to either PD-1
(54%) or CTLA-4 blockade (41%) alone [1]. This is mediated by the induction or reactivation
of antigen-specific effector T lymphocytes. There is considerable evidence that the peptide
products of mutated genes [2] or aberrant post-translational changes are important immune
targets in cancer [3]. These neoantigens have been correlated with patient responses to
ICB. Additionally, a study in melanoma demonstrated immunogenicity of personalised
neoantigen vaccines, designed to selectively target the mutated antigens of each patient [4].
However, next-generation sequencing and algorithms for human leukocyte antigen (HLA)
binding indicate that as many as two thirds of human cancers do not generate mutational
neoantigens at sufficiently high frequencies to ensure immune recognition [5,6]. Clearly,
approaches that extend options for immunotherapy need to also account for tumours with
low numbers or absent mutated antigens. Indeed, there is abundant evidence in pre-clinical
models and in human clinical trials, indicating that ICB can be highly effective if combined
with vaccines or adoptive cell transfer (ACT) of effector T lymphocytes, even in tumour
models with few mutations [7–9]. Thus, combinations with antigen-specific therapeutic
approaches are amendable for increasing the scope of ICB as long as appropriate antigens
with optimal characteristics can be identified.

For practical purposes, vaccines that utilise shared antigens are attractive since this
avoids the complexity and expense of generating customised products for individual
patients. For such vaccines, the epigenetically-regulated cancer-testis antigens (CTAgs)
can be considered as immune-neoantigens, since their expression is newly acquired as
part of the malignant phenotype. A variety of CTAgs have been widely studied for their
use as vaccine antigens or for ACT [10–13]. Arguably, the prototype CTAg is NY-ESO-1
(CTAG1A or identical gene copy CTAG1B), which induces spontaneous cellular and hu-
moral immune responses in melanoma and other cancers [14–16]. However, while CTAgs
have the distinct advantage of being tumour-specific, expression is often heterogeneous,
patchy or weak [17]. To overcome this, cancer vaccines have been designed using several
immunogenic epitopes from different CTAgs in combination [18–20]. To date, success with
these treatment types has been limited. However, peptide vaccines are currently being
reconsidered as combination treatments with ICB and ACT to boost immunity and broaden
the cohort of responders [21–23]. Thus, identification of novel tumour-specific antigens con-
tinues to be of importance in the development of effective anti-cancer therapies. The ideal
antigen would be one that is immunogenic and expressed in a large percentage of cancer
patients, while limited in any normal tissue expression. Here, we describe and characterise
ropporin-1 (ROPN1) and 1B (ROPN1B, 96% sequence homology with ROPN1) as antigens
with the aforementioned properties. Based on studies of tissue distribution, CTAgs have
been broadly classified as testis-restricted, testis/brain-restricted, and testis-selective, with
ROPN1 being classified as the latter [24]. Despite this, the testis is an immune-privileged
site that is protected from systemic immune attack, and hence ROPN1 or ROPN1B-specific
therapeutic approaches should not result in testicular toxicity [25]. Hence, although poorly
studied, we propose they represent promising targets for further clinical development.

Ropporin was firstly described in 1999 as a testis-restricted, rhophilin-binding protein
by Fujita et al., using a yeast two hybrid screen on a mouse testis cDNA library [26].
Human ropporin has been shown to directly interact with and bind to A-kinase anchoring
proteins (AKAPs) [27], predominantly AKAP110. While the exact function of ropporin
remains elusive, its localization in sperm cells and expression data from patients with
asthenozoospermia suggested a potential role in sperm motility [28]. The expression
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pattern of human ropporin is tissue-restricted, with the majority of expression detected
in testis and foetal liver, as well as a variety of hematologic malignancies [29] and breast
cancers [30].

A recent study using triple negative breast cancer cells suggests that ROPN1 acti-
vates RhoA signalling via rhophilin-1 (RHPN1), promoting cell migration, invasion and
metastatic potential [30]. It was shown to be overexpressed in triple negative breast can-
cer cell lines and tissue, with high levels predictive of a poor prognosis [30]. Ropporin
was identified as a potential target for immunotherapy in multiple myeloma, where its
expression was detected in 44% of cases and its immunogenic potential was confirmed
by the presence of antibodies and cytotoxic lymphocytes [31]. We therefore hypothesised
that this may also be the case in melanoma and aimed to investigate the expression and
immunogenicity of ROPN1 and ROPN1B. Here, we found that both ROPN1A and ROPN1B
have favourable features as tumour antigens based on distribution and immunogenicity.

2. Results

2.1. Ropporin-1 (ROPN1) and Ropporin-1B (ROPN1B) Genes Are Expressed in Melanoma
Samples and Correlated with Melanoma Differentiation Antigens

We tested the gene expression levels of ROPN1 and ROPN1B (96% sequence homology
with ROPN1) in a panel of melanoma cell lines generated in-house [32] (Table 1). In 45
out of 55 (81.8%) cell lines, we detected ROPN1 gene expression compared to 46 out of
55 (83.6%) with ROPN1B expression (Figure 1A). For the purposes of comparison with a
well-validated CTAg, we also determined the gene expression of CTAG1A (identical gene
copy to CTAG1B) in the same cohort of cell lines. CTAG1A expression was detected in
20 out of 55 (36.4%) cell lines (Figure 1A), with 14 cell lines showing expression of both
CTAgs. Expression of either ROPN1/ROPN1B or CTAG1A was observed in 52 out of 55 cell
lines (94.5%).

Table 1. Summary of patient characteristics across all cohorts. This includes sample numbers, age, gender and disease stage.
Cohort 1 was used to generate gene expression data (GEO dataset ID GSE89438) from 55 in-house generated melanoma cell lines
derived from 52 patients [32]. Cohort 2 was used to generate gene expression data from 472 melanoma patient tumours derived
from the TCGA Skin Cutaneous Melanoma Firehose Legacy dataset with 469 patients. Cohort 3 was used to generate protein
expression data from 61 melanoma patient tumours across 2 TMAs (ME1002b, US Biomax, Derwood, MD, USA and 07 TMA
Mel 1.8, in-house) derived from 61 patients. Cohort 4 was used to generate circulating antibody data from 104 melanoma patient
serum or plasma. Gene Expression Omnibus, GEO; TCGA, The Cancer Genome Atlas; TMAs, tissue microarrays; yr, years.

Cohort 1 (n = 52) Cohort 2 (n = 469) Cohort 3 (n = 61) Cohort 4 (n = 104)

Sample Type Cell lines Tumours Tumours Serum or Plasma

Used to Determine Gene Expression Gene Expression Protein Expression Circulating Antibodies

Age–yr

Median 56 58 53 54

Range 25–83 15–90 21–88 21–87

Gender–no. (%)

Unknown 0 (0) 0 (0) 0 (0) 1 (0.9)

Male 33 (63.5) 289 (61.6) 35 (57.4) 63 (60.6)

Female 19 (36.5) 180 (38.4) 26 (42.6) 40 (38.5)

Stage–no. (%)

Unknown 9 (17.3) 59 (12.6) 6 (9.8) 7 (6.7)

I 0 (0) 77 (16.4) 5 (8.2) 2 (1.9)

II 1 (1.9) 140 (29.9) 21 (34.4) 9 (8.7)

III 22 (42.3) 170 (36.2) 4 (6.6) 35 (33.7)

IV 20 (38.5) 23 (4.9) 25 (41.0) 51 (49.0)
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Figure 1. Gene expression of ROPN1, ROPN1B, CTAG1A/B, TYR and MLANA in melanoma cell lines and tumours. (a) Heat
map representing the hierarchical clustering by Pearson correlation of ROPN1, ROPN1B, CTAG1A, TYR and MLANA gene
expression in 55 in-house generated melanoma cell lines derived from 52 patients [32]. Each row shows absolute level
of expression results for one specific probe for the respective gene. The full gene expression dataset can be found under
GEO dataset ID GSE89438. (b) mRNA co-expression plots for ROPN1 and CTAG1B (r = −0.06, p-value = 0.174), or (c) TYR
(r = 0.56, p-value < 0.0001) or (d) MLANA (r = 0.54, p-value < 0.0001); and (e) mRNA co-expression plots for ROPN1B and
CTAG1B (r = 0.03, p-value = 0.482), or (f) TYR (r = 0.57, p-value < 0.0001) or (g) MLANA (r = 0.56, p-value < 0.0001) in 472
TCGA melanoma patient samples (469 patients). mRNA expression is shown as z-scores relative to all samples (log RNA
Seq V2 RSEM), and correlation is analysed using the Pearson correlation. Gene Expression Omnibus, GEO; TCGA, The
Cancer Genome Atlas.

The expression of differentiation antigens that are commonly present and have been
previously used as immunological targets in melanoma, namely, TYR (tyrosinase) and
MLANA (Melan-A/MART1) [20,33], were compared with CTAG1A and ROPN1 or ROPN1B
in our panel of melanoma cell lines. We found a strong correlation in the expression of both
TYR and MLANA with ROPN1 and ROPN1B among our cell line panel (Figure 1A, TYR
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vs. ROPN1: r = 0.73, p-value < 0.0001; TYR vs. ROPN1B: r = 0.73, p-value < 0.0001; MLANA
vs. ROPN1: r = 0.61, p-value < 0.0001; MLANA vs. ROPN1B: r = 0.61, p-value < 0.0001). In
contrast, CTAG1A expression was found in more differentiated cell lines with high TYR
and/or MLANA expression, and in less differentiated ones without TYR and/or MLANA
expression (Figure 1A).

We further evaluated the gene expression levels of ROPN1, ROPN1B, CTAG1B (identi-
cal gene copy to CTAG1A for which no gene expression data is available), TYR and MLANA
in 472 additional melanoma samples using data accessible via The Cancer Genome Atlas
(TCGA) (Table 1). As expected, expression of ROPN1 and its paralog ROPN1B was highly
correlated (r = 0.86, p-value = 8.71 × 10−141). ROPN1 and ROPN1B were expressed at
transcript level in nearly all melanomas (ROPN1: n = 467/472, 98.9%, ROPN1B: n = 466/472,
98.7%), more frequently than CTAG1B (n = 322/472, 68.2%), and sometimes exclusively
(Figure 1B, ROPN1: r = 0.06, p-value=0.174; Figure 1E, ROPN1B: r = 0.03, p-value = 0.482).
As expected, TYR (n = 469/472, 99.4%) and MLANA (n = 471/472, 99.8%) were commonly
expressed. We further demonstrated co-expression of ROPN1/ROPN1B and TYR (ROPN1:
r = 0.56, p-value < 0.0001; ROPN1B: r = 0.57, p-value < 0.0001) or MLANA (ROPN1: r = 0.54,
p-value < 0.0001; ROPN1B: r = 0.56, p-value < 0.0001) in the majority of patient samples
(Figure 1C, 1F and 1D, 1G, respectively), and found no correlation between differentiation
antigens and CTAG1B expression (Figure S1, TYR: r = −0.06, p-value=0.165, MLANA:
r = −0.05, p-value = 0.268), reflecting the results of our cell line analysis.

We further investigated ROPN1, ROPN1B and CTAG1B gene expression across dif-
ferent stages of disease and genders in melanoma. ROPN1, ROPN1B and CTAG1B were
expressed across all AJCC disease stages, without apparent differences (Figure S2, ROPN1:
p-value = 0.179; ROPN1B: p-value = 0.140; CTAG1B: p-value = 0.338). Similarly, no dif-
ference was observed between males and females (Figure S3, ROPN1: p-value = 0.944;
ROPN1B: p-value = 0.362; CTAG1B: p-value = 0.829).

2.2. Ropporin-1B (ROPN1B) Protein Is Expressed in Melanoma Tumours

We assessed expression of ROPN1B, NY-ESO-1 (single protein from CTAG1A or
CTAG1B genes), MLANA and SOX10 (used here as a melanoma tumour marker) at the
protein level by multispectral immunohistochemistry on melanoma tissue microarrays
(TMAs) comprising two or three cores from 61 patient tumours (Table 1). Protein expression
levels were at times heterogeneous amongst patient cores, and lack of expression was only
reported in cases where all cores per patient were assessable. ROPN1B cytoplasmic expres-
sion was observed in 88.5% (n = 54/61) of patient samples, while cytoplasmic NY-ESO-1
was observed in 16.4% (n = 10/61) of samples (Figure S4). Expression of both ROPN1B
and NY-ESO-1 was seen in 9 cases (n = 9/61, 14.8%), where tumour cells within cores
showed instances of co-expression or exclusive expression of ROPN1B and/or NY-ESO-1
(Figures 2 and 3). Moreover, ROPN1B expression was often detected ubiquitously, whereas
NY-ESO-1 appeared more scattered and diffuse throughout tumour cores (Figure S5). In
patient samples with expression of both ROPN1B and NY-ESO-1, cells with exclusive
ROPN1B positivity increased tumour cell coverage by 29.3% on average (range from 9.0%
to 73.0%, Figure 3). Nuclear SOX10 (n = 60/61) or cytoplasmic MLANA (n = 60/61)
expression was detected in nearly all tumour cores, as expected (Figure 2 and Figure S5).
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Figure 2. Patterns of ROPN1B and NY-ESO-1 expression in melanoma tumours. Multispectral immunohistochemistry of
melanoma tumour cores showing staining for ROPN1B, NY-ESO-1, MLANA and SOX10. Representative cores showing
ROPN1B and NY-ESO-1 co-expression in discreet (a) or shared (b) tumour regions, as well as exclusive (c) ROPN1B expression.
Tissue microarrays were stained with anti-ROPN1B (green), anti-NY-ESO-1 (red), anti-MLANA (orange) and anti-SOX10
(yellow) antibodies with DAPI (blue) counterstain, and are displayed as merge (a,b,c) and single colour (a1–a4,b1–b4, c1–c4)
cores. Whole tumour cores with more than 2% of the tissue cells staining for the target proteins were considered positive. All
images were taken using a 20× objective, and scale bars indicate 100 μm (core) or 50 μm (region of interest).
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Figure 3. Tumour cell coverage of ROPN1B and NY-ESO-1 expression in investigated melanoma tumours. Upper panel
indicates number of tumours with any expression of NY-ESO-1 alone (red), NY-ESO-1 and ROPN1B (chequered red and
green), ROPN1B alone (green) or neither (grey) across the cohort. Magnified panel depicts quantitative distribution of
NY-ESO-1 and ROPN1B staining relative to SOX10+ melanoma cells across patients displaying both NY-ESO-1 and ROPN1B
expression. Percentages on bars show ROPN1B expression alone.

ROPN1B expression was seen in both early (I and II, n = 19/26, 73.1%) and late
stages (III and IV, n = 29/29, 100.0%) of disease, more so than NY-ESO-1 (n = 1/26, 3.8% vs.
n = 9/29, 31.0%, respectively). Nonetheless, expression was more predominant in advanced
disease (ROPN1B: chi-square p-value = 0.003; NY-ESO-1: chi-square p-value = 0.009), with
evidence of more abundant melanoma cell expression in tumour cores, in contrast to sparse,
dispersed cells commonly identified in early-stage disease. ROPN1B (females: 88.5%,
n = 23/26 vs. males: 88.6%, n = 31/35, chi-square p-value = 0.989) and NY-ESO-1 (females:
11.5%, n = 3/26 vs. males: 20.0%, n = 7/35, chi-square p-value = 0.377) protein expression
did not differ between genders.

2.3. Ropporin-1A (ROPN1A) and Ropporin-1B (ROPN1B) Are Immunogenic Antigens
in Melanoma

To explore the immunogenic potential of ROPN1A and ROPN1B, we screened sera or
plasma from 104 melanoma patients (Table 1). These were tested for the presence and titre
of antibodies against ROPN1A/B, NY-ESO-1, MLANA and TYR (Table S2). Antibodies
were detected above noise threshold against ROPN1A/B in 71.2% (n = 74/104) of patients,
and against NY-ESO-1 in 63.5% (n = 66/104) of patients. Although there were instances
where reactivity was exclusive to either ROPN1A/B (19.2%, n = 20/104) or NY-ESO-1
(11.6%, n = 12/104), co-reactivity was seen in many cases (51.9%, n = 54/104) (Figure 4).
Alternatively, a small subset of patients had reactivity to neither (17.3%, n = 18/104). In
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addition, co-reactivity against both ROPN1A/B and TYR (39.4%, n = 41/104) or ROPN1A/B
and MLANA (31.7%, n = 33/104) was also seen, although to a lesser degree. Only 10.6%
(n = 11/104) of the patient cohort had no antibody reactivity to any of these antigens.

Figure 4. Venn diagram displaying predominance of ROPN1A/B, NY-ESO-1, TYR and MLANA-specific antibodies in
melanoma patients. Antibody titres were measured in 104 melanoma patients using a custom protein microarray platform,
and all resulting intensities above 500 RFU (defined noise threshold) were considered positive signals and plotted using a
4-way Venn diagram. RFU, relative fluorescent units.

This cohort consisted predominately of stage III and IV melanoma patients, with 74.4%
(n = 64/86) of these seropositive for ROPN1A/B, and 62.8% (n = 54/86) seropositive for NY-
ESO-1. Furthermore, it included 60.6% males and 38.8% females, with no gender-related
differences seen for ROPN1A/B (females: 75.0%, n = 30/40 vs. males: 69.8%, n = 44/63,
chi-square p-value = 0.571) or NY-ESO-1 antibody reactivity (females: 62.5%, n = 25/40 vs.
males: 63.5%, n = 40/63 chi-square p-value = 0.919) (Figure S6).

3. Discussion

Neoantigens that arise from somatic mutations can play an important role in immune
tumour rejection [34] but generally differ from tumour to tumour. In order to create
personalised vaccines against these targets, individual therapies need to be tailored on a
patient-by-patient basis, requiring gene sequencing and manufacturing of antigens. This
approach has limitations for routine clinical use across hospitals both in terms of the
associated costs and extensive timeframes. Nevertheless, a small study in melanoma
designed personalised neoantigen-based peptide vaccines for six patients, which led to the
generation of tumour-specific CD4+ and CD8+ T lymphocyte responses and clinical benefit
(four out of six patients remaining cancer free at a 25-month follow up) [4]. One reason cited
for the failure of prior therapies in melanoma, including cancer vaccine- based treatments,
has been the considerable heterogeneity of melanoma cells [35,36]. Phenotypic plasticity
and differentiation/de-differentiation is a likely contributor to this heterogeneity as it has
been known to result in antigen down-regulation. Indeed, epithelial to mesenchymal
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transition-like phenotype switching has been implicated as an escape mechanism following
vaccination or ACT [37,38]. CTAgs comprise a large group of antigens, many of which
are expressed following de-repression of epigenetic silencing in cancer [39]. In contrast
to the unique products of mutations, their expression is shared between tumours and
restricted normal tissues, mostly at immune-privileged sites. Therefore, they are able to
stimulate potent immune responses [40] and many have been widely trialled as vaccine
antigens [39]. Namely, an NY-ESO-1 vaccine was able to induce antigen-specific cellular
and humoral responses but did not affect overall survival, possibly due to its limited
tumour expression [41].

In this study, gene-expression profiling of a large panel of early-passage melanoma cell
lines [32] identified ROPN1 and ROPN1B as being highly expressed in melanoma tumour
samples (ROPN1: 81.8%, ROPN1B: 83.6%), more so than CTAG1 (36.4%). Similarly, gene
expression of ROPN1 and ROPN1B was also commonly detected in a melanoma patient
cohort accessed via the TCGA (ROPN1: 98.9%, ROPN1B: 98.7% vs. CTAG1B: 68.2%). When
investigating melanoma TMAs, 88.5% of patient tumours expressed ROPN1B, a much
larger proportion compared to NY-ESO-1 (16.4%). Even in instances of tumours expressing
both NY-ESO-1 and ROPN1B (14.8%), the addition of ROPN1B increased the tumour cell
coverage substantially.

The role of antibodies against tumour antigens in melanoma is unclear [42–44], and
while an antibody response is not necessarily accompanied by cellular immunity, these
often go hand-in-hand [45,46]. Antibody profiling using a custom protein array [47] de-
tected high-titre antibodies against ROPN1A/B in the serum or plasma of a large cohort
of melanoma patients (71.2%), more so when compared to NY-ESO-1 (63.5%). NY-ESO-1
antibodies were more commonly detected than expected, based on the above gene and
protein expression studies. In previous studies that assessed the frequency of NY-ESO-1
antibody responses, reports have described NY-ESO-1-specific antibodies in ~10% [15]
to 45% [48] of patients. However, the protein array used here is more sensitive than
ELISA [47], which would contribute to a higher percentage of patients with detectable anti-
NY-ESO-1 and/or anti-ROPN1A/B antibody responses when compared to historical data.
Alternatively, NY-ESO-1 is known to be highly immunogenic, and hence it is possible that
the detected circulating antibodies may be a result of earlier NY-ESO-1+ cell eradication.
Similarly, the prevalence of detectable antibodies against MLANA and TYR were below
expected levels, particularly when considering the above gene expression data, arguing
for inferior humoral immunogenicity when compared to ROPN1A/B and NY-ESO-1. Fur-
thermore, a trend towards increasing ROPN1A/B and NY-ESO-1 antibody reactivity was
seen with progression of disease stage. For example, 54.5% of Stage I/II had antibody
responses to ROPN1A/B, compared with 74.4% of stage III/IV patients. The number of
stage I and II patients screened here (n = 11) was too small to allow us to draw definitive
conclusions, however, prior studies have also demonstrated a correlative increase in the
proportion of NY-ESO-1 seropositivity with disease stage [17,49]. In addition, we observed
that ROPN1A/B reactivity was slightly increased in females, albeit not significantly. This
observation was also noted in a recent study where antibody responses to ROPN1 were
significantly higher in female multiple myeloma patients [50]. An increased humoral re-
sponse in females may explain the reduced melanoma incidence and the increased survival
benefit independent of disease stage reported in women [51,52]. Together, these data show
that (i) NY-ESO-1, ROPN1 and ROPN1B are highly immunogenic; and (ii) patients who
have no evidence of NY-ESO-1 immunity can have antibody titres against other CTAgs,
including ROPN1A and ROPN1B, thereby validating that the addition of ROPN1A and
ROPN1B as target antigens can potentially enlarge the population of eligible patients who
might benefit from a combined vaccine approach.

Ongoing immune editing occurring over the course of disease allows cancer escape
from immune targeting of individual antigens [53]. For these reasons, the potential to
achieve increased tumour coverage by targeting NY-ESO-1, ROPN1A and ROPN1B com-
bined makes these immunogenic CTAgs highly compatible for combination in a cancer
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vaccine with the potential to generate synergistic immune responses to the tumour. It
is tempting to speculate that further immunogenic tumour antigens could also be in-
corporated, leading to the design of a cancer vaccine that “covers all bases” in terms of
heterogeneity and plasticity. As strategies are being pursued to widen the applicability of
cancer immunotherapy, vaccination is now being proposed and trialled (NCT03092453)
in combination with other immunotherapies, such as ICB [22,54,55]. Our study indicates
that ROPN1A and ROPN1B may serve as promising candidates for such antigen-specific
approaches, and therefore further studies are warranted and should be pursued to ex-
plore this.

4. Materials and Methods

4.1. Human Ethics Approval

Blood samples used in this study were derived from patients who provided written in-
formed consent to participate in a clinical research protocol approved by the Austin Health
Human Research Ethics Committee (HREC/14/Austin/425, approved on 6 November
2014) (Table 1).

4.2. Melanoma Cell Lines and Cell Culture

Establishment and characterisation of the melanoma cell lines used has been pre-
viously described [32]. Cells were cultured in RPMI 1640, 2 mM Glutamax, 100 U/mL
Penicillin, 100 μg/mL Streptomycin and 10% foetal calf serum (RF10) (all Invitrogen,
Carlsbad, CA, USA).

4.3. Cell Pellet DNA Extraction

DNA was extracted from pelleted cells using a DNeasy® Blood and Tissue kit (Qiagen,
Hilden, Germany) as per the manufacturer’s instructions. Briefly, pellets were suspended
in 200 μL of PBS with 36 μL of Proteinase K (600 mAU/mL, Scimar, Templestowe, VIC,
Australia) and 200μL AL buffer (Qiagen, Hilden, Germany), then incubated at 56 ◦C
overnight. Clean-up was as per the manufacturer’s instructions and samples were eluted
in 50 μL of AE buffer (Qiagen, Hilden, Germany).

4.4. Gene Expression—Cell Lines

The gene expression array method and analysis have been previously described
(Gene Expression Omnibus, GEO dataset ID GSE89438) [32,56]. Briefly, genomic DNA
was purified from 55 melanoma cell lines originating from 52 patients (Qiagen AllPrep
kit, Hilden, Germany) and assayed using Illumina standard protocols. Samples were
subjected to whole-genome expression arrays (Illumina HT12, San Diego, CA, USA), and
hierarchical clustering by Pearson correlation of ROPN1 (probe ID: 5420739), ROPN1B
(probe IDs: 730521 and 460291; 96% sequence homology with ROPN1), CTAG1A (probe
IDs: 6770332, 1430215 and 1070577; identical gene copy to CTAG1B), TYR (probe ID:
5260253) and MLANA (probe ID: 7330367) was performed using the Morpheus software
(https://software.broadinstitute.org/morpheus/index.html, Broad Institute, Cambridge,
MA, USA). Absolute values were used to determine level of expression across cell lines,
with any level above 0.3 considered “positive” for expression.

4.5. Gene Expression—The Cancer Genome Atlas (TCGA)

The gene expression data of ROPN1, ROPN1B, CTAG1B (identical gene copy to
CTAG1A for which no gene expression data is available), TYR and MLANA in melanoma tu-
mour samples was accessible via TCGA research network (http://cancergenome.nih.gov/)
and analysed using the cBioPortal [57,58]. The TCGA dataset used was the Skin Cutaneous
Melanoma, TCGA, Firehose Legacy, consisting of 472 samples (469 patients). Absolute
mRNA transcript values were used to determine level of expression across TCGA patient
samples, with any transcript level above zero considered “positive” for expression. mRNA
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expression of the respective genes is shown as z-scores (RNA Seq V2 RSEM) and repre-
sented in a log2 scale. Co-expression of mRNA is analysed using the Pearson correlation.

4.6. Multispectral Immunohistochemistry

Two (ME1002b, US Biomax, Derwood, MD, USA and 07 TMA Mel 1.8, in-house)
melanoma TMAs containing two or three cores for 61 melanoma patient tumours (59 pa-
tients) were baked at 65 ◦C for 2 h, dewaxed in xylene three times for 10 min, rehydrated
in ethanol twice for 10 min and manually stained. The staining included initial block-
ing of endogenous peroxidases using 3% hydrogen peroxide for 30 min, followed by
sequential 15 min rounds of heat-induced epitope retrieval (microwave at 20% power);
10 min blocking of non-specific binding sites; 30 min primary (anti-NY-ESO-1 (single pro-
tein from CTAG1A or CTAG1B genes); ROPN1B, MLANA or SOX10); 10 min secondary
(anti-mouse and anti-rabbit Opal™ horseradish peroxidase) antibody incubation; and
10 min fluorophore-tyramide signal amplification using OpalTM 520, 570, 620 and 690 fluo-
rophores labelling target proteins, respectively (Akoya Biosciences®, Marlborough, MA,
USA) (Table S1). Slides were counterstained with spectral DAPI, and tissue cores were
scanned using the Vectra 3 Automated Quantitative Pathology Imaging System (Akoya
Biosciences®, Marlborough, MA, USA) where target proteins were detected and imaged
using the FITC, Cy3, Texas red and Cy5 filter cubes. Images were spectrally unmixed and
analysed using inForm® Cell Analysis software version 3.0.5 or HALO™ Image Analysis
Software version 3.2 (Akoya Biosciences®, Marlborough, MA, USA) with the assistance of
a pathologist. Whole tumour cores with more than 2% of the tissue cells staining for the
target proteins in at least one out of two or three cores per patient tumour were considered
positive. Staining pattern of localization was defined as nuclear (if co-localised with DAPI)
or cytoplasmic. Cytoplasmic staining was distinguished from membranous staining by
performing immunohistochemistry using anti-MHC class I antibody (membranous expres-
sion on melanoma cells that have not experienced MHC class I loss, as well as stromal cells)
with either anti-ROPN1B, anti-NY-ESO-1 or anti-MLANA antibodies, along with DAPI
counterstain in melanoma tumours.

4.7. Antibody Profiling

Serum or plasma from melanoma patients was used to measure antibody titres to-
wards ROPN1A/B, NY-ESO-1, MLANA and TYR using a custom tumour antigen protein
microarray platform [47]. Blood samples originated from melanoma patients without
available matched tumour tissue. Following the printing of previously expressed biotiny-
lated antigens to a streptavidin-coated microarray slide using a QArray2 robotic arrayer
(Genetix, Berkshire, UK), slides were immersed in blocking buffer (50 μM biotin in PBST)
and incubated on ice in a plastic chamber protected from light for 1 h. Slides were then
washed three times for 5 min in PBST and dried. Individual arrays were incubated with a
unique serum or plasma sample (100 μL at 1:800 or 1:400 dilution, respectively) for 1 h at
RT, washed in PBST and dH2O, and incubated with 100 μL of 20 μg/mL Alexa Fluor 647
Goat anti-Human IgG (H + L) (Invitrogen, Carlsbad, CA, USA, 1:100 dilution in PBST) for
30 min at RT. The individual arrays were then washed, dried and scanned using a Tecan LS
Reloaded fluorescence microarray scanner (Tecan Group Ltd., Männedorf, Switzerland)
in automatic gain control (AGC) mode. All liquid handling steps were performed using
QuadChambers on a Tecan HS4800 Pro automated hybridization station (Tecan Group Ltd.,
Männedorf, Switzerland). The resulting arrays were viewed using the ArrayPro Analyzer
software Version 6.3 (Media Cybernetics, Rockville, MD, USA), and raw data was extracted.
Finally, these data were processed using a custom bioinformatic tool for protein microarray
data processing and normalisation, and the resulting data were analysed accordingly [59].

5. Conclusions

In this study, we have identified ROPN1 and ROPN1B as compelling novel therapeutic
antigen targets for further clinical evaluation. Features include frequent humoral immuno-
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genicity and abundance, with virtually universal tumour-specific expression across all
melanomas tested.
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Simple Summary: Pancreatic cancer is a deadly disease with no effective therapy. Oncolytic viruses
such as myxoma (MYXV) have revealed great potential to treat malignancies, due to dual anti-cancer
effects—oncolytic and immune-stimulating effects. We aimed to verify whether adipose-derived
mesenchymal stem cells (ADSCs) pre-loaded ex vivo with transgene-armed myxoma construct would
be useful for transferring the virus to murine pancreatic lesions and whether this would reduce
tumor burden. We confirmed that the carrier cells remained viable after infection, in contrast to
pancreatic cancer cells, which were destroyed. Intraperitoneal (IP) administration of the shielded
virus (ADSCs/MYXV) revealed localization in the pancreas, decreased tumor burden and an adaptive
anti-tumor immune response. We conclude that ADSCs pre-loaded with recombinant MYXV and
administered IP allowed for the ferrying of the virus to pancreatic cancer lesions, followed by
tumor regression and extended survival in the treated mice. This therapeutic approach has excellent
potential for treating pancreatic cancer.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a weakly immunogenic fatal neoplasm.
Oncolytic viruses with dual anti-cancer properties—oncolytic and immune response-boosting effects—
have great potential for PDAC management. Adipose-derived stem cells (ADSCs) of mesenchymal
origin were infected ex vivo with recombinant myxoma virus (MYXV), which encodes murine
LIGHT, also called tumor necrosis factor ligand superfamily member 14 (TNFSF14). The viability and
proliferation of ADSCs were not remarkably decreased (1–2 days) following MYXV infection, in sharp
contrast to cells of pancreatic carcinoma lines studied, which were rapidly killed by the infection.
Comparison of the intraperitoneal (IP) vs. the intravenous (IV) route of ADSC/MYXV administration
revealed more pancreas-targeted distribution of the virus when ADSCs were delivered IP to mice
bearing orthotopically injected PDAC. The biodistribution, tumor burden reduction and anti-tumor
adaptive immune response were examined. Bioluminescence data, used to assess the presence
of the luciferase-tagged virus after IP injection, indicated enhanced trafficking into the pancreata
of mice bearing orthotopically-induced PDAC, as compared to tumor-free animals, resulting in
extended survival of the treated PDAC-seeded animals and in the boosted expression of key adaptive
immune response markers. We conclude that ADSCs pre-loaded with transgene-armed MYXV and
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administered IP allow for the effective ferrying of the oncolytic virus to sites of PDAC and mediate
improved tumor regression.

Keywords: adipose tissue-derived stem cells (ADSCs); mesenchymal stem cells; oncolytic virus;
myxoma virus; oncolytic virotherapy; pancreatic ductal adenocarcinoma

1. Introduction

The incidence of pancreatic ductal adenocarcinoma (PDAC) has risen in the last
50 years and it is forecasted to be the second leading cause of cancer deaths within a
decade. The dismal prognosis results from lack of specific early symptoms and early
diagnostic methods. Patients usually present in the advanced stage of the disease and
experience the failure of traditional anticancer therapies. Long-term disease-free survival
is possible but the majority of diagnoses are unresectable cases, with an expected survival
of less than 6 months. Modest curative benefits are offered only by early surgery with
subsequent adjuvant therapy. Systemic recurrence after treatment suggests early metastasis
in the course of pancreatic tumorigenesis, long before disease diagnosis [1].

The therapeutic failure in PDAC can be attributed to specific tumor cell biology, as
well as features of the tumor milieu, both contributing to the high malignancy of this
cancer. The tumor microenvironment of PDAC indeed presents a formidable challenge to
therapy. Considerable desmoplastic stroma can constitute up to 90% of the tumor volume
and are believed to originate from cancer-associated fibroblasts (CAFs) [2]. These are
accountable for the chemoresistance of pancreatic tumors, by creating physical barriers
that shield tumor cells from systemically injected therapeutic compounds. The heavy
extracellular matrix within pancreatic cancer distorts tissue architecture and causes an
abnormal structure of blood and lymphatic vasculature. The ensuing hypoxia is another
hallmark of the PDAC microenvironment, associated with desmoplasia. It originates
from desmoplasia-associated hypovascularization and, vice versa, favors desmoplastic
progression by activating pancreatic stellate cells [3–5]. Desmoplasia and hypoxia are
also barriers to the infiltration of both regulatory and effector lymphocytes, as well as
to T cell activation [6–8]. Macrophages that are recruited adopt an immunosuppressive,
pro-angiogenic M2-like state, block CD4+ T cell entry into the PDAC microenvironment,
support PDAC progression, and thus are a marker of negative clinical prognosis [5,9,10].

The repertoire of treatment strategies in PDAC has been expanding in the last decades
to include novel approaches such as targeted drugs, non-coding RNAs (miRNAs) and im-
munotherapy [11]. However, targeted chemotherapeutics have only moderately improved
PDAC outcomes and have not altered 5-year survival. Gemcitabine and erlotinib, used
to treat advanced disease, both yield only a modest clinical benefit. The development of
chemoresistance and the pro-metastatic propensity of pancreatic cancer are related to the
transition from epithelial to mesenchymal cells (EMT) [12,13]. Gene expression data have
demonstrated the contribution of EMT cells to chemoresistance in PDAC [13,14].

Overall, the prevailing notion is that dense stroma, multiple genetic mutations, com-
pensatory alternative pathways and aggressive metastatic spread cause PDAC chemore-
sistance, even to multidrug regimens. These factors are also at the root of the moderate
success in targeting cancer-associated molecular pathways and the adverse effects linked
to activated downstream effectors [11].

The ineffective nature of existing treatments for PDAC has stimulated the search for
innovative therapeutic strategies. Oncolytic virotherapy is becoming increasingly sought-
after for the treatment of many different neoplasms, including pancreatic cancer. The
therapeutic effectiveness of oncolytic viruses (OVs) is the result of direct oncolysis, virus
spread to adjacent cancer cells, and the elicited anti-tumor immune response.

Oncolytic viruses (OVs) are replication-competent and selectively target tumor cells,
but they are not able to bind and/or productively replicate in most normal somatic cells.
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OVs can be genetically engineered to express inserted foreign transgenes to induce cancer
cell death in a fashion that can stimulate anti-tumor immune responses [15]. OV replica-
tion in cancer cells yields infectious progeny that may further spread and reduce tumor
burden [16].

Myxoma virus (MYXV) is a poxvirus with attractive safety profile for oncolytic therapy.
MYXV infects and produces symptoms only in rabbits. Although MYXV is nonpathogenic
to humans and mice, the virus exhibits natural tropism for a wide spectrum of human
cancers [17]. MYXV has a 160-kb double-stranded DNA genome that has the capacity
to accept numerous transgenes and is easy to manipulate. In this study, we armed on-
colytic MYXV with the murine Light gene, encoding mouse tumor necrosis factor ligand
superfamily member 14 (TNFSF14, synonym: LIGHT), which was designed to promote the
influx of T lymphocytes into the tumor and thus intensify the immune response directed
against the tumor. This ought to help stimulate the transformation of the “cold” tumor
microenvironment, with a small number of effector immune cells, into a “hot” environment,
with increased infiltration of other immune cells and cytokines. LIGHT is an inducible
lymphotoxin which competes with HSV glycoprotein D for binding to a herpesvirus entry
mediator (HVEM) expressed on T lymphocytes. LIGHT is expressed on activated T cells,
natural killer (NK) cells, immature dendritic cells (DCs) and on the tumor and in the
stroma [18]. LIGHT is an immune stimulator that contributes to the anti-tumor immune
response, and its expression in the TME is associated with improved overall survival and
relapse-free survival [19]. LIGHT–HVEM interaction has been shown to induce apoptosis
of several tumor cell lines directly [20]. Therefore, LIGHT is a promising biotherapeutic
adjuvant agent for cancer immunotherapy with OVs [21].

Systemic delivery represents the desired route to reach poorly accessible sites or
disseminated metastatic lesions. IV administration of naked OVs is, however, a very
inefficient strategy for delivery. Rapid elimination from the bloodstream by antiviral
defense mechanisms is the major obstacle to achieving the effective transfer of the viral
cargo to distant tumor sites. IV delivery of a viral construct to tumor sites can be improved
by exploiting protective carrier cells, e.g., [22]. Adipose-derived stem cells (ADSCs) of
mesenchymal origin provide a unique cell carrier platform, where the virus can be at
least partly protected from immune clearance pathways before delivery to the tumor site.
In addition, ADSCs show natural chemotactic tropism for cancer tissues. However, in
cases where IV delivery of cell-protected OV would not be effective (due to the “first pass”
effect in the lungs) [23], the transfer of oncovirus cargo to a defined and identifiable tumor
site can be accomplished through locoregional injection. In this study, we investigated
whether carrier cells could also be beneficial for the delivery of OVs to PDAC via the
intraperitoneal (IP) route. IP administration remains an interesting alternative when
targeting OVs to abdominal-area cancer targets. Comparison of the two modes of OV
delivery using a peritoneal murine tumor model revealed [24] that IP was associated with
narrower biodistribution (a reduced frequency of virus detected in the kidney, lung and
heart), decreased toxicity and greater therapeutic efficacy against peritoneal metastases.
Tumor burden was more effectively reduced with IP, compared with IV administration.
Median survival following IP administration was approximately twice that observed with
IV administration.

Wennier et al. tested the use of unarmed recombinant vMyx-tdTr to treat disseminated
pancreatic adenocarcinoma in the peritoneal cavity of immunocompetent mice. They
showed that oncolytic therapy, followed by gemcitabine, could decisively improve animal
survival [25]. In our study, we assessed the usefulness of the novel armed MYXV construct
(vMyx-mLIGHT-Fluc/tdTr) in experimental therapy on orthotopically-induced murine
PDAC via IP delivery of the viral cargo using the mesenchymal ADSC platform.
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2. Materials and Methods

2.1. Recombinant Viruses

Recombinant MYXV constructs (vMyx-EGFP, vMyx-EGFP/tdTr and vMyx-mLIGHT/
FLuc/tdTr) derived from the wild-type Lausanne strain of myxoma virus (vMyx-WT) were
used. The recombination cassettes were inserted in the intergenic region between the M135
and M136 open reading frames (ORFs). vMyx-EGFP expresses EGFP from the early/late
promoter; the vMyx-EGFP/tdTr tandem system allows the expression of EGFP at both
early and late infection stages (early/late promoter), whereas tdTr is expressed at the late
infection stage (poxvirus p11 late promoter) [26]. The vMyx-mLIGHT-FLuc/tdTr construct
expresses mouse LIGHT and firefly luciferase at both the early and late infection stages
(early/late promoter) and tdTr under a synthetic poxvirus late promoter. vMyx-mLIGHT-
FLuc/tdTr was constructed by inserting a DNA cassette containing the coding sequences
of murine LIGHT (TNFSF14, see Supplementary Materials for the nucleotide sequence
and Figure S1), firefly luciferase and tdTr at an intergenic location between the M135 and
M136 genes in the wild-type MYXV strain Lausanne genome. A recombinant plasmid was
constructed using the Gateway System (Thermo Fisher Scientific, Waltham, MA, USA) [17].
The sequence encoding murine LIGHT was PCR-amplified using gene-specific primers
with the forward primer containing the synthetic early/late (sE/L) promoter sequence.
The resultant sE/L-LIGHT fragment was PCR-ligated to another PCR fragment containing
the MYXV M135 gene. The resultant attB1-M135-sE/L-LIGHT-attB4 PCR fragment was
recombined into the pDONR221-P1P4 plasmid (Invitrogen, Waltham, MA, USA) using
the BP clonase enzyme mix (Invitrogen). The construction of the plasmid having tdTr
(attB4r-p11tdTr-attB3r) and another plasmid having FLuc and the MYXV M136 gene (attB3-
sE/L-FLuc-M136-attB2) was described previously [27]. All three plasmids, along with the
pDEST40 destination plasmid (Invitrogen) were then subjected to an LR recombination
reaction using LR clonase II (Invitrogen) to generate the final plasmid construct. The
recombinant virus was then created using the method described previously for making
recombinant MYXV [17].

2.2. Virus Purification and Titration

MYXVs were produced in RK13 cells (at multiplicity of infection /MOI/ = 0.1). When
the cytopathic effect was visible (ca. 72 h; ±80% confluency), cells were harvested, cen-
trifuged (1500 rpm, 10 min, 4 ◦C), resuspended in 10 mM Tris–HCl (pH = 8), and subjected
to three freeze/thaw cycles and cup sonication (5 × 1 min). Cell debris was removed
by centrifugation. Homogenates containing the virus were layered onto the 36% sucrose
cushion and ultracentrifuged (105 × g/1 h, 4 ◦C). The supernatant was removed, and the
pellet resuspended in 10 mM Tris–HCl (pH = 8). The quantity of infectious viral particles
was determined by titration on RK13 cells (4 × 105/well; 6-well plate). After 3–4 days, flu-
orescent foci were counted using an inverted microscope (Leica Microsystems, Mannheim
Germany). Viral titer (focus-forming units per milliliter (FFU)/mL) was calculated as the
number of foci multiplied by the dilution.

2.3. Cell Lines

Human (Panc–1, AsPC–1) and murine (Pan02) pancreatic ductal adenocarcinoma cell
lines were used. The human lines were from ATCC; the murine line was a gift from GMF.
Rabbit RK13 kidney epithelial cell line (ATCC) was used to propagate MYXV constructs.
Cells were maintained in DMEM (RK13, Panc-1 and Pan02) or RPMI-1640 (AsPC–1) media,
both supplemented with 10% FBS (EURx) and 1% penicillin-streptomycin (Sigma-Aldrich,
Poznan, Poland) Cultures were grown in a humidified 5% CO2 incubator at 37 ◦C and were
routinely tested for mycoplasma contamination.

2.4. ADSCs Isolation and Culture

Fragments of adipose tissue obtained on-site (MSC National Research Institute of
Oncology) from human donors (Table S1) were washed with PBS− (Gibco™, ThermoFisher

38



Cancers 2021, 13, 1394

Scientific, Warsaw, Poland) containing 1% FBS (EURx) to remove contaminating hematopoi-
etic cells. The tissue was cut into small pieces and digested using collagenase type I solution
(200 U/mL, Gibco) and shaking (1 h/37 ◦C/180 rpm). Cell suspensions were centrifuged
(1500 rpm/10 min), filtered through 70-μm and 40-μm strainers and seeded in culture flasks
using MEM (Sigma-Aldrich, Poznan, Poland) supplemented with 10% human platelet
lysate (Sigma), heparin (2 U/mL, Polfa), 1% non-essential amino acids (Gibco) and 1%
penicillin–streptomycin (Sigma). After 72 h, cultures were washed with PBS− to remove
non-adherent cells and rinsed with fresh culture medium. Sub-confluent cultures were split
at a 1:3 ratio. Differentiation into adipocytes, osteocytes and chondrocytes was analyzed
(passage 3) using the Human Mesenchymal Stem Cell Functional Identification Kit (SC006,
R&D Systems), containing Goat Anti-Mouse FABP-4 Antigen Affinity-purified Polyclonal
Antibody (adipocyte marker), a Mouse Anti-Human Osteocalcin Monoclonal Antibody
(osteocyte marker) and Goat Anti-Human Aggrecan Antigen Affinity-purified Polyclonal
Antibody (chondrocyte marker). Cells were stained with Biotinylated Rabbit Anti-Goat
IgG (immunoglobulin G) Antibody (H + L), Texas Red Streptavidin (Vector Laboratories,
BA-5000 and SA-5006, respectively) or Goat Anti-Mouse Alexa Fluor Plus 488 secondary
antibody (Thermo Fisher Scientific, No. A32723). Nuclei were counterstained with DAPI
(Thermo Fisher Scientific, No. 62248). The morphology of adipose-derived stem cells was
inspected using the Zeiss LSM 710 confocal microscope system.

2.5. Flow Cytometry Analysis of ADSC Phenotype

To confirm the phenotype of ADSCs, cultured cells were incubated with appropriate
antibodies (20 min/RT), rinsed with and resuspended in Cell Wash Buffer (BD Biosciences).
Analysis was performed using a BD FACS Canto II flow cytometer (Becton-Dickinson).
The phenotype of both uninfected and infected ADSCs (vMyx-WT; MOI = 5) was analyzed.
The positive cell population gates were set using isotype IgG controls. The presence of
ADSC-associated surface markers (CD73, CD90, and CD105) and the co-occurring absence
of blood cell-lineage-specific markers (CD11b, CD19, CD34, CD45 and HLA-DR) was
examined using the Human MSC Analysis Kit (BD Biosciences, No. 562245).

2.6. Infectiveness of RK13, ADSC and Pancreatic Cell Lines to MYXV

ADSCs, RK13 and three pancreatic adenocarcinoma cell lines (murine Pan02, human
Panc-1 and AsPC-1) were tested for susceptibility to MYXV infection. Cultured cells
(2 × 105 cells/well; 6-well plate) infected with vMyx-EGFP (MOI = 5) were collected (24,
48 and 72 h p.i.), centrifuged (2000 rpm/2 min), washed twice and resuspended in PBS−
(200 μL). Cell aliquots were incubated with 7-aminoactinomycin D (7-AAD; 5 μL) for 2 min
to determine viability and analyzed for enhanced GFP expression using flow cytometry
(BD FACS Canto II). 7-AAD emission was detected using a long-pass filter (670 nm), and a
region for live cells was defined. Non-infected cells were used as a control.

2.7. Expression of Early and Late MYXV Genes

To visualize early and late gene expression, ADSCs, RK13 and three pancreatic adeno-
carcinoma cell lines (murine Pan02, human Panc-1 and AsPC-1) were infected with vMyx-
EGFP/tdTr (MOI = 5). Cells were plated into 4-well chamber slides (5 × 104 cells/well).
After 24 h p.i., cells were washed with PBS− and fixed in paraformaldehyde (4%) for
10 min at room temperature (RT). Cell nuclei were stained with DAPI Counterstain (Life
Technologies™, ThermoFisher Scientific, Warsaw, Poland). Infection was evaluated using
fluorescence microscopy (Zeiss LSM 710 confocal workstation).

2.8. Single-Step Growth Analysis of Viral Replication in Cell Cultures

Cultures (5 × 104 cells/well; 24-well plate) of ADSCs, RK13 and three pancreatic cancer
cells lines (murine Pan02, human Panc-1 and AsPC-1) were infected (in triplicate) with vMyx-
mLIGHT/Fluc/tdTr (MOI = 5). The inoculum was removed at 90 min post-infection and cells
were further incubated (5% CO2, 37 ◦C) with fresh medium. Next, cells were trypsinized and
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collected (at 3-, 6-, 12- and 24-h time points). Following centrifugation (2000 rpm/2 min), cells
were resuspended in 200 μL hypotonic swelling buffer (5 mL of 1M Tris-HCl (pH = 8.0) and
1 mL of 1M MgCl2) and frozen at −80 ◦C. Before titration, cells were thawed and sonicated
(2 × 1 min) to disaggregate virus complexes. Samples from the examined time points were
titrated back onto RK13 cells (4 × 105 cells/well; 6-well plate) by serial dilution. Foci were
counted using an inverted fluorescent microscope (Leica Microsystems). Titers (FFU/mL) were
calculated (number of foci multiplied by the dilution factor).

2.9. Cytotoxicity of MYXV for ADSCs, RK13 and Pancreatic Cancer Cell Lines

To assess cytotoxic effects of MYXV infection on ADSCs, RK13 and three pancreatic
cancer cell lines (murine Pan02, human Panc-1 and AsPC-1) cell cultures (1 × 104 cells/well;
96-well plate) were infected with vMyx-mLIGHT/Fluc/tdTr at increasing MOIs (0.1, 1, 5
and 10). After 24 and 48 h, cell viability was evaluated using an MTS assay (CellTiter 96®

AQueous Non-Radioactive Cell Proliferation Assay kit; Promega) and a Biotek plate reader
(490 nm).

2.10. Animal Care

All animal procedures were performed in accordance with European Union (EU) law,
after approval by the Local Ethics Committee, Medical University of Silesia, Katowice,
Poland. Six-to-eight-week-old C57Bl/6NCrl female mice (total n = 235; Charles River
Laboratories) were used. Animals (18–22 g) were housed in HEPA-filtered IVC System
cages (Allentown Caging Equipment) under a controlled dark/light cycle (12 h/12 h) and
were fed a pathogen-free standard diet (Altromin 1314) and water ad libitum. All efforts
were made to minimize animal suffering.

2.11. Orthotopic Tumor Implantation

For orthotopic tumor implantation, C57Bl/6NCrl female mice (subtotal n = 163) were
anesthetized with isoflurane (1–3% vol.) and injected with carprofen (5 mg/kg, ScanVet)
into the nape of the neck. The surgical field was sterilized with iodine and a ca. 1-cm-long
incision was made beside the splenic silhouette. With the entire pancreas and spleen
exposed, Pan02 cancer cell suspension was slowly injected into the pancreatic head area
using a 27G needle, following which the pancreas and spleen were pushed slightly back into
the abdominal cavity and the abdominal muscle layer was closed with a single continuous
4-0 polysorb suture. The skin incision was finally closed with an autoclip wound closing
system and buprenorphine (0.03 mg/mL) was administered to assist recovery. Animal
health was monitored daily. Only single animals from control groups reached termination
criteria. Euthanasia was conducted by means of cervical dislocation.

2.12. Orthotopic Injection of Pan02-luc Cells with Simultaneous Administration of ADSCs
Pre-Infected with MYXV

C57Bl/6NCrl mice (n = 6/group) were orthotopically injected with the Pan02 cells
(1 × 106 cells/25 μL PBS−), followed by immediate administration of ADSCs (5 × 105

cells/25 μL PBS−) pre-infected (MOI = 5) with vMyx-mLIGHT/Fluc/tdTr. As controls,
non-infected ADSCs, unshielded vMyx-mLIGHT/Fluc/tdTr (5 × 105 FFU/25 μL PBS−) or
PBS− alone were used. After 21 days, the mice were sacrificed, and pancreata and spleens
were excised, weighed and measured for size.

2.13. Bioluminescence Imaging (BLI) of MYXV Distribution Following Administration to Mice

C57Bl/6NCrl mice (n = 3/group) were orthotopically implanted (day 0) with Pan02
cells (1 × 106/30 μL PBS−) (designated the +Pan02 group), or with 30 μL PBS− for un-
challenged mice (referred to as the −Pan02 group). Seven days after implantation, the
mice were injected intraperitoneally (IP) with either a single dose of ADSCs previously
infected (MOI = 5) for 24 h with vMyx-mLIGHT-Fluc/tdTr (5 × 105 cells/100 μL PBS−), or
with unshielded vMyx-mLIGHT-Fluc/tdTr (5 × 105 FFU/100 μL PBS−). Bioluminescence
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imaging (BLI) was performed using the Lumina IVIS Imaging System (PerkinElmer). At
various time points (3–96 h) after delivery of luciferase gene-carrying MYXV, the mice
were injected IP with 1.5 mg D-luciferin (Promega). BLI data were acquired and regions of
interest (ROIs) determined in both intact animals and dissected organs (pancreas, spleen,
liver, lungs, heart and leg muscle).

2.14. Therapy of Immunocompetent Mice Bearing Orthotopic Pancreatic Tumors

Pancreatic tumors were established in recipient C57Bl/6NCrl mice (n = 10–11/group)
(day 0) by orthotopic implantation of 1 × 106 Pan02 cells/30 μL PBS−. For five-dose
treatment regimens (days 4, 8, 12, 16 and 20), mice were injected IP with ADSCs infected
(MOI = 5) for 24 h with vMyx-mLIGHT-Fluc/tdTr (5 × 105 cells/100 μL PBS−) or with
unshielded vMyx-mLIGHT-Fluc/tdTr (5 × 105 FFU/100 μL PBS−) or 100 μL PBS− (control).
After 21 days, mice (n = 3/group) were sacrificed, peripheral blood was collected, and the
pancreas, spleen and liver were excised, weighed and measured for size. Peripheral blood
and pancreatic tissue were used for flow cytometry studies, whereas pancreas, spleen and
liver tissues were formalin-fixed and used for histological assessments. The remaining
treated mice (n = 7–8/group) were monitored for survival.

2.15. Histological Assessments

Formalin-fixed and paraffin-embedded pancreas, spleen and liver sections (5 μm-thick)
were H&E stained, scanned and analyzed microscopically using a digital slide scanner and
CaseViewer software (3D HISTECH, Budapest, Hungary) by an experienced pathologist.
Masson’s staining was performed to assess the amount and localization of connective tissue
in the tumor structure. Mitotic Index [28] was rated under 400× magnification (40 × 10)
for 10 high power fields (HPF; field number 26.5).

2.16. Flow-Cytometry Analysis of CD4, CD8, CD3 Tumor-Infiltrating Lymphocytes

Pancreatic tumors were established orthotopically, and five-dose treatment conducted
as described earlier. After 21 days, mice (n = 3) were sacrificed, peripheral blood samples
were collected in EDTA-coated tubes, and pancreata were excised. Blood samples were
treated with Red Blood Cell Lysis Buffer (BD Biosciences). Single-cell suspensions derived
from pancreas tissue were obtained using a digestion mix containing 250 U/mL collage-
nase Type I (Gibco), 0.2 mg/mL hyaluronidase type IV-S (Sigma-Aldrich) and 0.02 mg/mL
DNase I (Worthington) in DMEM + 10% fetal bovine serum (EURx). The digested samples
were mashed through a sterile 70-μm nylon mesh cell strainer into ice-cold PBS− contain-
ing 1% FBS. Red blood cells in pancreatic digests were lysed (3 min) on ice using ACK
Lysis Buffer (Lonza) and passed through a 40-μm nylon mesh cell strainer. To quantify
percentages of CD4+, and CD8+ populations in pancreas and blood, the generated samples
were treated with antibodies (20 min/RT). After fluorescent labeling, 4 × 104 cells were
washed and analyzed using flow cytometry (BD FACS Canto II). The following monoclonal
antibodies were used according to the manufacturer’s instructions: PerCP/Cyanine5.5
anti-mouse CD45 (clone 30-F11; BioLegend, San Diego, CA, USA), phycoerythrin (PE) anti-
mouse CD3 (clone 17A2; BioLegend), fluorescein isothiocyanate (FITC) anti-mouse CD4
(clone GK1.5; BioLegend) and APC/Cyanine7 anti-mouse CD8a (clone 53-6.7; BioLegend).

2.17. Statistical Analysis

Graphs were plotted using GraphPad Prism 7 (GraphPad Software, San Diego, CA,
USA) Statistical differences were determined using a one-way ANOVA test, followed by
Tukey’s multiple comparisons test or two-way ANOVA with Tukey’s multiple comparisons
test. Bartlett’s test was performed to ensure the suitability of the data for parametric
significance tests. Kaplan–Meier survival curves were compared statistically using a
log-rank test (Mantel–Cox). Data are presented as bars indicating means (±SD). The
significance levels are indicated with asterisks: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001. p-values < 0.05 were considered statistically significant.
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3. Results

3.1. Identity of Human Mesenchymal Adipose Tissue-Derived Stem Cells (ADSCs)

The isolated primary human cultured ADSCs were characterized (Figure 1a–c) by
morphology, multipotency and the combination of positive as well as negative surface
markers. ADSCs showed fibroblast-like morphology and their ability to differentiate into
mature cells of other tissue types, specifically adipocytes, osteocytes and chondrocytes, was
confirmed (Figure 1a). Using an MSC Functional Identification Kit and flow cytometry, the
immunophenotype of virus-uninfected ADSCs (Figure 1b) or unarmed wild-type MYXV
(vMyx-WT)-infected ADSCs (Figure 1c) was investigated and confirmed the presence of
CD73, CD90 and CD105 (human ADSC-associated surface markers), and the concomi-
tant absence of CD11b, CD19, CD34 and CD45 (blood cell lineage-specific markers), as
well as the lack of HLA-DR (MHC Class II receptor). We also confirmed the expression
of MYXV-encoded LIGHT in ADSCs infected with vMyx-mLIGHT-Fluc/tdTr construct
and the absence of its expression in ADSCs infected with vMyx-WT and non-infected
(Figure S2). The Light gene transcript was measured using RT-qPCR and expression was
rendered as a ratio of the target gene (Light) vs. the reference gene (glyceraldehyde 3-
phosphate dehydrogenase/GAPDH/). The distribution of the LIGHT protein in cells
infected with vMyx-mLIGHT-Fluc/tdTr was also confirmed in the cytoplasm and cell
surface (Figure S3).

Figure 1. Characterization of adipose tissue-derived stem cell ADSC (a) morphology (far left) and differentiation of
ADSCs into adipocytes (anti-mFABP4 antibody), osteocytes (anti-hOsteocalcin antibody) and chondrocytes (anti-hAggrecan
antibody, red); DAPI-counterstained nuclei (magn. 40×; scale bar = 20 μm for adipocytes; magn. 20×; scale bar = 100 μm
for osteocytes and chondrocytes). Flow cytometry plots of uninfected ADSCs (b) or ADSCs infected (c) with vMyx-WT
(MOI = 10) confirming the presence of CD73, CD90 and CD105 and the concomitant absence of CD11b, CD19, CD34, CD45
or HLA-DR markers; gray: isotype control; green: viable ADSCs. Gating parameters based on the signal of isotype IgG
control probes.
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3.2. In Vitro Infection and Replication of MYXV in Pancreatic Ductal Adenocarcinoma Is
Cell-Type-Dependent

MYXV is a potential OV candidate for the treatment of many human cancers. A panel
of cell lines was tested for permissiveness to infection with unarmed vMyx-EGFP/tdTr,
vMyx-EGFP (Figure 2a,b). Three pancreatic ductal adenocarcinoma cell lines (murine
Pan02, human Panc-1, human AsPC-1), as well as primary human mesenchymal ADSC
carrier cells and RK13 cells of rabbit origin used to propagate the virus were tested (positive
control). Panc-1 and AsPC-1 harbor the mutant K-Ras gene, which is involved in the EGFR
pathway. Pan02 is a non-metastatic murine line that is highly sensitive to gemcitabine, a
drug widely used in pancreatic cancer treatment.

In order to better understand the permissiveness to MYXV infection in these cells,
we compared the ability of the vMyx-EGFP/tdTr reporter construct expressing EGFP
(enhanced green fluorescent protein; early/late expression) and tdTr (tandem dimer
tomato red fluorescent protein; late expression only) or the vMyx-EGFP construct ex-
pressing only EGFP to infect and spread in different cell types from the tested panel.
Cells were infected with the recombinant virus (MOI = 5) and evaluated by means of
fluorescence microscopy (Figure 2a) or flow cytometry (Figure 2b). We observed signifi-
cant differences in infection progression by the virus between the tested cell types. In
RK13, ADSC and Pan02 cell lines, the MYXV construct appeared to initiate a permissive
infection and underwent normal cell-to-cell spread. Fluorescence microscopy analysis
revealed the expression of both EGFP and tdTr from vMyx-EGFP/tdTr and flow cytom-
etry showed an increase in the percentage of infected EGFP-positive cells (Figure 2b).
There was less MYXV infection observed in AsPc-1 and Panc-1 cell lines, which can be
considered either semi-permissive or non-permissive for MYXV replication, although
they did permit at least detectable levels of viral gene expression from early promoters.
Flow cytometry showed a decreased percentage of infected EGFP-positive cells after
72 h p.i. (30% and 6%, respectively).

However, single-step growth curves showed that the recombinant vMyx-mLIGHT-
Fluc/tdTr construct (LIGHT and Fluc—early/late expression; tdT—late expression only)
used for the infection of AsPC-1 and Panc-1 cells did not produce new infectious virions,
whereas the infection of RK13, ADSC and Pan02 cells with the same recombinant
produced significantly more progeny virions (Figure 2c). The most notable differences
were observed in Panc-1 cells, which did not support productive MYXV replication,
as reported previously [29], despite allowing early gene expression in the initially
infected cells (Figure 2c). Of note, human ADSCs and murine Pan02 cells showed
the highest viral titers, an approximately 3.6-log and 3.2-log increase, respectively, at
24 h p.i. when compared to other tested cell lines. In rabbit RK-13 cells, the MYXV
construct achieved a 1.7-log increase in titer. Of the panel of cell lines tested, human
pancreatic cancer cell lines (AsPC-1 and Panc-1) were the least susceptible, with viral
titers achieving approximately 0.17-log and 0.12-log increases, respectively, at 24 h
p.i. Taken together, these results show that different types of pancreatic cancer cells
were variably permissive for the MYXV construct tested, although all were capable of
supporting at least detectable levels of early virus gene expression.
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Figure 2. MYXV infection and replication in pancreatic cancer cells, RK13 and ADSC. Cultures of ADSCs, Pan02, RK13,
AsPC-1 and Panc-1 cells were infected: (a) with vMyx-EGFP/tdTr (MOI = 5). At 24 h post infection (p.i.) the infection was
visualized by fluorescence microscopy (magn. 20×; scale bar = 50 μm; Zeiss LSM 710 confocal Workstation); blue: DAPI
staining (nuclei); green: EGFP fluorescence; red: tdTr fluorescence; (b) with vMyx-EGFP (MOI = 5), collected at the indicated
time points and analyzed by means of flow cytometry to determine the percentage of infected EGFP-positive cells; (c) with
vMyx-mLIGHT-Fluc/tdTr (MOI = 5) to generate single-step growth curves. Cells were collected at the indicated time points
and lysed to determine viral titers. Titers for each sample were performed in triplicate; error bars shown are means ± SD.
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3.3. MYXV Infection Reduces the Viability of Pancreatic Cancer Cells In Vitro

The MTS cell viability assay was used (Figure 3a,b) to determine if infection with
oncolytic MYXV construct vMyx-mLIGHT-FLuc/tdTr at different MOIs (0.1–10) would
result in reduced viability in cultures of cells from the tested panel at 24 and 48 h p.i.
Primary human ADSCs remained the most viable, irrespective of increasing values of MOI,
as compared to other cell lines at both time points tested (almost 90% at 24 h and 77%
at 48 h/MOI = 5). On the other hand, the highly MYXV-susceptible RK13 cells showed
viability reduced to 41% at 24 h, and to 20% at 48 h at the MOI = 10. The murine Pan02
cancer cell line, as well as the human AsPC-1 cancer line, were only 54% viable already
at 24 h at the MOI = 10, and 24 h later only 39% and 45% cells, respectively, remained
viable. Human Panc-1 cells were the least susceptible to the cytotoxic effects of vMyx-
mLIGHT-FLuc/tdTr infection and retained 82% viability at 24 h and 67% at 48 h/MOI = 5).
Thus, the infection of cultured pancreatic adenocarcinoma cells with the vMyx-mLIGHT-
FLuc/tdTr construct leads to a marked-to-significant reduction in cell viability, suggesting
that oncolytic treatment of even the semi- and non-permissive types of cancers may provide
sizeable therapeutic benefits in vivo, as well as still delivering therapeutic proteins such as
LIGHT, if expressed under early virus promoter control. ADSCs seem to fulfill the criteria
for an effective viral cargo carrier that is also capable of supporting viral replication and
potentially delivering either parental or progeny virus into cancer sites.

Figure 3. MYXV infection reduces the viability of pancreatic cancer cells. Pancreatic cancer cell (Panc-1, AsPC-1 and Pan02)
ADSCs, as well as RK13 (1 × 104 cells/well), were infected with vMyx-mLIGHT-FLuc/tdTr at four various MOIs (0.1;
1; 5 and 10) and analyzed for cell viability using the MTS assay at (a) 24 h and (b) 48 h post-infection. The assays were
performed in triplicate; error bars shown are means ± SD.

3.4. Orthotopic Injection of Pan02 Cells with ADSCs Pre-Infected Ex Vivo with MYXV Inhibits
Establishment and Growth of Pancreatic Cancer

We examined if the oncolytic properties of MYXV could prevent the growth of pancre-
atic adenocarcinoma in mice following the orthotopic injection of murine cancer cells, under
conditions in which the virus is co-delivered with the cancer cells (Figure 4). To do so, naïve
immunocompetent mice were implanted orthotopically with Pan02 adenocarcinoma cells
and then immediately treated by orthotopic injection of LIGHT-encoding MYXV construct
(vMyx-mLIGHT-Fluc/tdTr), either unshielded or shielded by ADSC carrier cells (ADSCs
that had been previously infected ex vivo with the vMyx-mLIGHT-Fluc/tdTr). As controls,
ADSCs or PBS− were used. Twenty-one days after this co-implantation procedure, the
dissected pancreata were macroscopically inspected and both size and mass were recorded.
The experiment revealed (Figure 4a) no tumor presence and no organ size increase if vMyx-
mLIGHT-Fluc/tdTr constructs were injected (i.e., either ADSC-shielded or unshielded).
Statistically significant differences were revealed (Figure 4b) between the masses of pancre-
ata from control mice and pancreata from both virus-recipient mouse groups.
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Figure 4. Inhibition of pancreatic adenocarcinoma formation after orthotopic implantation of Pan02 cells and consecutive
injection of ADSC-shielded MYXV construct (vMyx-mLIGHT-Fluc/tdTr) or unshielded MYXV. (a) Macroscopic appearance
of pancreas and spleen upon necropsy; (b) mass of pancreata and spleen (n = 6) after orthotopic injection (21 days). The
data show means ± SD of two independent experiments. (* p ≤ 0.05; *** p ≤ 0.001; ns—not significant).

3.5. ADSC-Enhanced Biodistribution and Tumor Targeting of MYXV in Pancreatic
Cancer-Bearing Mice after Intraperitoneal Injection

Comparison of the intraperitoneal (IP) versus intravenous (IV) route of ADSC/MYXV
administration revealed pancreas-targeted distribution of the virus when ADSCs were
delivered IP to mice bearing orthotopically injected PDAC (Figure S4). Bioluminescence
(BLI) data were acquired using IVIS (Figure 5) to assess the distribution of the ADSC-
shielded or unshielded vMyx-mLIGHT-Fluc/tdTr construct, administered intraperitoneally
after 7 days (single IP injection) into recipient mice either harboring tumor lesions (+Pan02)
or free from tumor lesions (−Pan02). Intact animals (Figure 5a) and dissected organs
(Figure 5b) were examined. Following injection, bioluminescence signals for both shielded
and unshielded MYXV peaked within three hours in the pancreas, but were also present in
the spleen and liver. The shielded virus was detected throughout the examined time span
(96 h post-injection); later, it faded away. In contrast, no bioluminescence signal from the
unshielded MYXV construct was detected in the pancreas after 48 h. No bioluminescence
signal was observed in the lungs, heart or muscle tissue from any tested group.

The analysis of total photon flux data (Figure 5c) from intact mice bearing tumors
(+Pan02) revealed that after 24 h p.i., the signal from the shielded virus was 200-fold
stronger than that from its unshielded counterpart. However, after a further 24 h (48-h time
point) the signal from the shielded virus decreased 100-fold, indicating either some transfer
event following the release of the construct from ADSCs, or simply viral clearance. This
signal, however, was still high at 72 h, contrary to that in unshielded MYXV which, at 72 h,
was undetectable. The persistence of the shielded virus signal suggests a different fate of
the actively expressing virus after its probable release from ADSCs, or possibly a source
of signals other than the pancreas. In tumor-free mice (−Pan02) there was no essential
difference in the kinetics of signal quenching between the shielded and unshielded virus,
except that absolute signal values were generally somewhat lower for the unshielded
construct. In these tumor-free mice, the signal from the shielded virus at 24 h was 100-fold
higher than that of its unshielded counterpart, similar to tumor-burdened animals, again
showing the protective nature of ADSCs. When signals from tumor-bearing and tumor-free
mice were compared at the 24-h time point, a 4-fold difference was seen in favor of the
shielded virus, suggesting increased targeting, perhaps due to the inflammatory nature of
tumor foci, which attract ADSCs. The decrease of the shielded virus signal in tumor-free
mice, occurring between 24 and 48 h, was similar to that seen in tumor-bearing mice and
again suggests a gene expression-related event following the virus release in the tumor
bed. However, the decrease was 50-fold, twice as small as that seen in tumor-bearing mice,
and this difference could be ascribed to the presence/absence of tumor lesions. Analysis
of total photon flux data for the dissected pancreata (Figure 5d) shows the kinetics of the
signal decrease in tumor-bearing mice (+Pan02) to be generally similar to that in intact
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animals (Figure 5c), except that the signal for the shielded virus after 72 h was lower. This
points to the presence of some other source of the signal (in addition to the pancreas)
in intact animals, at least at this time point. The exceptionally large difference between
shielded and unshielded virus signals from pancreata of tumor-bearing mice at 24-h time
point (more than three orders of magnitude) demonstrates the effective shielding of the
viral construct delivered by ADSCs to adenocarcinoma lesions. Finally, the comparison of
signals from the shielded construct at the 48-h time point between pancreata dissected from
tumor-bearing and tumor-free mice, shows a ca. 10-fold higher signal from the former;
this further corroborates the virus-protective and tumor-targeting capacities of ADSC
carrier cells.

3.6. LIGHT-Encoding MYXV Shielded by ADSC Enhances Anti-Tumor Immune Response and
Improves Survival of Mice Bearing Orthotopic Adenocarcinoma Lesions

The endurance of human ADSCs infected with therapeutic MYXV following IP in-
jection into immunocompetent mice was deemed sufficient to allow the survival of virus
during bloodstream transit and its delivery to PDAC lesions before immune clearance. We
thus examined the therapeutic effect of the LIGHT-expressing oncolytic MYXV construct
(vMyx-mLIGHT-Fluc/tdTr) using immunocompetent mice (Figure 6). The animals were
first engrafted orthotopically with murine Pan02 cells. Four days later, the mice received
IP injections of vMyx-mLIGHT-Fluc/tdTr, either in unshielded or ADSC-shielded form.
Control mice received PBS− only. In total, five doses of the therapeutics were delivered
(every 4 days), spanning three weeks of treatment (Figure 6a).

At the end of the therapeutic intervention (21st day) some animals were sacrificed
and their pancreata and spleens inspected macroscopically for size and organ weight
(Figure 6b,c). Pancreata from mice treated with ADSC-shielded MYXV revealed smaller
sizes (Figure 6b), as well as reduced weight (Figure 6c) when compared to mice receiving
unshielded MYXV or PBS− (ca. 25% and 50%, respectively), suggesting a positive response
to ADSC-mediated oncolytic therapy.

Samples of pancreatic tissue and blood were also examined by means of flow cytome-
try (Figure 6d–f) for signs of an adaptive anti-tumor immune response after the conclusion
of therapy. The percentage of CD4+ helper cells (Figure 6d) among CD3+ lymphocytes for
both pancreata and blood decreased following treatment with shielded and unshielded
virus, but was not statistically significant. The percentage of CD8+ cells (Figure 6e) in
murine blood increased following delivery of both shielded or unshielded virus, but not
significantly either. Contrarily, the increase of CD8+ in pancreatic samples was significant
for the shielded (p < 0.01) as well as the unshielded (p < 0.05) virus when compared to
the PBS− group. Changes in the CD4+/CD8+ ratio (Figure 6f) were only significant for
pancreatic tissue samples and the shielded virus group (p < 0.05). Taken together, these
changes suggest an enhanced immune response triggered by the oncolytic viral construct
used and benefiting from using ADSCs as carrier cells.

H&E-stained tissue specimens (pancreas, spleen, liver) from both treatment groups
and controls were microscopically evaluated by an experienced histopathologist. In pancre-
atic specimens from the group treated with unshielded MYXV, only minimal lymphocytic
influx was usually present around the edge of tumor (Figure 6g, center panel). In contrast,
pancreatic specimens treated with ADSC-shielded MYXV showed stronger lymphocytic
infiltrates, especially in the peripancreatic adipose tissue (Figure 6g, right panel). Liver
specimens revealed no pathology in the tissue architecture in any group.

47



Cancers 2021, 13, 1394

Figure 5. Effect of intraperitoneal injection of MYXV construct (vMyx-mLIGHT-Fluc/tdTr) on biodistribution in mice.
Bioluminescence (BLI) images were acquired either in unchallenged (−Pan02) mice injected IP with PBS− only, and in
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challenged (+Pan02) orthotopic pancreatic adenocarcinoma-bearing mice at various time points (3 h, 12 h, 24 h, 48 h, 72 h
and 96 h) post-injection of ADSC-shielded or unshielded MYXV construct (vMyx-mLIGHT-Fluc/tdTr); (a) intact mice;
(b) dissected organs (1-pancreas, 2-spleen, 3-liver, 4-lungs, 5-heart and 6-muscle). Region of interest (ROI)-based analysis
of total photon flux in (c) intact animals and (d) dissected pancreata. BLI is expressed as radiance (photons/sec/cm2/sr).
Different radiance scales are shown to cover the whole span of bioluminescence. The data show means ± SD of two
independent experiments (n = 3).

The panels in Figure S5 (see Supplementary Materials) show additional micrographs
of pancreatic and spleen sections from mice subjected to the therapeutic intervention with
unshielded or shielded armed MYXV. Pancreata from animals treated with unshielded
MYXV revealed spindle cell tumors, making up 25–60%; in the ADSC-shielded MYXV
group the cellularity of tumor regions did not exceed 25% (panel 3). Both treated groups dis-
played large nuclear pleomorphism; oval, blunt-ended cell nuclei; no distinct nucleoli and
fine-grained chromatin (panels 5–6). The unshielded MYXV group featured more atypical
mitoses and spindle cells, with a hyperchromatic nucleus (panel 1). In the shielded MYXV
group only single atypical mitoses and singly dispersed spindle cells were seen with a focal
hyperchromatic nucleus (panel 6). The control group (PBS−) showed pancreas sections
that featured spindle cell tumors invading acinar cells and surrounding interlobular ducts,
large nuclear pleomorphism, oval blunt-ended cell nuclei, no distinct nucleoli, fine-grained
chromatin and sinusoidal blood vessels (panels 1,4 and 10). In turn, micrographs of the
spleen specimens from the group treated with unshielded MYXV showed spindle cell
tumors covering the spleen (panel 14), whereas in the group treated with shielded MYXV
only cancer cells with hyperchromatic nuclei between collagen fibers were visible, along
with thickened capsules, inflammatory lymphocytes, as well as eosinophils (panel 15).
Spleen specimens from the control group (PBS−) showed infiltration of spindle cell tumors
adjacent to the spleen capsule (panel 13), whereas giant cells were scattered in the spleen
parenchyma in all groups.

The mitotic index data (Figure 6h) for the pancreatic specimens show significantly
decreased numbers of mitoses in the shielded MYXV group when compared to the PBS−
control group (p < 0.0001) and to the virus-treated group (p < 0.001).

The remaining mice from the therapeutic experiment were monitored and compared
for survival with controls. The difference in survival (Figure 6i) between controls and
mice that received five doses of unshielded MYXV was 42.8%, whereas that for ADSC-
shielded MYXV was 88% (p = 0.0015). On the 54th day, 50% of animals which received
ADSC-shielded MYXV were alive, compared to none in the unshielded construct group.
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Figure 6. Therapy of experimental pancreatic adenocarcinoma using armed MYXV construct. C57Bl/6NCrl mice (n = 10–11)
with induced orthotopic lesions were injected IP (days 4, 8, 12, 16 and 20) with LIGHT-expressing vMyx-mLIGHT-Fluc/tdTr,
either ADSC-shielded or unshielded, or with PBS−; (a) timeline of experiment; (b) size of pancreata, 21st day; (c) weight
of pancreata and spleen, 21st day; (d–f) flow cytometry data showing CD4+ and CD8+ cell percentages among CD3+
lymphocytes in the blood and pancreas; (g) histological appearance of representative H&E-stained sections (scale bars:
50 μm, magn. 48×): lymphocytic infiltrates: yellow ellipses, (h) mitotic index rated under 400× magnification for 10 high
power fields (HPF); (i) mouse survival (n = 7–8): log-rank (Mantel–Cox) test; p = 0.0015. The data (mean ± SD) were
analyzed with one-way ANOVA; statistically significant differences are indicated (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; ns –
not significant).
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4. Discussion

PDAC presents a formidable challenge for oncological researchers, as the overall
outcome of PDAC patients remains desperately poor. The characteristic feature of PDAC is
its resistance against practically any treatment [30–32].

Oncolytic virotherapy represents a promising approach to augmenting the PDAC
therapeutic repertoire. In the current manuscript, we report the results of an experimental
therapy targeting orthotopically-induced PDAC lesions in immunocompetent mice using
recombinant oncolytic MYXV encoding mouse tumor necrosis factor ligand superfamily
member 14 (also called LIGHT), designed to boost the anti-tumor immune response in-
duced by the virotherapy. The vMyx-mLIGHT-Fluc/tdTr construct was pre-adsorbed ex
vivo onto adipose tissue-derived stem cells (ADSCs) of mesenchymal origin and subse-
quently infused into the peritoneal cavity of experimental animals that had been pre-seeded
orthotopically with murine PDAC into the pancreas.

We show that the cultured human ADSCs had correct morphology and multipotency.
In-vitro-expanded ADSC cells were shown to differentiate into adult cells of the expected
downstream lineages. The phenotype of ADSCs, as assessed by characteristic surface
markers and migratory properties, was also shown to remain unchanged between MYXV-
infected ADSCs and uninfected ADSCs, at least in the 1–2 day interval post-infection. We
confirmed the level of permissiveness of ADSCs and three tested pancreatic cancer cell lines
to MYXV. We observed significant differences between these pancreatic cancer cell lines
concerning the level of infection and replication of MYXV. In general, cancer cells can be
either fully permissive (i.e., produce in excess of 10 infectious progeny virus units per cell),
semi-permissive (i.e., produce the progeny virus at a level below 10 infectious units/cell)
or non-permissive (no detectable progeny virus) to MYXV. All three categories of cells can
nevertheless express MYXV-encoded transgenes controlled by early virus promoters, but
only the first two types can also express transgenes under late viral promoter control. The
in vitro results indicated that MYXV productively infects the murine pancreatic cancer cell
line (Pan02) with evidence of a cytopathic effect, complete viral replication and increased
cell death. However, levels of productive MYXV replication in human pancreatic cancer
cell lines (AsPC-1 and Panc-1) showed that they were less susceptible to infection, and
we define them as semi-permissive or nonpermissive for MYXV, respectively. ADSCs
remained the most viable after MYXV infection, whereas RK13 (the control rabbit cell line
used to propagate the virus) was highly MYXV-susceptible.

Despite the variable levels of progeny virus generated, infection of all cultured pancre-
atic adenocarcinoma cells with vMyx-mLIGHT-FLuc/tdTr led to a marked-to-significant
reduction in cell viability. ADSCs, in contrast, support viral infection without rapid cell
death, making this viral cell carrier useful for in vivo experiments where cell viability and
taxis need only be maintained for a brief period in order to ferry the virus into cancerous
sites, likely hours or less. The ability of cultured ADSCs to support MYXV replication is
similar to that observed with bone marrow-derived mesenchymal stem cells [23]. This is
a key feature of ADSCs, allowing the successful transfer of the virus into adjacent tumor
cells via cell–cell contact. ADSCs thus seem to fulfill the criteria for an effective viral cargo
carrier that is capable of transferring both the input (parental) and progeny virus to tumor
cells, yielding sizeable therapeutic benefits in vivo.

We first showed that ADSCs infected with MYXV could effectively prevent the out-
growth of experimentally induced PDAC lesions when the cancer cells were co-implanted
with MYXV or with ADSCs pre-infected ex vivo with MYXV. On the other hand, control
tumors were rapidly induced in the absence of the virus. This pre-treatment experiment
indicated that MYXV can be highly therapeutic against PDAC if the virus delivery to cancer
cells in situ can be optimized. Thus, the model is a sensitive indicator of the efficiency of de-
livery of an OV to tumor cells at the pancreatic site of PDAC. Essentially similar outcomes
seen with co-implantation of cancer cells and therapeutic constructs provide evidence of
viral construct transfer from infected MSCs to cancer cells under in vivo conditions [23].
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OV-mediated systemic therapy, for example after IV infusion of the unshielded virus,
faces rapid and efficient anti-viral immune host responses, as well as other clearance
obstacles. During bloodstream transit, the viral cargo is largely cleared in organs like the
liver and spleen, although protective carrier cells can mitigate against this [22]. Whether IP
administration of the tested therapeutic recombinant MYXV would be contingent upon, or
benefit from, shielding by a protective cell carrier like ADSCs was an open question that we
approached in this study. We report that IP administration of the protected viral therapeutic
cargo by pre-loading onto ADSCs ex vivo yielded desirable pancreas-restricted distribution
as compared to more standard IV administration. The significance of pre-loading carrier
cells with oncolytic virus cannot be overestimated. Our data highlight the outcome of
delivering such pre-loaded ADSCs. IVIS-generated images tracking the distribution of the
viral construct (vMyx-mLIGHT-Fluc/tdTr) in PDAC-bearing mice following IP injection
clearly demonstrate the delivery of the virus into the pancreas. The unshielded recombinant
MYXV was rather rapidly cleared from the body after IP administration, as opposed to the
virus shielded by ADSCs. The existing dogma postulates that anti-OV immune responses
restrict viral replication and spread, and thus reduce direct OV-mediated killing of cancer
cells. Therefore, the anti-tumor activity of the unshielded virus, although present, is likely
not optimal therapeutically. This point is also illustrated by the difference in survival
between the two therapeutic groups (MYXV only vs. ADSC-MYXV).

Photon flux IVIS data from intact mice demonstrate the advantage of shielding the
virus using ADSCs and temporal signal changes suggest the release and transfer of the
virus from carrier cells into target pancreatic cancer cells. The persistence of the signal from
virus that had been pre-shielded with ADSCs implies either a different fate of the virus
transferred from ADSCs or a source of the signal other than pancreas. Comparison of the
signal between tumor-bearing and tumor-free control mice also confirms the protective
benefits of ADSC pre-shielding and increased targeting in favor of tumor bearing mice,
perhaps due to the inflammatory nature of tumor foci. Temporal differences in the signal are
also suggestive of virus release and de novo infection of cancer cells, and signal differences
between tumor-bearing and tumor-free animals could be ascribed to the presence or absence
of tumor lesions. Total photon flux data, showing exceptionally large differences between
shielded vs. unshielded virus signals from pancreata of tumor-bearing mice (several orders
of magnitude), point to effective delivery and transfer of the viral construct to cancer cells
within the pancreas. The potential ability of ADSCs to seek out pancreatic cancer cells and
deliver oncolytic MYXV from an IP injection could be of great therapeutic value, especially
when other delivery strategies are ineffective.

Ex-vivo-expanded hypoimmunogenic human adipose-derived stem cells (ADSCs)
represent a unique delivery platform for OVs. They combine a natural capacity to home
to inflammatory sites with a tumor tropism that is coupled with potent amplification of
the OV load and transient suppression of anti-viral innate immunity, which hinders OVs
from colonizing the tumor site and infecting cancer cells [33]. Importantly, IFNγ, which is
involved in the induction of an anti-viral state, also modulates immunosuppressive features
of ADSCs, counteracting anti-viral immunity. Thus, the dual capacity of ADSCs to offset
the innate and adaptive arms of anti-viral immunity and to allow viral load amplification
potential is conducive for the success of oncolytic virotherapy. In studies involving mice
and repetitive treatment in which the access route is challenging, IP delivery remains an
alternative to IV when the latter strategy is clearly ineffective, as it generally is for PDAC.
Targeting the pancreas with an OV using mesenchymal stem cells as carriers is not nearly as
effective via IV delivery, for the same reason that targeting lung neoplasias in this manner
is ineffective—the “first pass” effect [23]. Although IP administration of pharmacological
agents is minimally used in the clinic (mostly for the treatment of peritoneal cancers),
in experimental animals it is a justifiable route for proof-of-concept studies where the
goal is to evaluate the effect(s) of target engagement rather than the properties of a drug
formulation and/or its pharmacokinetics for clinical translation [34].
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Following the postulated release of the virus from ADSCs at the targeted tumor site,
some intratumoral antiviral events occur, resulting in a “cold” to “hot” transition, reversal
of immunosuppression and recruitment of immune cells. Cancer cell death-associated sig-
nals further contribute to the development of a tumor-specific adaptive immune response.
Overall, antiviral innate and adaptive responses targeting virus replication sites target
cancer cells since OVs preferentially infect cancer cells [35]. A decisive factor in successful
immunotherapy is the presence of T cells and the reactivation of their anti-tumor properties.
Even though T cells are rather low in PDAC, some data suggest that the tumor microenvi-
ronment (TME) mainly consists of various cellular components and the extracellular matrix
and is highly immunosuppressive. Tumor-infiltrating lymphocytes are one of the crucial
players in the TME of pancreatic cancer. On the other hand, although numbers of T cells in
PDAC appear low [36], the tumor-reactive T-cell repertoire was found to be similar to that
in melanoma, in which immunotherapy does show a therapeutic impact [37]. Since strong
intra-tumoral CD8+ T cell infiltration is associated with prolonged survival, induction of
anti-tumor T cell responses can indeed be a promising approach for PDAC [38–40].

In a previous study, we showed that the therapy targeting experimentally induced lung
melanoma in mice with IL-15-encoding MYXV construct (vMyx-IL15Rα-tdTr) delivered
by MSCs was effective and was able to reduce the tumor burden as well as triggering the
inflow of CD8+ cells [33]. Here, we demonstrate another ADSC-shielded recombinant
MYXV that expresses LIGHT protein, used to extend the survival of treated mice and to
increase the influx of T lymphocytes into the tumor.

Following a five-dose therapy of orthotopic PDAC lesions with ADSC-vMyx-mLIGHT-
Fluc/tdTr, we have been able to show a reduced tumor burden effect, suggesting a positive
response to treatment. At the end of the therapeutic intervention (21st day), some animals
were thoroughly inspected post-mortem for any signs of macroscopic pathologies and
none were found, except for remaining tumor lesions. Scars surgically-induced at the onset
of the experiment were healed.

An adaptive anti-tumor immune response was evidenced by the slightly decreased
percentage of CD4+ helper cells among CD3+ lymphocytes, both in the blood and in the
pancreas, but concurrent with a statistically significant increase in the percentage of CD8+
cells in the pancreas. Changes in the CD4+/CD8+ ratio suggest an enhanced immune
response triggered by ADSC-assisted oncolytic therapy. Analysis of H&E-stained tissue
specimens from all treatment groups showed that a five-dose therapy appears to be safe
for the animals as no pathology was revealed in the livers. Cancer cell infiltrations in the
pancreas and spleen were evidenced in the PBS− control groups, whereas high lymphocyte
infiltrates were present in specimens from the group treated with the ADSC-shielded virus;
and minimal lymphocyte infiltrates were present in specimens from virus-treated group.
The virus-treated groups revealed fibrotic strands suggestive of the eradication of cancer
cells, further supported by the decreased mitotic index. Taken together, the results of flow
cytometry and microscopic analysis suggest that vMyx-mLIGHT-Fluc/tdTr delivered by
ADSCs was able to modulate the immune microenviroment in PDAC tissues and contribute
to the prolonged survival of mice treated with the five-dose strategy.

We show in this proof-of concept study that the recombinant MYXV used, a thera-
peutic agent with a dual mode of action (as a tumor oncolytic agent and an elicitor of an
acquired immune response) can be an efficient component of a multi-pronged approach
to PDAC therapy. ADSC-mediated IP delivery of MYXV to treat orthotopic experimental
PDAC lesions in mice proved to be highly effective. Our results demonstrated increased
survival of animals bearing orthotopic PDAC tumor lesions following monotherapy with
an engineered recombinant MYXV delivered by ADSC; they also showed increased num-
bers of T cells in pancreata dissected from the treated mice. This enables a more advanced
approach to virus- and ADSC-based therapies.

The levels of productive MYXV replication in two human pancreatic cancer cell
lines tested (AsPC-1 and Panc-1) showed lower susceptibility to infection yet marked-to-
significant reductions in cell viability. This may obviously be a disadvantage in clinical
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oncology. Combinatory therapeutic approaches involving more advanced armed OVs
triggering enhanced adaptive immunity effects, as well as agents targeting desmoplasia,
should offset this drawback. Single-agent approaches seem insufficient to improve the
therapeutic outcomes of PDAC [41].

Intelligent combinatorial therapies appear to be required to achieve significant syner-
gism in PDAC treatment. For example, modern radiation techniques, eliciting abscopal ef-
fects via reconditioning of the tumor microenvironment, reprogramming tumor-infiltrating
macrophages towards an M1-like phenotype and favoring the recruitment of adoptively
transferred T cells [42] or activating cytosolic DNA sensors, such as STING, are on the hori-
zon [43]. Another example are early phase clinical trials combining recombinant human
hyaluronidase, gemcitabine and nab-paclitaxel, which have revealed promising results,
particularly in those patients whose tumors were characterized by high levels of hyaluro-
nan [44]. The rationale for all these approaches is to outcompete therapy resistance; this
might be challenging, however, as combined modality treatments are frequently associated
with higher toxicity levels [45]. Immunotherapy is another hope for novel strategies against
pancreatic cancer, even though this deadly cancer has been so far resistant to immune check-
point blockade and chimeric antigen receptor (CAR) T-cell therapies. Research involving
the use of CAR T cells in pancreatic cancer therapy is rapidly developing, in combination
with other treatments as well [46].

Overall, the successful strategies against PDAC should thus involve combinations of
modern “classical” treatments with different immunotherapeutic approaches and, hope-
fully, with oncovirotherapy.

5. Conclusions

To sum up, we have shown that oncolytic monotherapy with adipose-derived mes-
enchymal stem cells loaded with LIGHT-expressing MYXV delivered IP to experimental
orthotopic PDAC lesion-bearing mice resulted in increased animal survival and boosted
the immune response.
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Simple Summary: Chimeric antigen receptors (CARs) redirect T cells without the need for major
histocompatibility complex (MHC) restriction. CARs are designed based on T cell receptor (TCR)
signaling and the recognition specificities of antibodies. This technology has achieved great clinical
success in combatting cancers. Despite these successes, the mechanism of CAR signaling in the T
cell and how this can impact function is not fully understood. To enhance our understanding and to
identify the characteristics of CAR signaling, we designed a CAR to target a peptide-MHC complex,
similar to the TCR. This allowed us to compare CAR and TCR head-to-head, such that novel traits
of CAR signaling could be discovered. We found that CAR has distinct signaling characteristics
compared to TCR, including the molecules that facilitate signal transduction. These findings offer
explanations for the clinical behavior of CAR T cells (CAR-T) therapy and avenues to optimize
the technology.

Abstract: Chimeric antigen receptor T cells (CAR-T) utilize T cell receptor (TCR) signaling cascades
and the recognition functions of antibodies. This allows T cells, normally restricted by the major
histocompatibility complex (MHC), to be redirected to target cells by their surface antigens, such as
tumor associated antigens (TAAs). CAR-T technology has achieved significant successes in treatment
of certain cancers, primarily liquid cancers. Nonetheless, many challenges hinder development of
this therapy, such as cytokine release syndrome (CRS) and the efficacy of CAR-T treatments for
solid tumors. These challenges show our inadequate understanding of this technology, particularly
regarding CAR signaling, which has been less studied. To dissect CAR signaling, we designed
a CAR that targets an epitope from latent membrane protein 2 A (LMP2 A) of the Epstein–Barr
virus (EBV) presented on HLA*A02:01. Because of this, CAR and TCR signaling can be compared
directly, allowing us to study the involvement of other signaling molecules, such as coreceptors. This
comparison revealed that CAR was sufficient to bind monomeric antigens due to its high affinity but
required oligomeric antigens for its activation. CAR sustained the transduced signal significantly
longer, but at a lower magnitude, than did TCR. CD8 coreceptor was recruited to the CAR synapse
but played a negligible role in signaling, unlike for TCR signaling. The distinct CAR signaling
processes could provide explanations for clinical behavior of CAR-T therapy and suggest ways to
improve the technology.

Keywords: T cell receptor; chimeric antigen receptor (CAR) T cell (CAR-T); signal transduction; CD8
coreceptor; signaling kinetics; oligomerization
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1. Introduction

Chimeric antigen receptor T cell (CAR-T) technology takes advantage of the specificity
of an antibody (Ab) and the signaling of a T cell receptor (TCR), such that a T cell can
be redirected to target cells in a non-major histocompatibility complex (MHC) restricted
manner. CAR-T technology has achieved significant clinical success in recent years, with
two commercial products available, Kymriah® (tisagenlecleucel; Novartis, Basel, Switzer-
land) and Yescarta® (axicabtagene ciloleucel; Gilead, Foster City, CA, USA), with many
more coming down the pipeline [1–3]. A typical CAR construct comprises an extracellular
recognition domain, generally a single chain variable fragment (scFv) of an Ab, hinge
region, transmembrane, co-stimulatory domain, and signal activation domain. The latter is
typically from CD3 z, but other variants, such as CD3 e or CD3 z mutants, have also been
shown to have enhanced functionality compared with CD3 z [3]. Each part of the design
plays an important role in determining the downstream signaling, but the parameters are
not fully understood at this time [3,4].

Understanding CAR signaling is critical to explain the different clinical behavior of
each CAR-T therapy and to facilitate rational design of CAR constructs. Taking cytokine
release syndrome (CRS) as an example [5], one of the most severe side effects is caused by
the strength of CAR signaling while killing the cancer cells. The Gasdermin E (GSDME)
signal pathway is activated, leading to pyroptosis of cancer cells and increased expres-
sion of damage-associated molecular pattern molecules (DAMPs), which in turn activate
macrophages to release CRS-related cytokines [6]. Moreover, CD28-CAR-T and CD137-
CAR-T have distinct in vitro and in vivo clinical performance. CD28-CAR-T cells were
shown to have a higher cytotoxic activity and antigen sensitivity in vitro and in vivo than
did CD137-CAR-T cells [7,8]. The less potent CD137-CAR signaling was later demonstrated
to be caused by the recruitment of the negative signaling molecular complex THEMIS-
SHP1 [9], which is important in integrating T cell signal strength [10]. Overexpression of
LCK countered this negative regulation and led to enhanced CD137-CAR-T therapy [9].

Several studies have been performed to understand intracellular CAR signaling net-
works [11–13]. CAR signaling was found to have a different magnitude and different
kinetics of phosphorylation events compared to those of TCR signaling. Some novel protein
interactions, such as capsule synthesis 1 domain containing 1 (CASD1), butyrophilin-like
3 (BTNL3), and an additional form of CD3ζ, p21, have been found to be associated with
CAR signaling [13]. Nevertheless, the mechanism and impact of these interactions are
poorly understood. To better decipher CAR signaling and its mechanism, it is important
to compare CAR and TCR head-to-head, such that the divergence of CAR signaling from
TCR signaling can be delineated. However, most of the studies thus far have been based
on tumor associated antigens (TAAs), such as CD19, that may omit important molecules
involved in TCR signaling, such as coreceptors. Therefore, a CAR designed to target the
peptide-MHC (pMHC) complex can offer a better comparison between CAR and TCR.
Only a few studies using this comparison have been done so far, where CAR was predicted
to have a distinct signaling by mathematical modelling, but such a distinct signaling patten
has not yet been substantiated [14,15].

To this end, we designed a CAR based on a “TCR-like” Ab that targets a peptide from
latent membrane protein 2 A (LMP2 A) protein of the Epstein–Barr virus (EBV) presented
by HLA-A*02:01. The affinity of the TCR-like Ab is in the nanomolar range, whereas TCRs
are typically micromolar [16]. These affinities are within the normal ranges for Ab and TCR
so that they imitate the real situation. In this study, we found that CAR signal activation
requires clustering—since the pMHC monomer would not initiate the CAR signaling—and
that CAR signaling produces more sustained calcium signaling kinetics compared with
TCR. We observed recruitment of the CD8 coreceptor into the CAR signaling synapse, but
the CD8 coreceptor did not elevate the CAR signaling, unlike the case with TCR signaling.
These findings are important for our understanding of how CAR initiates signaling and
how it differs from TCR signaling, and could potentially explain differences in clinical
behavior of CAR-T from other adoptive T cell therapies.
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2. Results

2.1. CAR Signal Initiation Requires Clustering

A TCR-like Ab targeting the peptide LMP2 A426–434 (“L2”; sequence CLGGLLTMV)
from EBV presented by HLA-A*02:01 was utilized to generate first and second generation
CARs containing CD28 costimulatory domain [17,18] (Figure S1A). These were stained
with pMHC (A*02:01) tetramers. The CAR-1 or CAR-2-transduced Jurkat cells showed
strong binding to the L2-tetramer, but no binding to an irrelevant M1-tetramer, which
presented M158–66 (GILGFVFTL) from the influenza A virus (Figure 1A). Besides tetramer
binding capacity, the CAR protein also showed significant binding to the L2-A*02:01
monomer. This monomer-binding capacity was comparable to the Ab staining of the
CAR protein (Figure 1B) and tetramer (Figure 1C). In comparison, TCR showed binding
capacity only to the tetramer (Figure 1B,C). Nevertheless, the monomer-binding ability
of CAR did not result in activation (Figure 1D). The CAR signal was transduced when
the monomers were clustered with the tetramer, as was the case for TCR. However, as
seen by Western blotting, the size of CAR-1 and CAR-2 without dithiothreitol (DTT)
appeared to be two times bigger than the reduced samples (Figure S1C). This indicates
that CAR exists as a covalently linked dimer in the cells.

Figure 1. Monomer or tetramer binding and activation to the chimeric antigen receptor (CAR) and T cell receptor (TCR).
(A) TCR and CAR binding to the specific peptide-major histocompatibility complex (pMHC) tetramer. CAR-1 and CAR-2
refer to first and second generation of CAR design, respectively. L2 and M1 represents the antigenic LMP2 A426–434

(CLGGLLTMV) and irrelevant M158–66 (GILGFVFTL) peptide tetramer, respectively. The tetramer was formed by loading
monomers with antigen presenting cell (APC)-streptavidin. Overall mean fluorescent intensity is labeled in the graph.
(B) Monomer binding to CAR and TCR. The monomer binding was detected by using anti-B2 M APC. Anti-CD3-APC
and Anti-Myc-APC were used to measure the expression of TCR and CAR on the surface, respectively. (C) Comparison
of monomer and tetramer binding to CAR and TCR. (D) CAR and TCR activation upon monomer and tetramer binding.
The schematic graph is shown at the left panel, the tetramer and monomer activation groups contained equal amounts of
monomer. The Ca2+ index was calculated by the ratio of the mean fluorescence intensity (MFI) of BUV395 to the MFI of
Indo-1 (Bv421). The cells were stabilized for 1 to 1.5 min, followed by addition of the tetramer or monomer. The calcium
flux was recorded for an additional 3–4 min. All data are representative of at least three independent experiments.
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2.2. CAR Transduces a Sustained but Lower Signaling Compared with TCR

A difference in Ca2+ signaling kinetics between CAR and TCR was observed (Figure 1D),
where CAR signaling reached and sustained a plateau, but TCR signaling waned after reaching
a peak. We therefore extended the duration for Ca2+ flux detection from 3–4 min to 10 min, to
test whether the sustained Ca2+ flux would last over a longer period. CAR signaling was more
sustained than was TCR signaling (Figure 2A). Moreover, the sustained CAR signaling was not
attributable to the costimulatory domain, since the first generation CAR-1 also showed signal
transduction in a sustained manner (Figure S2). The phosphorylation of downstream signaling
molecules, such as ERK, was also shown to be consistent with the distinct CAR signaling
kinetics (Figure 2C). Though more sustained compared with TCR signaling, the magnitude of
CAR signaling was much lower than that of TCR signaling, both in Ca2+ flux (Figure 2A,B) and
in the phosphorylation of downstream molecules (Figure 2C,D).

Figure 2. Sustained CAR and TCR signaling kinetics by Ca2+ flux and downstream phosphorylation. (A) Long-term
Ca2+ flux of CAR and TCR signaling. The Ca2+ flux was recorded for 10 min after the tetramer was added. Calcium
index was calculated as the ratio of BUV395/Indo-1 (UV). The negative control, shown in grey, was from after adding
PBS. (B) Quantification data of TCR and CAR Ca2+ flux. Activated data dots indicate the highest value of the Ca2+ flux
from TCR or CAR samples. (C) Phosphorylation of the ERK molecule of CAR and TCR after stimulation at different
timepoints. Phosphorylation strength of pERK1/2 was calculated by comparing the intensity of p-ERK to that of total ERK.
The two graphs are then grouped to compare their intensity strength; Uncropped Western Blots are available in Figure S3.
(D) Quantification data of p-ERK of TCR and CAR-Jurkat cells after activation. All data are representative of at least three
independent experiments. Student’s t test, two-tailed, was used to measure the significance; * p < 0.05, ** p < 0.01.

2.3. Distinct CAR Signaling Is Reflected by IL-2 Production Upon Activation by
Antigen-Presenting Cells

IL-2 production represents a downstream result of TCR signaling. We therefore
tested and identified the difference in IL-2 production patterns between CAR-Jurkat and
TCR-Jurkat cells. To this end, an artificial antigen presenting cell (APC) was constructed
based on Chinese hamster ovary (CHO) cells. A single chain version of HLA-A*02:01
tethered to the L2 peptide was generated (Figure S4A). The transduced CHO-APC ex-
pressed the antigenic peptide-MHC (pMHC) complex, which was specifically recognized
by the anti-HLA-A*02:01-L2 TCR-like Ab (Figure 3A). The scFv version of this TCR-like Ab
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was also shown to specifically bind to CHO cells expressing HLA-A*02:01-L2 (Figure S4B).
The CAR-T and TCR-T cells were then incubated with the CHO-APCs. As seen in Figure 3B,
TCR-T cells produced IL-2 in 3 phases within 24 h, with acceleration, stable, and then decelera-
tion phases. The first phase started from 0 to 4 h, the second from 4 to 10 h, then the third from
10 to 24 h. In marked distinction, the CAR-T cells produced IL-2 only in a stable and consistent
manner, in agreement with our previous observations, shown in Figure 2. Around 90% of the
IL-2 production by TCR-Jurkat cells was finished by 10 h, yet only around 35% of IL-2 of CAR-T
cells were produced by that timepoint (Figure 3B).

Figure 3. IL-2 production kinetics of CAR and TCR. (A) Expression of HLA*A02:01-L2 by CHO-APC. The TCR-like antibody
was used to detect the expression and specificity. CHO-L2 and CHO-GAG refers to CHO-APC presented antigenic LMP2 A
peptide and irrelevant GAG peptide, respectively. (B) IL-2 production of CAR-T and TCR-T upon stimulation by CHO-APC.
The IL-2 production of TCR is separated by 3 phases, labeled as 1, 2, 3 in the graph, representing the acceleration, stable, and
deceleration phases, respectively. The amount of IL-2 production in the left panel is calculated as a percentage and shown
in the right panel. Data are representative of at least three independent experiments, plotted as mean ± SD of technical
triplicates.

2.4. CD8 Coreceptor Is Recruited by TCR-Like CAR but Does Not Enhance Activation

Since L2-specific TCR-like CAR has similar specificity for pMHC as does the TCR,
we tested the contribution of the CD8 coreceptor to CAR-T cell activation. CD8α was
expressed as a fusion with the fluorescent protein mCherry (Figure S5A). We first showed
that CD8 could be recruited to the immunological synapse (IS) by CAR-T cells, as is found
in TCR-T cells [19,20], using total internal reflection fluorescence microscopy (TIRFM) to
detect events at the contact surface (Figure 4A). A supported lipid bilayer with ICAM1,
with or without pMHC was made. CAR-T or TCR-T cells were added onto the bilayer for
10 min. Mean fluorescence intensity (MFI) at the IS significantly increased in both CAR-T
and TCR-T cells on bilayers containing pMHC, with clear clustering of CD8α-mCherry
(Figure 4B, Figure S5B). We also calculated the MFI ratio inside/outside of the IS upon
interaction between CAR-T or TCR-T cells with CHO-L2 cells using widefield fluorescent
microscopy (Figure S5C). No significant difference was detected between CAR-T and TCR-
T with CD8α-mCherry upon contact with CHO-APC, and both MFI ratios exceeded our
cut-off ratio definition for IS formation of 1.5. These data show that that CD8α-mCherry
was recruited in both CAR-T and TCR-T if cognate pMHC was present.
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Figure 4. Interaction of TCR-like CAR CD8 coreceptor. (A) CD8 recruitment using TIRFM visualizing CD8α-mCherry. Left:
representative images, scale bar is at 50 μm. Right: background-corrected mean fluorescence intensity of cell contact surface
(n > 80 cells). (B) Ca2+ flux of CAR-T and TCR-T ± CD8. (C) CAR and TCR responsiveness ± CD8 to antigenic CHO-L2 or
irrelevant CHO-GAG. Data are representative of at least three independent experiments, plotted as mean ± SD of technical
triplicates. *** p < 0.001, **** p < 0.0001; NS: not significant at p > 0.05, by Student’s t-test.

We next sought to identify whether CD8 would contribute to CAR-T functionally,
since it was recruited to the CAR-T cell IS. After CD8α and β were co-transduced into
both CAR-T and TCR-T cells, and expressions were shown to be similar (Figure S5D,E),
reactivity of TCR-T bearing the CD8αβ coreceptor was significantly increased. As expected,
CD8+ TCR-T showed faster and stronger Ca2+ flux and IL-2 production was nearly 3-fold
higher than CD8– TCR-T (Figure 4B,C). However, reactivity of CAR-T-bearing CD8 was not
enhanced over CD8– CAR-T. These data show that CD8 does not enhance CAR signaling,
even though the CAR-recognized pMHC and CD8 were recruited to the IS of CAR-T cells.

3. Material and Methods

3.1. Plasmids and Sequences

The lentiviral vector, pLv, and its associated packaging plasmids, bearing Gag/Pol,
Rev and VSV-G, respectively, were purchased from Vectorbuilder (Chicago, IL, USA).
Chimeric antigen receptors with or without CD28 costimulatory sequences were synthe-
sized and cloned into a lentiviral vector by Vectorbuilder. Human CD8 A and CD8 B
genes were cloned from a human cDNA library in-house. The scFv construct for TCR-like
Abs [17] was produced in P.A.M.’s lab (National University of Singapore, Singapore), and
TCR construct specific for HLA-A*02:01 with peptide LMP2 A426–434 (from EBV) was a
generous gift from Hans Stauss (University College London, London, United Kingdom).
Single-chain trimer HLA-A*02:01-GAG was a gift from Keith Gould (Imperial College
London, London, United Kingdom). Peptide mutagenesis: GAG (SLYNTVATL) to LMP2
A426–434 (“L2”: CLGGLLTMV) was done by using a Q5 mutagenesis Kit (New England
Biolabs, Ipswich, MA, USA). All the molecular cloning work was done by using an In-
Fusion HD cloning kit (Clontech, Mountain View, CA, USA), and single-chain trimer MHC
constructs were cloned into pLv to generate artificial antigen-presenting CHO cells [21–23].
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3.2. Cell Lines and Cell Culture

Endogenous TCR and coreceptor-deficient Jurkat76 was a kind gift from Heemskerk et al. [24].
Jurkat cells were maintained in complement RPMI-1640 media (Hyclone, Marlborough, MA, USA),
supplemented with 10% fetal bovine serum (Hyclone), 2 mM L-glutamine (Gibco, Waltham,
MA, USA), and MEM non-essential amino acid (Gibco) in a humidified 5% CO2 incubator
at 37 ◦C. Human embryonic kidney epithelial cells (HEK293) were cultured in complete
DMEM (Hyclone), which was supplemented with 10% fetal bovine serum (Hyclone),
2 mM L-glutamine (Gibco), and MEM non-essential amino acids (Gibco). The tetracycline-
regulated expression (T-REx) CHO cell line was purchased from Invitrogen (Waltham,
MA, USA) and used for the generation of artificial APC, which were single-cell sorted
after transfection with single-chain MHC construct (scMHC). The CHO and CHO-APC
cells were cultured in complete Ham’s F-12 (Gibco) medium, supplemented with 10% fetal
bovine serum (Hyclone) and MEM non-essential amino acid (Gibco). The pMHC complex
expression was checked regularly by flow cytometry.

3.3. Antibodies and Chemicals

The following antibodies were used in this study: Myc-Tag mouse mAb Alexa Fluor
647 (9 B11), anti-p44/42 ERK1/2, anti-ERK1/2 (all from Cell Signaling Technology, Danvers,
MA, USA); anti-human CD3 APC and anti-B2 M APC (purchased from Biolegend, San
Diego, CA, USA); anti-human CD8 A APC and anti-human CD8 B PE-Cy7 (all from
eBioscience, San Diego, CA, USA); goat anti-mouse IgG (H + L) secondary antibody
Alexa Fluor 647 (Thermo Fisher Scientific, Waltham, MA, USA); anti-Myc-Tag clone 4
A6 (Millipore, Burlington, MA, USA) was used for Western blotting; and specific HLA-
A*02:01-L2 TCR-like antibodies were produced as described [17]. The scFv was produced
by BL21 (DE3) (Novagen, Burlington, MA, USA) at 30 ◦C overnight, and the protein
expression was induced by IPTG when OD600 reached 0.7. The bacteria were then pelleted
and ultrasound sonicated. The scFv was purified through Ni-NTA beads (Thermo Fisher
Scientific) and AKTA FPLC (GE) by size exclusion column and ion exchange column
(MonoS, Sigma-Aldrich, St. Louis, MI, USA).

3.4. Lentivirus Production and Transduction

A total of 6.5 × 105 HEK293 cells per well were seeded onto 6-well plates one day be-
fore transfection and incubated at 37 ◦C with 5% CO2. The cells were then transfected with
packaging plasmid and lentiviral vector using polyethylenimine (PEI), and the medium
was replaced after 12 h. The viral supernatant was harvested twice in the following two
days. The collected viral supernatant was titered, filtered by a 0.45 mm membrane filter
(Millipore), and concentrated by a 100 K ultracentrifuge tube (Millipore). For lentivirus
transductions, polybrene and HEPES were added at 8–10 mg/mL and 10 mM, respectively,
with Jurkat cells at 1 × 106 per well in 1 mL, followed by spinoculation at 1200× g, for
2 h. For CHO cell transduction, the viral solution was directly added with the cell without
spinoculation. After 24 h, cells and viral solutions were separated, and cells were cultured
in the maintenance medium. After an additional 48 h culture period, flow cytometry
analysis was performed to check the expression of the constructs.

3.5. Calcium Flux Assay

The Ca2+ flux assay was performed as previously described [25]. In brief, cell samples
were suspended at a density of 107 cells per ml in phosphate-buffered saline (PBS) and
loaded with 2 mM Indo-1 AM (acetoxymethyl) for 30 min at 37 ◦C, followed by washing
twice with culture RPMI. Cells were pre-warmed to 37 ◦C for 10 min before analysis
and were kept at 37 ◦C in culture RPMI during the event collection. For cell stimulation,
an HLA-A*02:01-L2 monomer was pre-refolded, biotinylated [26], and crosslinked with
streptavidin Alexa 647 (Thermo Fisher Scientific) to form the antigen tetramer. Cells were
then stimulated with monomers or tetramers. The mean fluorescence ratio of Indo-1 high
to Indo-1 low was calculated using FlowJo (Version 10) kinetics program.
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3.6. Western Blotting and Immunoprecipitation

A total of 106 cells were lysed by NP-40 lysis buffer. Cell debris was pelleted at
13,000× g for 15 min at 4 ◦C, and the supernatant was collected and heated with reduced
protein loading buffer (Nacalai-Tesque, Kyoto, Japan) or nonreduced loading buffer (with-
out DTT). To detect phosphorylation after stimulation, 105 CHO-APC cells were seeded
per well in a 12-well plate one day before stimulation. Then, 106 CAR-T or TCR-T cells
were added into each well and incubated at 37 ◦C and 5% CO2 for the designated duration.
The stimulated CAR-T or TCR-T cells were collected and prepared as above. All samples
were loaded in a 4–12% Bis-Tris gradient gel (NuPAGE, Invitrogen, Waltham, MA, USA)
and transferred to a PVDF membrane (Immobilon-FL Transfer Membrane, Millipore). The
membrane was then blocked using blocking buffer (Odyssey, LI-COR, Lincoln, NE, USA)
for 1 h at room temperature. Subsequently, the membrane was probed with different
primary antibodies. The secondary antibodies used were IRDye 800 CW Goat anti-Mouse
(926–32210, LI-COR) and IRDye 680 LT Goat anti-Rabbit (926–68021, LI-COR). Visualization
and quantification of the blot was by the LI-COR Odyssey infrared imaging system.

3.7. T Cell Stimulation and Cytokine Secretion Assay

This was performed largely as described [22,23]. Artificial antigen presenting CHO
cells (CHO-APC) were seeded onto a 96-well, flat-bottom plate at 2–3 × 104 per well one
day before the assay. Each CAR-T or TCR T cell sample was counted and suspended
at a concentration of 106 per mL in culturing RPMI medium. Then, 200 mL per well
of suspended cell solution was added into the APC-CHO pre-seeded plate. Technical
triplicates were performed for all experiments. The cells were incubated at 37 ◦C and 5%
CO2 for 18 h or to designated timepoints. After incubation, the supernatant was collected
for human IL-2 ELISA assay, which was performed according to the manufacturer’s
protocol (Invitrogen).

3.8. Imaging

For total internal reflection fluorescence microscopy (TIRFM), lipid bilayers containing
specific pMHC and other anchoring proteins were prepared as previously described [22,27].
In short, 0.2 mol% liposomes were used, evaporated by N2 at 37 ◦C and sonicated to
prepare 4 mM lipid stock. Before adding the lipid, 6 M NaOH was used to clean glass
8-well chamber LabTekII chamber slides (Thermo Fisher Scientific) for 2 h and then they
were rinsed with distilled H2O. The 4 mM lipid stock was diluted 10 times in PBS then
added to the cleaned chamber slides and incubated for 30 min at room temperature. Then,
12 mL PBS was applied to wash away excess liposomes after incubation, and 2 mg/mL
BSA was added to block the bilayers for 30 min, followed by the addition of 5 μg/mL
streptavidin and incubation for 30 min. Biotinylated HLA-A*02:01-L2 monomer (produced
as previously described [26]), recombinant human ICAM1 Protein, and hIgG1-Fc.His Tag
(Thermo Fisher Scientific), after another wash for excess streptavidin, were added to the
bilayers for 30 min. After washing, the bilayers loaded with specific pMHC were ready to
be used. We prepared 106 cells per mL of CAR-Jurkat or TCR-Jurkat with CD8α-mCherry
and 100 mL of cells were added onto one well of the chamber at 37 ◦C for 10 min. Then,
100 μL of 8% paraformaldehyde was directly added to fix the cell and stop the stimulation.
TIRF microscopy was later performed on an Olympus IX83 inverted microscope fitted with
a four-laser TIRF module. Images were acquired using a 100×/1.49 NA oil-immersion lens.
Fluorescence excited within the 100-nm evanescent field was recorded with a Hamamatsu
ORCA Flash 4.0 camera. For regular fluorescent imaging, 105 cells of CAR-Jurkat or
TCR-Jurkat with CD8α-mCherry were mixed with 105 cells specific CHO-APC in 100 μL
RPMI medium for 10 min on one well of the chamber, followed by adding 100 μL of 8%
paraformaldehyde. CD8 recruitment was later detected on an Olympus IX83 inverted
microscope in the normal module. Images were acquired using a 20–40×/1.49 NA oil-
immersion lens.
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3.9. Flow Cytometry and Cell Sorting

BD LSR Fortessa X-20 (Becton Dickinson, Franklin Lakes, NJ, USA) was regularly
used to detect the expression of the protein transduced and for conducting flow cytom-
etry experiments. Mo-Flo XDP (Beckman Coulter, Inc., Brea, CA, USA) or SY3200 (Sony
Biotechnology Inc., San Jose, CA, USA), in the Flow Cytometry Laboratory, Immunology
Program, National University of Singapore, were used to purify transduced cells and
perform single-cell sorting. All flow data analysis was performed in FlowJo (Version 10).

3.10. Statistical Information and Data Analysis

The two-tailed Student’s t-test was used to test the significance between different sam-
ple groups throughout the study in GraphPad Prism (Version 7). Variance was considered
similar in different sample groups. The significance cut-off (p value) was 0.05.

4. Discussion

TCR signaling has been studied for several decades. Though incompletely understood,
three main mechanisms have been proposed regarding how TCR signaling is triggered:
receptor clustering; mechanosensing, in which the TCR complex experiences a confor-
mational change [28]; and size-dependent protein segregation, where large cell surface
proteins, including the phosphatase CD45, are excluded so that phosphorylation is then
triggered by kinases [29]. We took advantage of the ability to make pMHC molecules
into monomeric or tetrameric forms to study the receptor clustering effects of CAR signal
triggering. Compared with antigens presented by cells [30], soluble antigens will not form
immunological synapses. Therefore, the soluble pMHC, either monomeric or tetrameric
form, would provide a better way to study the cluster effect for the triggering of signals
at the molecular level. We found that only the tetrameric form of the antigen was able
to trigger CAR signaling, but not the monomeric form, even though pMHC monomer
had been shown to bind strongly to the CAR. This indicated that receptor clustering is
important for CAR signal triggering. The results are consistent with other findings using
dimerized GFP and TGF-b as the antigens for CAR [31]. On the other hand, TCR also
showed a requirement for antigen clustering to trigger the signal. However, monomeric
antigen has been demonstrated as sufficient to initiate TCR signaling [32,33]. The disparate
observations could be due to other signaling molecules such as the CD8 coreceptor, which
were deliberately not involved in this model, that has been shown to facilitate monomer
activation for TCR [34]. Therefore, without facilitation from these molecules, oligomeriza-
tion would still be important for TCR signal triggering. In our experiments, the tetramer
formed through the interaction between biotin and streptavidin was not homogenous, as
shown in the supplemental data. CAR-1 and CAR-2 were also detected to be dimers bound
by covalent disulfate bonds. To what degree the CAR needs to be clustered is not known
under this circumstance. However, a study done by Chang et al. suggests that a dimeric
form of the antigen would suffice to trigger CAR signaling [31].

While Ca2+ flux was activated by the pMHC tetramer, we observed distinct signaling
kinetics between CAR and TCR, where CAR seemed to sustain the Ca2+ flux but TCR
signaling waned after quickly reaching a peak. To our surprise, the Ca2+ flux of CAR
continued even 10 min after activation. The strength of the sustained CAR signal was much
weaker than the peak of TCR signal, but close to that of TCR signal after 10 min. To rule out
the impact of the costimulatory domain of the second generation CAR, we demonstrated,
by using the first generation CAR, that the sustained CAR signaling could be attributed
to the basic CAR design (the recognition the scFv domain, stalk, transmembrane region,
and CD3 z domains) and not to the costimulatory domain. Besides, the activation curves
shown by TCR and CAR are reminiscent of the binding profiles of TCR and the antibody
tested by surface plasmon resonance (SPR), where the antibody has a dramatically longer
Koff than that of TCR [17]. This similarity may infer that it is the affinity profile of each
recognition domain, i.e., scFv or the variable domains of TCR, that makes their signaling
kinetics distinct. It is plausible that as long as CAR is conjugated with an antigen and
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clustered, the signal activation would last. The prolonged and high affinity contact with the
surface antigen may also contribute to trogocytosis, which contributes to the antigen escape
of cancer cells [8]. Another point worth noting is the lower magnitude of CAR signaling
compared to that of TCR signaling. This may be due to each TCR complex comprising 6
CD3 subunits with 10 immunoreceptor tyrosine-based activation motifs (ITAMs), whereas
each CAR only has 3 ITAMS. Thus, CAR activates a long but low downstream signal
contrast with TCR, which activates a short but high downstream signal.

IL-2 production represents a culmination of signaling cascades, requiring activation of
all three signaling pathways downstream of TCR signaling [35]. We examined the distinct
signal kinetics based on IL-2 production. Consistent with the sustained CAR signaling
detected, we observed that IL-2 production by CAR-T cells is more stable than that of
TCR where TCR produced IL-2 in three phases within 18 h, but CAR-T cells produced
IL-2 in a relatively linear manner. This CAR signaling pattern may also potentially explain
why CAR-T cells could activate the GSDME signaling pathway of cancer cells, since CAR
activation could be accumulated in the long-term, leading to enhanced killing functions.

We investigated a CAR with TCR-like specificity to enable comparison to conventional
TCR and to test whether certain canonical signaling molecules, such as CD8, are involved
in CAR signaling. We tested whether TCR-like CAR would use assistance from the CD8
coreceptor to enhance CAR-T activation, in a similar manner to that of TCR. However, no
significant augmentation of either immediate calcium flux or later IL-2 production was
observed, even though we found CD8 recruitment to the IS on CAR-T. We previously
showed that CD8 can be concentrated into the IS, so long as MHC-I is available on the
APC, even in the absence of TCR [19,20]. The CD8 coreceptor enhances the sensitivity
of TCR through its interaction with LCK and stabilizes its binding with the antigenic
pMHC complex [36] or non-antigenic, co-agonist pMHCs [21,22]. The inability of the CD8
coreceptor to enhance CAR signaling could potentially be explained by extracellular and
intracellular effects. Since CAR has a significantly higher affinity than that of TCR, the
stabilization effects from CD8 to TCR may not be required for CAR, which have been
partly demonstrated by its capacity for monomer binding. On the other hand, because CD8
binds to a non-polymorphic part of the MHC-I a3 domain, and TCR binds in a conserved
orientation to the pMHC, it ensures that the CD8-associated LCK is recruited in a particular
orientation to the complex of TCR-CD3 and pMHC [37]. The orientation of the TCR-like
CAR recognizing pMHC-I is not subject to such constraints, so that CD8 recruiting LCK to
the pMHC is unlikely to force it into a suitable orientation to start signaling through the
CD3 z subunit of the CAR. Intracellularly, LCK is better able to bind and phosphorylate
CD3 e rather than CD3 z to initiate the cascade [38], so this may also be a factor in the lack
of a CD8 requirement to initiate the CAR signaling.

In our study, we compared CAR with TCR signaling using Jurkat T cells. Although
studies on Jurkat T cells have produced many seminal findings on T cell signaling [39], us-
ing Jurkat as a model system has limitations. Jurkat cells are deficient in tumor suppressor
phosphatase PTEN, which dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) to phosphatidylinositol (4,5)-trisphosphate PIP2. This deficiency causes a constitu-
tive activation of AKT [40,41]. The study we report here involves early signal triggering
and extracellular molecular interactions, which are not directly involved in PTEN-AKT
signaling, suggesting that similar results would be obtained in primary cells, although this
remains to be directly demonstrated.

5. Conclusions

We constructed a CAR with the same specificity as the TCR construct targeting peptide-
MHC with the aim to understand the CAR signal triggering and activation patterns. CAR
signal triggering was demonstrated to require receptor clustering. In addition, CAR
transduces the signaling in a more sustained manner while in a lower magnitude compared
with that of TCR. Furthermore, the CD8 coreceptors, though recruited by TCR-like CAR,
play a limited role in enhancing the CAR signaling, at least for CD28-CAR.
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Simple Summary: Immune checkpoint inhibitors have received considerable interest because
of their ability to generate durable response in many intractable malignant solid tumors.
The therapeutic results of immune checkpoint inhibitors in recurrent or advanced uterine cervical
cancer, which associated with persistent infection with human papillomavirus, from several
well-designed clinical trials are reported. However real-world experiences are not yet provided.
In this study, we retrospectively assessed the efficacy and safety of pembrolizumab, one of the
immune checkpoint inhibitors, in real-world practice among patients in Korea with recurrent or
persistent cervical cancers. The results of this study show modest antitumor activity comparable to
that found in previously reported clinical trials. Although in patients with favorable performance
status, pembrolizumab showed effective antitumor activity. Some safety profiles should be carefully
monitored during treatment.

Abstract: This study investigated the antitumor activity and safety of pembrolizumab in patients with
recurrent cervical cancer in real-world practice. We conducted a multi-center retrospective study of
patients with recurrent or persistent cervical cancer treated with pembrolizumab at sixteen institutions
in Korea between January 2016 and March 2020. The primary endpoints were the objective response
rate (ORR) and safety. Data were available for 117 patients. The median age was 53 years (range,
28–79). Sixty-four (54.7%) patients had an Eastern Cooperative Oncology Group (ECOG) performance
status of ≥2. Forty-nine (41.9%) patients were stage ≥III at diagnosis. Eighty-eight (75.2%) patients
had squamous cell carcinoma. The median number of prior chemotherapy lines was two (range, 1–6).
During the median follow-up of 4.9 months (range, 0.2–35.3), the ORR was 9.4%, with three complete
responses and eight partial responses. The median time to response was 2.8 months (range 1.3–13.1),
and the median duration of response (DOR) was not reached. In the population of patients with
favorable performance status (ECOG ≤1) (n = 53), the ORR was 18.9%, and the median DOR was
8.9 months (range, 7.3–10.4). Adverse events occurred in 55 (47.0%) patients, including eight (6.8%)
patients who experienced grade ≥3 events, and two of them were suspicious treatment-related deaths.
Pembrolizumab had modest antitumor activity in patients with recurrent cervical cancer comparable
to that found in previously reported clinical trials. However, in patients with favorable performance
status, pembrolizumab showed effective antitumor activity. Some safety profiles should be carefully
monitored during treatment.

Keywords: cervical cancer; immune checkpoint inhibitor; pembrolizumab; recurrence

1. Introduction

Uterine cervical cancer is one of the most common gynecologic cancers and the fourth leading
cause of cancer-related death in women worldwide. More than 569,847 women were diagnosed with
cervical cancer in 2018, resulting in more than 311,365 deaths [1]. It is estimated that 3148 new cases
of cervical cancer and 801 cancer-related deaths will occur in Korea in 2020 [2]. For recurrent or
metastatic cervical cancer, bevacizumab in combination with cisplatin-based chemotherapy is currently
the standard treatment, and this approach provides a median survival of approximately 17 months [3].
Therapeutic options are limited for patients who progress after initial therapy to recurrent or metastatic
cervical cancer.

It has been established that persistent infection with human papillomavirus (HPV) is associated
with the carcinogenesis of cervical cancer [4] and HPV infections account for as much as 86% of the
worldwide incidence of cervical cancer [5]. Two viral oncogenes, E6 and E7, play a major role in the
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malignant transformation of HPV-infected cervical cells. These viral antigens are consistently expressed
in HPV-induced neoplasm and might represent attractive targets for cancer immunotherapy [6,7].
Cancer cells can induce immune evasion by immune checkpoints such as cytotoxic T-lymphocyte
antigen 4 or programmed death-1 (PD-1), allowing them to escape from the tumor-specific T-cell
response [8]. These negative signals in several solid tumors have been shown to be provided mainly
by PD-1, and programmed death-ligand 1 (PD-L1) expression was recently identified in more than half
of cervical cancers [9,10]. Therefore, using a monoclonal antibody to inhibit PD-1/PD-L1 co-inhibitory
pathways might be an effective therapeutic approach to reverse immune suppression and to activate a
cancer-specific immune response in cervical cancer patients.

Several clinical trials have been conducted to explore the application of PD-1 inhibitors to cervical
cancer. The objective response rate to these PD-1 inhibitors (i.e., pembrolizumab and nivolumab) in
patients with advanced or recurrent cervical cancer was reported to be 4%–26% [11–14]. Based on
these results, the U.S. Food and Drug Administration approved pembrolizumab in June 2018 for the
treatment of patients with PD-L1-positive recurrent or metastatic cervical cancer. However, real-world
efficacy data are limited.

In Korea, pembrolizumab can be offered off-label to patients with recurrent squamous cell cervical
cancer and PD-L1-positive recurrent cervical cancer. In this study, we retrospectively assessed the
efficacy and safety of pembrolizumab in real-world practice among patients in Korea with recurrent or
persistent cervical cancers.

2. Materials and Methods

2.1. Study Design and Patients

We conducted a multi-center, retrospective study at sixteen institutions affiliated with the Korean
Gynecologic Oncology Group (KGOG). We reviewed the clinicopathologic and radiologic records
of women diagnosed with recurrent or persistent uterine cervical cancer who were treated with
pembrolizumab between January 2016 and March 2020. The inclusion criteria were as follows:
(1) histologically confirmed cervical cancer; (2) tumor progression during or after the use of one or
more lines of chemotherapy with measurable disease, irrespective of Eastern Cooperative Oncology
Group (ECOG) performance status; (3) use of pembrolizumab for at least one treatment cycle. Patients
were administered 200 mg of pembrolizumab as 30-min intravenous infusions every 3 weeks until
disease progression, unacceptable toxicity, or patient withdrawal occurred. This study was approved
by the Institutional Review Board at each participating institution (CHA IRB 2019-11-003) and adhered
to the principles in the Declaration of Helsinki.

Pathologic information, including histology and results of PD-L1 staining, was collected, and some
institutions additionally performed a PD-L1 test. Tumor PD-L1 expression was analyzed using the
PD-L1 IHC 22C3 antibody (Dako, Santa Clara, CA) to determine the tumor proportion score (TPS),
defined as the percentage of viable tumor cells, or using the PD-L1 IHC 22C3 pharmDx assay (Agilent
Technologies, Carpinteria, CA) to determine the combined positive score (CPS), defined as the ratio of
PD-L1-positive cells (tumor cells, lymphocytes, and macrophages) to the total number of viable tumor
cells multiplied by 100. PD-L1 positivity was defined as a TPS ≥1% or a CPS >1.

The datasets supporting the conclusions of this article are included within the article and its
additional images. Raw data are available from the corresponding author upon reasonable request.

2.2. Assessments

Tumor imaging was basically performed by abdomino-pelvic and/or chest computed tomography
(CT) every 9 weeks. If clinical symptoms were deteriorated, image studies were performed immediately
at the clinician’s discretion. Pelvic magnetic resonance imaging, whole body bone scan, or positron
emission tomography/CT scans were performed when indicated. The tumor response assessment was
performed according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 by
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gynecologic oncologists. Safety was assessed by retrospective chart review of laboratory tests and
physical examinations were performed before each treatment cycle to detect any possible adverse events
(AEs), which were evaluated according to the Common Terminology Criteria for Adverse Events version
4.03. (http://www.oncology.tv/SymptomManagement/NationalCancerInstituteUpdatesCTCAEtov403.
aspx).

2.3. Primary and Secondary Objectives

The primary endpoints were the objective response rate (ORR), defined as the proportion of
patients with a complete response (CR) or a partial response (PR), as assessed by RECIST version 1.1,
and the rate of any AEs. The secondary endpoints were the duration of response, defined as the time
from the response to tumor progression or death, whichever occurred first; progression-free survival
(PFS), defined as the time from the start of pembrolizumab to tumor progression or death; overall
survival (OS), defined as the time from the start of treatment to death from any cause. An additional
efficacy analysis was conducted in the subgroup of patients with favorable performance status
(ECOG ≤ 1).

ORR point estimates, accompanied by 95% confidence intervals (CIs), were calculated using the
Clopper–Pearson exact method. Patients without response data were considered to be non-responders.
Duration of response, PFS, and OS were estimated using the Kaplan–Meier method. To identify factors
affecting the ORR, univariate logistic regression analyses were performed. A further multivariate
logistic regression analysis was intended to use factors with a significance level of less than 0.1 in the
univariate analyses.

3. Results

3.1. Patients

Information for 117 patients treated with pembrolizumab was collected from 16 sites affiliated
with KGOG. One patient diagnosed with vaginal cancer and two duplicate patients were excluded
(Table S1). The clinicopathologic characteristics of the patients are listed in Table 1. The median age
was 53.0 years (range, 28–79 years). Of the patients, 45.3% (53/117) had an ECOG performance status
(PS) of ≤1, and 41.9% (49/117) had stage III or IV at diagnosis. The HPV test was done in 71 patients
(60.7%), of whom 57 (80.3%) were HPV-positive. PD-L1 expression was tested in 72 patients (61.5%), of
whom 60 (83.3%) were PD-L1-positive by TPS or CPS. Eighty-eight (75.2%) patients had squamous
cell carcinoma histology. Fifty patients (42.7%) had received previous radiotherapy, and 62 patients
(53.0%) had received previous surgery. The median number of prior chemotherapy lines, including
neoadjuvant chemotherapy, was two (range, 1–6). As of 31 March, 2020, the data cutoff, the median
follow-up time was 4.9 months (range, 0.2–35.3 months). Ninety-nine patients (84.6%) had discontinued
pembrolizumab, most commonly due to disease progression (57.3%; n = 67) (Figure 1). The median
number of pembrolizumab cycles was three (range, 1–24 cycles).

Table 1. Clinico-pathologic characteristics of the patients (n = 117).

Characteristic No. (%)

Age, Years
Median, range 53 (28–79)

ECOG performance status
0 16 (13.7%)
1 37 (31.6%)
2 45 (38.5%)
3 16 (13.7%)
4 3 (2.6%)
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Table 1. Cont.

Characteristic No. (%)

FIGO stage at diagnosis
I 31 (26.5%)
II 34 (29.1%)
III 22 (18.8%)
IV 27 (23.1%)

Unknown 3 (2.6%)

HPV test result
Positive ˆ 57 (48.7%)
Negative 14 (12.0%)
Unknown 46 (39.3%)

PD-L1 expression *

1≤ 60 (51.3%)
1> 12 (10.3%)

Unknown 45 (38.5%)

Histology
Squamous cell carcinoma 88 (75.2%)

Adenocarcinoma 19 (16.2%)
Adenosquamous cell carcinoma 4 (3.4%)
Neuroendocrine cell carcinoma 4 (3.4%)

Glassy cell carcinoma 1 (0.9%)
Basaloid squamous cell carcinoma 1 (0.9%)

Target lesion size, mm #

Median, range 67 (10–529)

Previous radiation therapy 50 (42.7%)
(CC)RTx 38 (76.0%)

(CC)RTx + hysterectomy 12 (24.0%) @

Previous surgery 62 (53.0%)
RH 17 (27.4%) %

RH + (CC)RTx 45 (72.6%) &

Number of previous lines of chemotherapy
1 38 (32.5%)
2 43 (36.8%)
3 24 (20.5%)
4 8 (6.8%)
≥5 4 (3.4%)

ECOG, Eastern Cooperative Oncology Group; FIGO, International Federation of Gynecology and Obstetrics;
HPV, human papillomavirus; N/A, non-available; PD-L1, programmed death-ligand 1; (CC)RTx, concurrent
chemoradiation or radiation therapy; RH, radical hysterectomy. ˆ presence of any type of high-risk human
papillomavirus regardless of test type. * determined by either the tumor proportion score (TPS) or the combined
positive score (CPS). # sum of the target lesions. @ including 2 cases of pelvic exenteration. % including 2 cases of
radical trachelectomy. & including 2 cases of pelvic exenteration followed by radiation.

3.2. Antitumor Activity

In the total population, three patients (2.6%) achieved a CR and eight (6.8%) achieved a PR,
resulting in an ORR of 9.4% (95% CI, 4.8–16.2) (Table 2). A clinical summary of the 11 responders
is provided in Table S2. Ten of the 11 responders had squamous cell carcinoma (one, BCHA013,
had adenosquamous histology) and 10 had favorable ECOG PS (one, BCHA006, had a PS of 3).
The median time to response was 2.8 months (range, 1.3–13.1 months) and the median duration of
response was not reached (range, 8.9–not reached). Eight of the 11 responders were still receiving
pembrolizumab at the data cutoff date (Figure 2A). In the population of patients (n = 53) with favorable
PS, the ORR was 18.9% (95% CI, 9.4–32.0) (Table 2). The median time to response in that group was
3.0 months (range, 1.3–13.1 months), and their median duration of response was 8.9 months (range,
7.3–10.4 months).
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Figure 1. Patient disposition. CR, complete response; PR, partial response; SD, stable disease.

Table 2. Tumor responses assessed by RECIST v.1.1 (n = 117).

Anti-Tumor Activity Total Population Favorable PS Group (ECOG ≤1)

n = 117 n =53

Best overall response
CR 3 (2.6%) 3 (5.7%)
PR 8 (6.8%) 7 (13.2%)
SD 28 (23.9%) 14 (26.4%)
PD 67 (57.3%) 26 (49.1%)

Not able to be assessed 11 (9.4%) 3 (5.7%)

Objective response rate 11 (9.4%) 10 (18.9%)
95% CI 4.8 to 16.2 9.4 to 32.0

Disease control rate 39 (33.3%) 24 (45.3%)
95% CI 24.9 to 42.6 31.6 to 59.6

Time to response, months #

Median (range) 2.8 (1.3–13.1) 3.0 (1.3–13.1)

Duration of response, months #,&

Median (range) NR (8.9–NR) 8.9 (7.3–10.4)

Duration of response, months #,* (n = 11) (n = 10)
≥6 6 (54.5%) 5 (50.0%)
≥9 4 (36.4%) 3 (30.0%)
≥12 2 (18.2%) 1 (10.0%)

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; CI, confidence interval;
NR, not reached; PS, performance status. # Evaluated in patients who had a response (n = 11 for total population,
n = 10 for favorable PS group). & Estimated using Kaplan-Meier method. * Percentages as a fraction of the number
of responders.
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(A) 

 

(B) 

Figure 2. Antitumor activity of pembrolizumab. (A) Time to and duration of response in patients
whose best overall response was CR or PR (n = 11). The length of bars represents the time to the
last image assessment. (B) Waterfall plot showing the distribution of the best percentage change in
the sum of the target lesion size from baseline according to Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.1 (n = 95). OP, operation; CR, complete response; PR, partial response; PD,
progressive disease; PD-L1, programmed death-ligand 1.

Twenty-eight patients (23.9%) in the total population and 14 patients (26.4%) in the favorable PS
group showed stable disease, leading to disease control rates of 33.3% (95% CI, 24.9–42.6) and 45.3%
(95% CI, 31.6–59.6), respectively (Table 2). The best percentage change in target lesion from baseline
among the 95 patients with one or more evaluable post-baseline imaging assessments is shown in
Figure 2B.

At the time of data cutoff, 81 (69.2%) patients in the total population had experienced disease
progression or death. The median PFS was 2.7 months (95% CI, 2.3–3.1 months), and the estimated
PFS rates at six and 12 months were 29.6% and 16.6%, respectively (Figure 3A). In the favorable PS
group, which had 32 patients with disease progression (60.4%), the median PFS was 4.5 months (95%
CI, 1.8–7.2 months; Figure S1A). A total of 53 patients (45.3%) in the total population and 15 (28.3%) in
the favorable PS group had died. The median OS was 8.8 months (95% CI, 5.6–12.1 months) in the
total population (Figure 3B) and 19.1 months (95% CI, 2.5–35.6 months) in the favorable PS group
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(Figure S1B). The six-month estimates of OS were 58.6% and 84.1%, respectively, and the 12-month
estimates were 41.1% and 57.3%, respectively. One of the 11 responders (BCHA010) expired due to
cancer progression (Table S2).

 

 

Figure 3. Kaplan–Meier estimates of survival in the total study population (n= 117). (A) Progression-free
survival; (B) overall survival.

3.3. Safety

A total of 55 patients (47.0%) experienced one or more adverse events, including eight (6.8%)
patients who experienced grade≥3 events (Table 3). Three patients (2.6%) discontinued pembrolizumab
due to AEs, including two whose deaths were suspected to have resulted from treatment-related AEs.
One of these patients, who suddenly developed pneumonitis with pulmonary edema 20 days after the
first cycle, refused further management for the AE, and expired the day after symptom manifestation.
The second patient, who had grade 4 colitis after three cycles, also refused further management for
the AE, and died 10 days later. The third patient discontinued treatment due to the occurrence of
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grade 3 Guillain–Barré syndrome; the patient recovered from these symptoms, but received no further
pembrolizumab. The most common AEs for any grade were hypothyroidism (7.7%), fatigue (4.3%),
and skin rash (4.3%).

Table 3. Treatment-related adverse events in the total population (n = 117).

Adverse Event Any Grade Grade 3/4

Any AE 55 (47.0%) 8 (6.8%)

Hypothyroidism 9 (7.7%) 0
Fatigue 5 (4.3%) 0

Skin rash 5 (4.3%) 2 (1.7%)
Anemia 4 (3.4%) 1 (0.9%)

AST/ALT elevated 3 (2.6%) 1 (0.9%)
Nausea 3 (2.6%) 0

Abdominal pain 3 (2.6%) 0
Dyspnea 3 (2.6%) 0

Colitis 2 (1.7%) 1 (0.9%)
Neutropenia 2 (1.7%) 1 (0.9%)

Thrombocytopenia 2 (1.7%) 0
Hyperphosphatemia 2 (1.7%) 0
Hypoalbuminemia 2 (1.7%) 0
Renal insufficiency 2 (1.7%) 0

Cough 2 (1.7%) 0
Hyperthyroidism 1 (0.9%) 0

Pneumonitis with pulmonary edema 1 (0.9%) 1 (0.9%)
Constipation 1 (0.9%) 0

Vomiting 1 (0.9%) 0
Dizziness 1 (0.9%) 0

Guillain-Barré syndrome 1 (0.9%) 1 (0.9%)

Any AE leading to discontinuation

Guillain-Barre syndrome 1 1
Colitis 1 1

Pneumonitis with pulmonary edema 1 1

AE, adverse events; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

3.4. Prognostic Factors

Analyses examining how HPV positivity, histology, the number of previous lines of chemotherapy,
ECOG status, PD-L1 positivity, and burden of tumor affected ORR were performed using logistic
regressions (Table 4). Favorable ECOG PS (≤1) was the only significant factor in the univariate
regression analyses (odds ratio, 14.651; 95% CI, 1.809–118.675; p = 0.012), so no further multivariate
regression analysis was done.

Table 4. Logistic regression analysis of predictive factors for the objective response rate.

Predictive Factors
Univariate Analysis

OR (95% CI) p-Value

HPV test result
Negative 1
Positive 1.529 (0.169–13.842) 0.705

Histology
Non-SqCC 1

SqCC 3.590 (0.439–29.329) 0.233
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Table 4. Cont.

Predictive Factors
Univariate Analysis

OR (95% CI) p-Value

Number of prior lines of chemotherapy
≤2 1
≥3 1.315 (0.328–5.263) 0.699

ECOG performance status
≥2 1

≤1 14.651
(1.809–118.675) 0.012

PD-L1 expression
<20 1
≥20 2.133 (0.440–10.338) 0.347

Burden of tumor #

<2cm 1 0.120
2cm≤ <5cm 1.429 (0.244–8.375)

5cm≤ <10cm 0.270 (0.34–2.165)
≥10cm 0.192 (0.016–2.363)

OR, odds ratio; HPV, human papillomavirus; SqCC, squamous cell carcinoma; ECOG, Eastern Cooperative Oncology
Group; PD-L1, programmed death-ligand 1. # sum of the target lesion.

4. Discussion

4.1. Antitumor Activity

The results of this study show modest antitumor activity for pembrolizumab in patients with
recurrent or persistent cervical cancer. The ORR was 9.4%, with three patients achieving a CR and eight
patients a PR. The median PFS was 2.7 months, and the estimated PFS rate at six months was 29.6%.
The median OS was 8.8 months, and the six- and 12-month estimates for OS were 58.6% and 41.1%,
respectively. The therapeutic results from PD-1 inhibitors monotherapy in recurrent or advanced
cervical cancer are summarized in Table 5 [11–14]. Although it is difficult to directly compare our
results with those from well-designed clinical trials, they are generally consistent. As in a previous
report, when we analyzed the 88 patients with squamous cell carcinoma, which is known to have a
relatively favorable prognosis, their ORR was 11.4% (Table S3). The results from prospective clinical
trials and our results from this retrospective study differ in some points. The prospective studies could
only enroll patients with a favorable PS (ECOG ≤1), but in real-world practice, patients with poor
general condition (ECOG ≥2) are also treated. In the real world, immune checkpoint inhibitors (ICIs)
tend to be tried as a last attempt for heavily treated patients in poor general condition. In this study,
more than half (54.7%, 64/117) of the patients had an ECOG ≥2 (Table 1), which well reflects real-world
clinical circumstances.

82



Cancers 2020, 12, 3188

T
a

b
le

5
.

Th
er

ap
eu

ti
c

re
su

lt
s

of
PD

-1
in

hi
bi

to
rs

m
on

ot
he

ra
py

in
re

cu
rr

en
to

r
ad

va
nc

ed
ce

rv
ic

al
ca

nc
er

pa
ti

en
ts

.

S
tu

d
y

K
e

y
n

o
te

0
2

8
K

e
y

n
o

te
1

5
8

C
h

e
ck

m
a

te
3

5
8

N
R

G
-G

Y
0

0
2

P
re

se
n

t
S

tu
d

y

To
ta

lp
op

ul
at

io
n

Fa
vo

ra
bl

e
PS

gr
ou

p

Ph
as

e
IB

II
I/

II
II

R
et

ro
R

et
ro

D
ru

g
Pe

m
br

ol
iz

um
ab

10
m

g/
kg

q2
w

Pe
m

br
ol

iz
um

ab
20

0m
g

q3
w

N
iv

ol
um

ab
24

0m
g

q2
w

N
iv

ol
um

ab
3m

g/
kg

q2
w

Pe
m

br
ol

iz
um

ab
20

0m
g

q3
w

Pe
m

br
ol

iz
um

ab
20

0m
g

q3
w

N
24

98
19

25
11

7
53

A
ge

,m
ed

ia
n

(a
ge

)
42

46
51

45
53

52

H
is

to
lo

gy
of

Sq
C

C
23

(9
6%

)
92

(9
4%

)
19

(1
00

%
)

15
(6

0%
)

88
(7

5%
)

42
(7

9%
)

EC
O

G
≤1

24
(1

00
%

)
98

(1
00

%
)

18
(9

5%
)

25
(1

00
%

)
53

(4
5%

)
53

(1
00

%
)

Pr
io

r
lin

es
C

Tx
≥3

9
(3

8%
)

30
(3

1%
)

0
N
/A

36
(3

1%
)

15
(2

8%
)

Po
si

ti
ve

PD
–L

1
ex

pr
es

si
on

24
(1

00
%

)*
82

(8
4%

)#
10

(5
3%

)%
17

(7
7%

)#
57

(4
9%

)$
30

(5
7%

)$

BO
R

C
R

0
3

(3
%

)
3

(1
6%

)
0

3
(3

%
)

3
(6

%
)

PR
4

(1
7%

)
9

(8
%

)
2

(1
0%

)
1

(4
%

)
8

(7
%

)
7

(1
3%

)
SD

3
(1

3%
)

18
(1

8%
)

8
(4

2%
)

9
(3

6%
)

28
(2

4%
)

14
(2

6%
)

PD
16

(6
7%

)
55

(5
6%

)
6

(3
2%

)
11

(4
4%

)
67

(5
7%

)
26

(4
9%

)
N

ot
ev

al
ua

bl
e

1
(4

%
)

13
(1

3%
)

0
4

(1
6%

)
11

(0
%

)
3

(6
%

)

O
R

R
4

(1
7%

)
12

(1
2%

)
5

(2
6%

)
1

(4
%

)
11

(9
%

)
10

(1
9%

)
D

C
R

7
(2

9%
)

30
(3

1%
)

13
(6

8%
)

10
(4

0%
)

39
(3

3%
)

24
(4

5%
)

Ti
m

e
to

re
sp

on
se

,m
on

th
s

M
ed

ia
n

(r
an

ge
)

1.
9

(1
.7

–8
.2

)
2.

1(
1.

6–
4.

1)
1.

7
(1

.6
–1

.9
)

N
/A

2.
8

(1
.4

–1
3.

4)
3.

0
(1

.4
–1

3.
4)

D
ur

at
io

n
of

re
sp

on
se

,
m

on
th

sM
ed

ia
n

(r
an

ge
)

5.
4

(4
.1

–7
.5

)
N

R
(≥

3.
7–
≥1

8.
6)

N
R

(2
3.

3–
29

.5
)

3.
8

N
R

(8
.9

-N
R

)
8.

9
(7

.3
–1

0.
4)

A
E
≥3

5
(2

1%
)

12
(1

2%
)

4(
21

%
)

6
(2

4%
)

8
(7

%
)

3
(6

%
)

PF
S

at
6m

21
%

25
%

36
%

16
%

30
%

44
%

O
S

at
6m

,1
2m

67
%

,4
0%

75
%

,4
1%

89
%

,7
8%

78
%

59
%

,4
1%

84
%

,5
7%

PS
,p

er
fo

rm
an

ce
st

at
us

;R
et

ro
,r

et
ro

sp
ec

tiv
e

st
ud

y;
Sq

C
C

,s
qu

am
ou

sc
el

lc
ar

ci
no

m
a;

EC
O

G
,E

as
te

rn
C

oo
pe

ra
tiv

e
O

nc
ol

og
y

G
ro

up
;P

D
-L

1,
pr

og
ra

m
m

ed
de

at
h-

lig
an

d
1;

C
Tx

,c
he

m
ot

he
ra

py
;

BO
R

,b
es

to
ve

ra
ll

re
sp

on
se

;C
R

,c
om

pl
et

e
re

sp
on

se
;P

R
,p

ar
tia

lr
es

po
ns

e;
SD

,s
ta

bl
e

di
se

as
e;

PD
,p

ro
gr

es
si

ve
di

se
as

e;
O

R
R

,o
bj

ec
tiv

e
re

sp
on

se
ra

te
;D

C
R

,d
is

ea
se

co
nt

ro
lr

at
e;

A
E,

ad
ve

rs
e

ev
en

ts
;P

FS
,p

ro
gr

es
si

on
-f

re
e

su
rv

iv
al

;O
S,

ov
er

al
ls

ur
vi

va
l;

N
/A

,n
on

-a
va

ila
bl

e.
*
≥1

%
of

m
od

ifi
ed

pr
op

or
tio

n
sc

or
e,

#
≥1

of
co

m
bi

ne
d

po
si

tiv
e

sc
or

e
(C

PS
),

%
≥1

%
of

tu
m

or
pr

op
or

tio
n

sc
or

e
(T

PS
),

$
TP

S
≥1

%
or

C
PS
≥1

.

83



Cancers 2020, 12, 3188

In this context, the promising antitumor activity of pembrolizumab could be assessed by analyzing
the treatment response in only the favorable PS group in this study. The ORR in this group (n = 53)
was 18.9%, and their disease control rate was 45.3% (Table 2). Furthermore, their median PFS was
4.5 months (95% CI, 1.8–7.2 months), with an estimated PFS rate of 44% at six months. Their median
OS was 19.1 months (95% CI, 2.5–35.6 months), and the estimated six- and 12-month estimates of OS
were 84.1% and 57.3%, respectively (Table 5). These results indicate that pembrolizumab has antitumor
activity that is somewhat better than that reported in the KEYNOTE-158 study [14], which used the
same dose of pembrolizumab. Therefore, the results of this real-world study indicate that among
patients with recurrent or persistent cervical cancer, pembrolizumab treatment showed better antitumor
activity in patients with favorable PS.

In addition, as in the results of the CheckMate 358 trial [12] of nivolumab, patients treated with
less than two previous chemotherapy lines had an ORR of 26% (Table 5), suggesting that a low number
of prior treatments improved the response. As previously suggested by Tewari [15], treatment with
ICIs could be a second-line therapeutic option for patients with progressed cervical cancer who have
failed with standard therapy after confirmation of PD-L1 expression. An ongoing phase III randomized
trial is investigating chemotherapy with ICIs as a first-line treatment for chemo-naïve patients with
persistent, recurrent, or metastatic cervical cancer [16,17].

4.2. Adverse Events

According to a recent meta-analysis [18], AEs of any grade occurred in 65.8% of patients receiving
an ICI, and 16.6% of patients experienced grade ≥3 AEs. Treatment discontinuation due to AEs
occurred in 6.4% of patients, and treatment-related death (TRD) was less common in patients treated
with ICIs (0.9%) than in patients treated with chemotherapy (1.3%). To date, TRD has not been reported
in studies of cervical cancer patients [11–14]. In the present study, an AE occurred in 47.0% of patients,
and 6.8% of patients experienced grade ≥3 AEs. Treatment discontinuation due to AEs occurred in
2.6% of patients, and suspicious TRD occurred in two (1.5%) patients.

Compared to the reported clinical trials, the frequency of AEs in this study was relatively low,
which is likely due to the limitations of a retrospective study conducted using chart reviews, because
minor AEs might not have been recorded. In contrast, 1.5% (n = 2) of patients were suspected
of TRD. These patients might not have died if they had been adequately managed for their AEs.
Furthermore, it was difficult to identify the accurate cause of death in these patients because no autopsy
or additional investigation was conducted. The most commonly reported causes of TRD are known to
be immune-related pneumonitis and intestinal perforation/colitis [18]; therefore, clinicians have to be
fully aware of these risks when prescribing ICIs.

4.3. Prognostic Marker

Microsatellite instability-high and/or deficient DNA mismatch repair (MSI-H/MMRd) has been
identified as a potential predictive marker for response to ICIs [19–21]. Regardless of the type of cancer,
solid tumors showing MSI-H/MMRd are known to have a favorable response to pembrolizumab,
with an ORR of 34%–53% [19,21]. However, tumors with MSI-H/MMRd represent only 2%–4% of
all diagnosed cancers [22,23]. In gynecologic cancers, MSI-H/MMRd tumors are found in 22%–33%
of all endometrial cancers, and only 10% of all ovarian and cervical cancers [19,20]. Therefore,
other prognostic markers, such as PD-L1 expression, tumor mutational burden, and clinical biomarkers,
have been studied. Of them, PD-L1 expression on either tumor or immune cells has emerged as
an alternative predictive biomarker. The ORR was higher in patients with PD-L1-positive cervical
cancers than in the overall population (14.6% vs. 12.2%, respectively) in a previous clinical trial [14].
PD-L1 positivity was confirmed in 60 (83.3%) of the 72 patients in our study based on the test results
(Table 1), and their ORR was 11.7% (7/60) (data not provided). However, the role of PD-L1 expression
has not been clarified, so it currently has limited value as a predictive biomarker [24].
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HPV infection in cervical cancer is also considered to be a possible prognostic marker of ICI
response, although the role of HPV infection has not yet been clarified. Cervical cancer is known to be an
HPV-induced neoplasm, and several researchers have found that HPV positivity is positively correlated
with increased PD-L1 expression in cervical cancer [10,25]. However, as previously described, because
the role of PD-L1 expression as a prognostic marker is unclear, additional investigation is required to
elucidate the specific contribution of HPV-induced cervical carcinogenesis.

In the present study, we examined the effect of several factors on ORR: HPV positivity,
histology (squamous vs. non-squamous), number of prior lines of chemotherapy, ECOG status,
PD-L1 positivity, and burden of tumor. Only an ECOG ≤1 showed a significant difference in the
univariate analyses (OR, 14.651; 95% CI, 1.809–118.675; p = 0.012). The other factors showed no
statistically significant differences (Table 4). In non-small cell lung cancer patients, poor PS (ECOG ≥2)
has been suggested as a negative predictive factor for ICIs treatment [26] or not [27]. Studies on the
treatment response according to PS have not been reported in cervical cancer patients, and prospective
clinical trials are needed. MSI-H/MMRd data could be obtained for only 28 patients, so this factor was
not analyzed in the present study.

4.4. Limitations

The limitations of this study stem mainly from its retrospective design and short follow-up time.
The lack of an independent central radiologic and pathologic review could also be a confounding factor.
Because the central pathologic review was not conducted, the MSI-H/MMRd and PD-L1 information
of tumor was not obtained from all patients. Furthermore, the response assessment could not be
centralized by an independent central radiologic review. We did not perform an evaluation based on
immune RECIST or immune-related RECIST to assess the immune response. The AE evaluation was
also conducted retrospectively based on chart review, which is probably why the frequency of AEs
reported here was low compared to prospective clinical trials that evaluated AEs using strict criteria.

Nevertheless, to the best of our knowledge, this retrospective study of a relatively large,
mainly Asian cohort is the first to evaluate the effectiveness and safety of pembrolizumab treatment in
patients with recurrent cervical cancer in a real-world setting.

5. Conclusions

In summary, the present study showed that pembrolizumab treatment has modest antitumor
activity in patients with recurrent or persistent cervical cancer, including effective activity especially in
patients with favorable performance status, in real-world practice. Further studies are warranted to
identify predictive biomarkers for immune checkpoint inhibitors in cervical cancer.
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Simple Summary: Pancreatic ductal adeno carcinoma is one of the most lethal solid tumors and the
survival rate has not improved significantly over the past decades. The disease is characterized by
an immune-suppressive tumor microenvironment, which promotes the limited response to novel
immunotherapies. The aim of our study was to contribute to a better understanding of the diminished
Natural Killer (NK) cell-activity in pancreatic cancer. We showed that oncoprotein SKI, which is
involved in CBP/p300-mediated acetylation, diminished the expression of activating ligands for the
cytotoxicity receptor NKG2D on tumor cells, thereby counteracting NK cell-dependent cytotoxicity.
Treatment of tumor cells with histone deacetylase inhibitors (HDACi) induced the expression of these
ligands and improved NK cell-dependent killing. Thus, we unraveled a so far unknown role of SKI
in NK cell-mediated immunosurveillance. Our results suggest that the combination of HDACi with
NK cell-based immunotherapies may be beneficial for pancreatic cancer patients.

Abstract: Drugs targeting epigenetic mechanisms such as histone deacetylase inhibitors (HDACi)
suppress tumor growth. HDACi also induce the expression of ligands for the cytotoxicity receptor
NKG2D rendering tumors more susceptible to natural killer (NK) cell-dependent killing. The major
acetylases responsible for the expression of NKG2D ligands (NKG2D-L) are CBP and p300. The role of
the oncogene and transcriptional repressor SKI, an essential part of an HDAC-recruiting co-repressor
complex, which competes with CBP/p300 for binding to SMAD3 in TGFβ signaling, is unknown.
Here we show that the siRNA-mediated downregulation of SKI in the pancreatic cancer cell lines
Panc-1 and Patu8988t leads to an increased target cell killing by primary NK cells. However, the higher
cytotoxicity of NK cells did not correlate with the induction of NKG2D-L. Of note, the expression
of NKG2D-L and consequently NK cell-dependent killing could be induced upon LBH589 (LBH,
panobinostat) or valproic acid (VPA) treatment irrespective of the SKI expression level but was
significantly higher in pancreatic cancer cells upon genetic ablation of SKI. These data suggest that
SKI represses the inducible expression of NKG2D-L. The combination of HDACi with NK cell-based
immunotherapy is an attractive treatment option for pancreatic tumors, specifically for patients with
high SKI protein levels.

Keywords: pancreatic tumor; NK cell immunosurveillance; NKG2D; histon (de)acetylation
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) represents 85% of all pancreatic cancers and exhibits the
poorest prognosis of all solid tumors. Incidence rates in the industrialized world are steadily increasing
and the 5-year survival rate is below 10% with a median survival of 6 months [1–3]. Reasons for
the poor prognosis include delayed diagnosis associated with non-resectable locally advanced or
metastatic disease and chemo-resistance. One component which critically contributes to drug resistance
is the peritumoral desmoplasia, which impairs intra-tumoral drug delivery [4]. PDAC is moreover
characterized by an immune-suppressive tumor microenvironment (TME) producing TGFβ and other
factors to counteract immunosurveillance, while promoting tumor growth and metastasis for example,
through the recruitment of tumor supporting macrophages [5]. Thus, the response of patients with
PDAC to immunotherapy is overall limited [6]. However increasing pieces of evidence suggest that
the restoration of NK cell activity in the tumor microenvironment (TME) may interfere with PDAC
progression [7,8] exerting direct cytotoxicity and orchestrating the anti-tumor immune response.

One of the major NK cell receptors involved in the recognition and killing of transformed cells is
the cytotoxic receptor NKG2D [9]. NKG2D is expressed on NK cells, CD8+ T cells, some γδ T cells
and possibly also some CD4+ T cells [10] and known as a sensor for damaged or dangerous cells.
In humans, NKG2D is engaged by several ligands, namely MHC class I polypeptide-related sequence
A and B (MICA and MICB) [9] and the UL16-binding proteins 1-6 (ULBP1-6) [11–14]. Not surprisingly,
tumor cells develop mechanisms to escape the innate immune surveillance and these strategies include
the release of soluble NKG2D-L to render target cells invisible for an NKG2D-dependent NK cell-attack.
Soluble ligands for NKG2D do not only passively block receptor activation but moreover cause a
downregulation of receptor surface expression [15].

While NKG2D-L are not expressed on healthy cells, they are upregulated on tumor cells.
Their expression is regulated by transcriptional, translational and posttranslational mechanisms [16],
although the transcription factors involved are not yet entirely defined. A better understanding of
the factors that direct NKG2D-L on the surface of target cells will allow the development of novel
therapeutic strategies aiming at an increased NKG2D-L expression on tumor cells and thus a potential
killing by NK cells.

Previously we showed that the major acetyltransferases CBP and p300 have a robust, mandatory
and general impact on the up-regulation of mouse and human NKG2D-L in response to cellular
stress signals or upon HDAC inhibition [17]. These acetyltransferases interact with the oncogene
and transcriptional repressor Sloan-Kettering Institute (SKI), for example, by binding to SMAD3 to
modulate TGFβ signaling [18].

Thus, SKI inhibits SMAD association with the p300/CBP coactivators and facilitates the recruitment
of histone deacetylases to repress gene transcription [19]. SKI is known to promote pancreatic cancer
cell proliferation and SKI overexpression is significantly associated with a decreased patients’ survival
time [20,21]. Given that HDAC inhibitors (HDACi) induce surface expression of NKG2D-ligands on
tumor cells in a CBP/p300-dependent manner [17] we hypothesize that SKI suppresses NKG2D-ligands
on pancreatic cancer cells supporting immune evasion.

2. Results and Discussion

The effect of HDACi is reported to induce NKG2D-L on the surface of tumor cells, which promotes
tumor cell recognition and killing by NK cells supporting an anti-tumor immune response. The cellular
responses and the affected ligands vary depending on the HDACi applied and the tumor type.
Data for pancreatic cancer cells are rare, however the upregulation of MICA/B upon treatment of
tumor cell lines with VPA (an HDACi originally developed for the treatment of epilepsy) through
the induction of the PI3K/AKT signaling pathway was described [22]. Treatment of the pancreatic
cancer cell lines PaTu8988t and Panc-1 with the pan-HDACi panobinostat (LBH589) and subsequent
qRT-PCR analysis established that LBH induced the transcription of the ligands MICA and ULBP2
(Figure 1A,B). Induced transcription was most pronounced after 16 h treatment and declined after 48 h
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and 72 h. The up-regulation of the mRNAs was in line with the enhanced surface expression of ligands
for NKG2D measured by flow cytometry (Figure 1C). Here, a similar efficacy for LBH and VPA both
used in sublethal concentrations was observed, although the induction efficacy of LBH for MICA and
ULBP2 was more robust under the conditions used (Figure S1).

 

Figure 1. NKG2D ligand expression in PaTu 8988t and Panc-1 cells after treatment with HDACi LBH589.
The mRNA of NKG2D ligands (A) MICA and (B) ULBP2 was measured in PaTu 8988t (left panel) and
Panc-1 (right panel) 16, 24, 48 and 72 h after treatment with 100 nM LBH58th 25 nM LBH for up to
72 h and NKG2D-L and the mean fluorescence intensity (MFI) was measured by flow cytometry using
recombinant human NKG2D Fc chimera protein. (D) Tumor cells were treated with 100 nM LBH589 for
16 h before they were co-cultured with primary NK cells for 3 h and NK cell-mediated killing of target
cells was measured by flow cytometry. Data are the mean of three (A,B,D) or four to five independent
experiments (C) ± SEM. Statistical significance between treated and untreated samples of the individual
time points was calculated using Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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To test, whether the HDACi-mediated NKG2D ligand induction actually is of biological
significance, flow cytometry (FC)-based NK cell killing assays using primary NK cells were
performed. Indeed, NK cells were significantly more potent in lysing LBH-treated pancreatic cell lines
compared to untreated controls (Figure 1D), manifesting functional relevance of LBH-induced NKG2D
ligand upregulation.

We and others showed that enhanced expression of NKG2D-L results in increased in vitro NK
cell killing activity (Figure 1D, [23–25]. Xenograft mouse models moreover demonstrated that the
pharmacological increase in NKG2D ligand expression also results in enhanced NK cell-mediated tumor
surveillance [23–25]. The same holds true for syngeneic mouse models where NKG2D ligand induction
enables NK cells to reject MHC class I-bearing tumors [26]. Moreover, bifunctional recombinant
proteins which are applied to retarget NK cells to tumor cells triggering NKG2D activation reveal
potent anti-tumor activity in vivo and in vitro [27]. These observations highlight the promising role of
the NKG2D-NKG2D-L axis as a therapeutic target to overcome NK cell anergy in tumor patients.

Having demonstrated that HDACi can induce NKG2D-L and trigger NK cell cytotoxicity we
analyzed whether the oncoprotein SKI was involved in NKG2D-ligand regulation. siRNA targeting
SKI was used to effectively down-regulate SKI in PaTu8988t (upper panel Figure 2A) and Panc-1 (upper
panel Figure 2B) pancreatic adenocarcinoma cells and the expression level was determined using
Western blotting (Figure 2, see Figure S2 for quantification) and qRT-PCR (lower panel, Figure 2A,B).

 
Figure 2. siRNA-mediated knockdown (KD) of SKI. (A) PaTu8988t and (B) Panc-1 cells were treated
with siRNA for SKI knockdown for 24 h followed by 16 h of 100 nM LBH589 treatment before the
knockdown was quantified by Western Blot analysis. Ctrl: non treated, scr: scrambled siRNA. The lower
panel depicts the quantification of qRT-PCR data for scrambled siRNA-treated sample and siRNA
treated samples. Data are the mean of three independent experiments ± SEM. Statistical significance
was calculated using Student’s t-test (** p < 0.01). KD = knockdown, Scr = scrambled.

Of note, a cytotoxicity assay using primary purified NK cells from healthy donors as effector
cells showed that the knockdown of SKI was associated with a significantly better killing efficacy
(Figure 3A). The analysis of NKG2D-L expression revealed that MICA and ULBP2 were significantly
higher expressed in PaTu8988t cells with diminished SKI expression (Figure 3B), whereas the ligand
expression in Panc-1 cells was not affected. We conclude that the increased expression of MICA and
ULBP2 in PaTu8988t cells upon SKI knockdown may contribute to a better NK cell-mediated killing
but SKI seems to suppress susceptibility against NK cell-mediated killing also by additional, not yet
defined mechanisms. In this regard, we found in acute myeloid leukemia (AML) cells that SKI acts
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rather as a transcriptional repressor and inhibits target genes associated with inflammatory response,
immune cell differentiation as well as TNFα signaling via NFκB [28]. Hence, SKI-expressing tumor
cells may evade NK cell-killing via inhibition of pro-inflammatory factors like TNFα. In line with the
contribution of SKI to MICA gene regulation, ChIPseq analyses of the AML cell line HL60 revealed
an enrichment of SKI in the promoter region of MICA, which was diminished upon SKI knockdown,
confirming specificity (Figure 3C).

 

 

C 

 

Figure 3. Effect of SKI knockdown on NK cell-mediated killing of target cells and expression of
NKG2D-L. (A) SKI knockdown was performed in PaTu89888t (left panel) and Panc-1 (right panel)
cells for 24 h. Then, cells were co-cultured with primary NK cells for 3 h before target cell killing was
measured by flow cytometry. (B) The mRNA expression of NKG2D-L MICA and ULBP2 was measured
in SKI knockdown cells. Data are the mean of four (3B) to five (3A) independent experiments ± SEM.
Statistical significance was calculated using 2-way ANOVA and Sidak’s multiple comparisons test
(3A) and Student’s t-test (3B) (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s.: not significant).
(C) Genome browser view of the MICA genomic region of the SKI ChIPseq analyses of the cell line HL60
(WT), HL60 control cells (CTR-1, CRISPR-Cas9) and HL60-SKI deficient cells (KO-3, CRISPR-Cas9).
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Next, both SKI wildtype and SKI knockdown cells were treated with LBH and the impact on
the inducible expression of MICA and ULBP2 was analyzed by qRT-PCR. Interestingly, we observed
in knockdown cell lines a significantly higher induction of ULBP2 transcription, which was in line
with enhanced NK cell-dependent killing of PaTu8988t cells (Figure 4A,B). These data suggest that
SKI interferes with the HDACi-dependent ULBP2 upregulation on these pancreatic cancer cells.
However, the HDACi-dependent induction of MICA remained unaltered in SKI wildtype cells and
upon knockdown (Figure 4A). LBH-treated SKI-deficient Panc-1 cells were more efficiently killed than
wildtype cells. However, no significant upregulation of ULBP2 or MICA could be detected, suggesting
that SKI suppresses NK cell immunosurveillance also by NKG2D/NKG2D-L-independent mechanisms.

 

 
Figure 4. Effect of SKI knockdown and LBH treatment on NKG2D-L expression and NK cell-mediated
killing. (A) siRNA-mediated SKI knockdown was performed for 24 h followed by 100 nM LBH589
and MICA and ULBP2 were measured in PaTu8988t (left panel) and Panc-1 (right panel) by qRT-PCR.
(B) 24 h after SKI knockdown and LBH treatment, NK cell-mediated killing of tumor cells was
measured by flow cytometry. Data are the mean of three to five independent experiments ± SEM.
Statistical significance was calculated using 1-way and 2-way ANOVA analyses (* p < 0.05, ** p < 0.01,
*** p < 0.001, n.s.: not significant).

In conclusion the combination of HDACi with NK cell-based immunotherapy is an attractive
treatment option for pancreatic tumors. Therapy may be further improved by additional inhibition
of SKI oncogenic activity, for example, via re-expression of NKG2D-L or pro-inflammatory factors
leading to an improved recruitment and activation of NK cells to the TME. Further studies are needed
to identify the crucial factors mediating the SKI repressive function in NK cell-killing.

Recent approaches to treat PDAC patients with NK cell-based immunotherapy showed promising
results. One example is the adoptive transfer of ex vivo-expanded and antibody-activated NK cells
resulting in IFNγ secretion and significant anti-tumor activity against pancreatic cancer cells [29].
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Clinical trials have illustrated that the combination of allogeneic NK cell immunotherapy with
percutaneous irreversible electroporation enhances the progression-free survival and overall survival
in stage III PDAC and extends the overall survival in stage IV PDAC [30]. Recently, it was shown
using a PDAC mouse model that the anti-tumor activity of gemcitabine chemotherapy was mediated
through an increase of tumor-infiltrating NK cells and the decrease of myeloid-derived suppressor
cells [31]. Interestingly, it was reported that gemcitabine, like HDACi, also modulates the expression of
NKG2D-L on tumor cells further supporting NK cell-mediated anti-tumor effects.

HDACi may also impact directly on NK cells, for example, via up-regulation of NKG2D
and stimulation of IFNg release and toxicity in NK-tumor cell co-cultures [32]. However, HDACi
monotherapy was already tested in clinical trials but received rather disappointing results [33]. Our data
suggest that the combination of HDACi with NK cell-based immunotherapy, such as adoptive NK
cell transfer may be beneficial for PDAC patients. Strategies including the combination of epigenetic
approaches or radiation with immune therapy are under investigation [34].Thus, HDACi may be
used to change the immunosuppressive TME and demask the tumor cells for immunotherapeutic
approaches for example, with activated transferred NK cells. However, a better understanding and
strategies to overcome the immunosuppressive TME diminishing NK cell activity for example, via
targeting the oncoprotein SKI, is mandatory for further studies. Taken together, there is evidence for
the potential of NK cell-based therapies for PDAC. However the complex interactions of NK cells with
the immunosuppressive TME of PDAC are only poorly understood and require further research.

3. Material and Methods

3.1. Isolation of Primary NK Cells and Culture of Tumor Cell Lines

Cell lines: The human pancreatic cancer cell lines Panc-1 and PaTu8988t cells were purchased
from ATCC. The cells were cultured in DMEM with 10% FCS and 1% P/S at 37 ◦C and 5% CO2.

NK cells: Leukocytes from leukoreduction system chambers of healthy donors were provided by
the blood bank of the University Hospital of Giessen and Marburg. Peripheral blood mononuclear
cells (PBMCs) were purified by ficoll density centrifugation followed by a centrifugation step at 10 g
for 5 min to deplete the sample of monocytes. NK cells were then isolated using a negative selection
NK cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated NK cells were cultured
in IMDM medium with 10% FCS, 1% P/S, 100 ng/mL IL-15 and 200 U/mL IL-2 and rested at 37 ◦C
overnight before killing assays were performed.

3.2. Killing Assay

For killing assays, target cells were stained with 5 μM CellTrackerTM Violet BMQC (Invitrogen,
Carlsbad, CA, USA) fluorescent dye in serum-free medium at 37 ◦C for 45 min. Then, cells were
washed twice in complete medium and seeded accordingly in IMDM medium with 10% FCS and 1%
P/S in U-shaped 96-well plates. NK cells were added to the target cells in ratios ranging from 1.25:1 to
10:1. The cells were co-cultured for 3 h before they were harvested and centrifuged at 300 g for 5 min.
The supernatant was discarded and the cells were resuspended in 200 μL PBS before they were stained
with 100 ng 7-AAD (Biolegend, San Diego CA, USA). Cell death was measured by flow cytometry
using a FACS Canto II cytometer (BD Bioscience, Heidelberg, Germany) and analyzed by FACS Diva
software and FlowJo (version 10.6.1, (BD Bioscience, Heidelberg, Germany).

3.3. Detection of NKG2D-L on Tumor Cells

Tumor cells were treated with 25 nM LBH589 (Selleckchem, München, Germany), 2.5 mM VPA
(Sigma-Aldrich, Darmstadt, Germany) or solvent DMSO (Sigma-Aldrich, Darmstadt, Germany) for
16 to 72 h before they were collected. The cells were centrifuged at 300 g for 5 min, the supernatant
was discarded and the cells were resuspended in 200 μL PBS. Samples were then split in two and
one half was incubated with 10 ng/100 μL sample anti-ULBP-2/5/6 PE-conjugated antibody (R&D
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Systems, Wiesbaden, Germany) and the other half with the corresponding IgG2a control (Biolegend,
Koblenz, Germany) for 30 min on ice in the dark. The cells were washed with PBS and then analyzed
by flow cytometry. Alternatively, cells were incubated with 0.15 μg/100 μL sample recombinant human
NKG2D Fc chimera protein (R&D systems) or corresponding recombinant IgG1 Fc protein (R&D
Systems, Wiesbaden, Germany) for 30 min on ice. Cells were washed with PBS and then incubated with
AF647-coupled anti-human IgG Fc antibody for 25 min. Cells were washed with PBS and then analyzed
by flow cytometry. Data were analyzed using FloJo software (BD Bioscience, Heidelberg, Germany).

3.4. Quantitative Real-Time PCR (qRT-PCR) of NKG2D-L

Tumor cells were treated with 100 nM LBH589 for 16 to 72 h before cells were harvested
and mRNA was isolated using the NucleoSpin RNA isolation kit according to the manufacturer’s
instructions (Macherey-Nagel). Absolute SYBR Green Mix (ThermoFisher Scientific, Schwerte,
Germany) was used with the following primers: ULBP2_for 5′-GCCGCTACCAAGATCCTTCT-3′,
ULBP2_rev 5′-GCAAAGAGAGTGAGGGTCGG-3′, MICA_for 5′-CTGCAGGAACTACGGCGATA-3′,
MICA_rev 5′-CCCTCTGAGGCCTCGCT-3′, L27_for 5′-AAAGCTGTCATCGTGAAGAAC-3′ and
L27_rev 5′-GCTGTCACTTTGCGGGGGTAG-3′. The qPCR reactions were run in technical triplicates
in a Thermo Cycler Mx3005P (Stratagen) using the following protocol: Initial step of 95 ◦C for 15 min,
then 40 cycles of 95 ◦C for 15 s, 60 ◦C for 20 s and 72 ◦C for 15 s, followed by a denaturation step at
95 ◦C for 60 s and a melting curve analysis. The relative expression level of genes of interest was
calculated by the ΔΔCt-method, with each target normalized to L27. Biological replicates were used to
calculate standard deviations.

3.5. SKI Knockdown Using siRNA and ChIP-Seq

4 × 105 Panc-1 or PaTu8988t cells were seeded in 6-well plates. The next day, cells were transfected
with 100 pmol siRNA using Lipofectamine according to the manufacturer’s instructions (Thermo
Fisher Scientific, Schwerte, Germany) and were harvested 24 h later. Human siGENOME SKI siRNA
SMARTpool (M-003927-02-0005) and non-targeting siRNA #5 (D-001210-05) were purchased from
Horizon Discovery (Waterbach, UK). ChIP-seq data were collected [28] and bioinformatical analysis
are described there in the Materials & Methods section.

3.6. Western Blot Analysis

For cell lysis, cells were pelleted and then lysed in RIPA buffer (50 mM Tris-Base, pH 7.4; 150 mM
NaCl; 1 mM EDTA; 1% NP-40; 0.25% sodium deoxycholate and protease inhibitors (Roche, Rotkreutz,
Germany) for 30 min on ice. The samples were centrifuged at 13,000 g at 4 ◦C for 15 min and the
supernatant was collected for SDS-PAGE and immunoblotting. The following antibodies were used:
anti-SKI (G8, sc-33693, Santa Cruz Biotechnology, CA, USA) in 10% Blocking Reagent (11096176001,
Roche) and anti-β-Actin (a1978, Sigma-Aldrich, Taufkirchen, Germany). Detection was performed
with horseradish peroxidase-conjugated secondary antibodies (DAKO, Hamburg, Germany) using
Amersham ECL Plus (GE Healthcare, Freiburg, Germany).

3.7. Statistical Analysis

Statistical significance was calculated using GraphPad Prism Software (GraphPad, La Jolla, CA,
USA). 1-way and 2-way ANOVA, Sidak’s multiple comparisons test and Student’s t-test were applied
as indicated in the figure legends.

4. Conclusions

In conclusion, the combination of HDACi with NK cell-based immunotherapy is an attractive
treatment option for pancreatic tumors, specifically for patients with high SKI protein levels to overcome
SKI-mediated immune evasion.
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Simple Summary: Near infrared photoimmunotherapy is a newly developed and highly
selective cancer treatment that employs a monoclonal antibody conjugated to a photo-absorber
dye, IRDye700DX, which is activated by 690 nm light. Cancer cell-targeted near infrared
photoimmunotherapy selectively induces rapid necrotic/immunogenic cell death only on target
cancer cells and this induces antitumor host immunity including re-priming and proliferation
of multi-chronal T-cells that can react with cancer-specific antigens. Interleukin-15 is a type-I
cytokine that activates natural killer-, B- and T-cells while having minimal effect on regulatory
T-cells that lack the interleukin-15 receptor. Therefore, interleukin-15 administration combined
with cancer cell-targeted near infrared photoimmunotherapy could further inhibit tumor growth
by increasing antitumor host immunity. In tumor-bearing immunocompetent mice receiving this
combination therapy, significant tumor growth inhibition and prolonged survival was demonstrated
compared with either single therapy alone, and tumor infiltrating CD8+ T-cells increased in number
in combination-treated mice. Interleukin-15 enhances therapeutic effects of cancer-targeted near
infrared photoimmunotherapy.

Abstract: Near infrared photoimmunotherapy (NIR-PIT) is a newly developed and highly selective
cancer treatment that employs a monoclonal antibody (mAb) conjugated to a photo-absorber dye,
IRDye700DX, which is activated by 690 nm light. Cancer cell-targeted NIR-PIT induces rapid
necrotic/immunogenic cell death (ICD) that induces antitumor host immunity including re-priming
and proliferation of T cells. Interleukin-15 (IL-15) is a cytokine that activates natural killer (NK)-,
B- and T-cells while having minimal effect on regulatory T cells (Tregs) that lack the IL-15 receptor.
Here, we hypothesized that IL-15 administration with cancer cell-targeted NIR-PIT could further
inhibit tumor growth by increasing antitumor host immunity. Three syngeneic mouse tumor models,
MC38-luc, LL/2, and MOC1, underwent combined CD44-targeted NIR-PIT and short-term IL-15
administration with appropriate controls. Comparing with the single-agent therapy, the combination
therapy of IL-15 after NIR-PIT inhibited tumor growth, prolonged survival, and increased tumor
infiltrating CD8+ T cells more efficiently in tumor-bearing mice. IL-15 appears to enhance the
therapeutic effect of cancer-targeted NIR-PIT.

Keywords: near infrared photoimmunotherapy; monoclonal antibodies; CD44; interleukin-15; cancer
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1. Introduction

Near infrared photoimmunotherapy (NIR-PIT), which is a new type of cancer therapy that
induces highly selective cell death on targeted cells only in NIR light exposed tumor beds,
by employing a monoclonal antibody (mAb) conjugated to a silica-phthalocyanine photoabsorbing
dye, (IRDye700DX: IR700) [1,2]. The antibody-IR700 conjugate is administered intravenously,
followed by exposure to 690 nm NIR light which activates the IR700 dye. Tumor cells treated
with NIR-PIT experience nearly immediate cell membrane damage and impaired cell function [3,4].
Treated cells show rapid volume expansion, followed by cell membrane rupture and extrusion of the
cell contents into the extracellular space [3,5–8]. Unlike most other therapies that induce apoptotic cell
death, NIR-PIT induces highly selective necrotic and immunogenic cell death of tumors with minimal
damage to adjacent normal cells including immune cells in the tumor microenvironment (TME) [3,4].
NIR-PIT has shown to be effective clinically and a global phase III clinical trial of NIR-PIT using the
EGFR-targeted antibody-IR700 conjugate, cetuximab-IR700 (ASP-1929) in patients with recurrent head
and neck cancer is underway (https://clinicaltrials.gov/ct2/show/NCT03769506). Both the US Food and
Drug Administration (FDA) and the Pharmaceuticals and Medical Devices Agency (PMDA) in Japan
have given fast track status to this agent.

In this study, we sought to augment the effects of tumor targeted NIR-PIT using interleukin-15
(IL-15). We employed CD44 as a tumor target, which is a well-known marker of cancer stem
cells [9] and is expressed on the cell membrane of several cancers [10]. High expression of CD44
is associated with tumor aggressiveness, drug resistance, and poor treatment outcome [11,12].
NIR-PIT using anti-CD44-mAb-IR700 induces effective tumor killing in CD44-expressing syngeneic
mouse models [13–16]. Cell membrane rupture after NIR-PIT releases tumor-specific antigens into the
TME and promotes dendritic cell (DC) maturation, resulting in presentation of cancer-specific antigens
on DCs to naive T cells for priming [14,15,17]. Thus, NIR-PIT causes both direct cell killing and indirect
cell killing by antitumor immunity.

IL-15 has recently emerged as a candidate immune-activator for the treatment of cancer [18].
IL-15 induces adaptive immune responses that include T-cell proliferation, the generation of cytotoxic
T lymphocytes (CTL), stimulation of immunoglobulin synthesis by B cells, and the generation and
persistence of natural killer (NK) cells. Some of its functions are shared with IL-2 [19]. However,
IL-15 is not required for the maintenance of regulatory T cells (Tregs) that suppress antitumor immune
responses, unlike IL-2 [20]. Therefore, IL-15 can induce protective effects against cancer development
with minimal effects on Tregs. In preclinical studies, the administration of IL-15 has antitumor
effects in several mouse tumor models [21–23]. We hypothesized that IL-15 administration following
cancer-antigen targeted NIR-PIT could enhance tumor growth inhibition. The purpose of this study
was to investigate the in vivo therapeutic efficacy of CD44-targted NIR-PIT and IL-15 treatment in
syngeneic mouse models of cancer compared to either therapy alone.

2. Results

2.1. Efficacy of CD44-Targeted NIR-PIT Combined with IL-15 Administration for MC38-luc Tumor

In vitro and in vivo CD44 expression in all three tumor models (Figure S1) and cytotoxic effects of
CD44 targeted NIR-PIT have been previously reported [24]. The NIR-PIT regimen and imaging protocol
are depicted in Figure 1A. In the NIR-PIT treated group, 1 day after injection of anti-CD44-mAb-IR700,
the tumors were exposed to 50 J/cm2 of NIR light on day 0. IR700 fluorescence signal in tumors decreased
due to dispersion of fluorophore from dying cells and partial photo-bleaching in all cases (Figure 1B).
To investigate tumor-killing efficacy after NIR-PIT, bioluminescence imaging was performed before
and after treatment up to day 7 (Figure 1C). In most mice treated with NIR-PIT, luciferase activity
decreased initially after NIR-PIT due to cell killing and then gradually increased as the tumor regrew
(Figure 1C). In all treated groups luciferase activity was significantly lower at 2, 3, 4, 5, 6, and 7 days in
the treatment groups than in the control group (p < 0.05, Tukey-Kramer test) (Figure 1D). CD44-targeted
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NIR-PIT combined with IL-15 treatment showed significantly lower luciferase activity compared with
CD44-targeted NIR-PIT alone at 5, 6, and 7 days after NIR-PIT, with IL-15 (p < 0.05, Tukey–Kramer test)
(Figure 1D). Tumor volume in all treated groups was significantly less at 5, 7, and 10 days compared
with controls (p < 0.05, Tukey–Kramer test) (Figure 1E). The combination group showed significantly
greater tumor reduction compared with IL-15 treatment or CD44-targeted NIR-PIT groups at 5, 7,
and 10 days (p < 0.05, Tukey–Kramer test) (Figure 1E). These data demonstrate that CD44-targeted
NIR-PIT combined with IL-15 resulted in the slowest rate of tumor regrowth compared with other
groups. The combined therapy also was associated with significantly prolonged survival compared
with IL-15 treatment alone or CD44-targeted NIR-PIT alone (p < 0.05, log-rank test) (Figure 1F). Thus,
our results demonstrate that CD44-targeted NIR-PIT combined with IL-15 administration produced
superior in vivo therapeutic results compared with the other two monotherapies for MC38-luc tumors.

Figure 1. In vivo effect of CD44-targeted near infrared photoimmunotherapy (NIR-PIT)
and interleukin-15 (IL-15) administration for MC38-luc tumor model. (A) NIR-PIT regimen.
Bioluminescence and fluorescence images were obtained at each time point as indicated.
i.p., intraperitoneal injection; i.v., intravenous injection. (B) Real-time in vivo IR700 fluorescence
imaging of tumor-bearing mice before and approximately 10 min after NIR-PIT. The yellow arrows
indicate the tumor locations. (C) In vivo bioluminescence imaging of tumor-bearing mice before and
after treatment at the indicated timepoints. (D) Quantitative analysis of luciferase activity before and
after treatment in tumor-bearing mice. n = 10/group, mean ± SEM; *, p < 0.05, vs. the other groups;
†, p < 0.05, vs. combination group; Tukey–Kramer test. (E) Tumor growth in control and treated groups.
n = 10/group, mean ± SEM; *, p < 0.05, vs. the other groups; †, p < 0.05, vs. combination group;
Tukey–Kramer test. (F) Survival curves for control and treated groups. n = 10/group; *, p < 0.05;
NS, not significant; log-rank test with Bonferroni correction.
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2.2. Augmented CD8+ T Cells Infiltration in MC38-luc Tumors after CD44-Targeted NIR-PIT Combined with
IL-15 Administration

In order to assess the density of tumor infiltrating T cells, an important indicator of antitumor
immune activity, multiplex immunohistochemistry (IHC) was performed in MC38-luc tumors (Figure 2,
also see Figure S2). With IL-15 administration, the cell density of CD8 T cells within tumors
significantly increased at day 4, however, this augmentation of CD8 T cells was less prominent at day
7, suggesting that the CD8 T-cell population seen at day 4 was short-lived. On the other hand, in the
tumors treated with the combination therapy, the augmentation of CD8 T-cell infiltration was not
observed at day 4. This result could be attributed to the cytotoxic effect of CD44-targeted PIT against
activated immune cells which express CD44. However, the cell density of CD8 T cells inside the tumor
tissue dramatically increased 7 days after the combination therapy. The infiltration of CD4 T cells
also increased 7 days after the combination therapy. CD44 targeted NIR-PIT alone did not induce the
increase of T cell population. These results indicated that only CD44-targeted NIR-PIT combined with
IL-15 administration resulted in newly activated T cells within the tumor microenvironment.

The cell density of Tregs significantly increased in stroma 7 days after IL-15 administration and
combination therapy. This was thought to be a secondary effect in response to the rapid increase of
CD8 T cells.

We also tested the distribution of Granzyme B (Gzmb) expressing cytotoxic cells. With the
combination of IL-15 and CD44-targeted NIR-PIT, the number of Gzmb-positive CD8 T cells in the
tumor tissue significantly increased at day 7 after the therapy (Figure S3A,C). With IL-15 administration
alone, we observed the increase of Gzmb-positive CD8 T cells was less significant. This result indicates
that the combination therapy successfully increased the tumor-infiltration of fully differentiated effector
T cells. In addition to CD8 T cells, after IL-15 administration or combination of IL-15 and CD44-targeted
NIR-PIT, we also observed increased number of another Gzmb positive cytotoxic cells, which were
not CD8- or CD4-positive, namely non-T cytotoxic cells (Figure S3A,B,D). Such non-T cytotoxic cells
including NK cells were more prominent in day 4 than day 7, suggesting that IL-15 stimulates the
cytotoxic activity of T and non-T cell population at acute and subacute phase of tumor rejection.
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Figure 2. Immunohistochemical analysis after CD44-targeted NIR-PIT and/or IL-15 treatment in
MC38-luc tumor model. (A) Representative multiplex immunohistochemistry (IHC) images in
MC38-luc tumors 4 or 7 days after the treatments indicated. Antibody staining of CD8, CD4, FOXP3,
and pan-Cytokeratin (pCK) are shown in magenta, green, yellow, and cyan respectively. Nucleus are
stained with DAPI and shown in blue. Tumor areas are indicated in white dotted line. The inset
in window d shows examples of CD8 T cell (gray filled arrowhead), CD4 T cell (open arrowhead),
and Tregs (white filled arrowhead). Scale bar = 100 μm. (B) Cell density of CD8 T cells, CD4 T cells and
Tregs in tumor and stroma calculated from IHC images. No Tx, no treatment; IL-15, IL-15 administration
only; 44 PIT, CD44-targeted PIT only; combi, combination therapy of CD44-targeted PIT and IL-15
administration. Bars represent mean, dots represent individual samples, and error bars represent SEM.
n = 4/group except n = 2 for CD44 day 4. **, p < 0.05, **, p < 0.01 ***, p < 0.0001; one-way ANOVA
(followed by Dunnett’s multiple comparison test, vs. no Tx).

2.3. Efficacy of CD44-Targeted NIR-PIT Combined with IL-15 Administration for LL/2 Tumor

The NIR-PIT regimen and imaging protocol are depicted in Figure 3A. In the NIR-PIT treated
group, 1 day after injection of anti-CD44-mAb-IR700, the tumors were exposed to 50 J/cm2 of NIR light
on day 0. IR700 tumor fluorescence signal decreased due to dispersion of fluorophore from dying
cells and partial photo-bleaching (Figure 3B). Tumor volumes in the treated groups were significantly
reduced at all time points after treatment compared to the control group (p < 0.05, Tukey–Kramer
test) (Figure 3C). The combination group showed significantly greater tumor reduction compared
with the IL-15 treatment group at 2, 5, 7, 10, and 12 days after NIR-PIT (p < 0.05, Tukey–Kramer test)

103



Cancers 2020, 12, 2575

(Figure 3C), and showed significantly greater tumor reduction compared with CD44-targeted NIR-PIT
group at 5, 7, 10, and 12 days after NIR-PIT (p < 0.05, Tukey–Kramer test) (Figure 3C). In the long-term
follow-up, the combination group had significantly prolonged survival after NIR-PIT compared with
IL-15 treatment or CD44-targeted NIR-PIT group (p < 0.05, log-rank test) (Figure 4D). This combined
therapy was superior therapeutically to the other two types of monotherapies in LL/2 tumors.

Figure 3. In vivo effect of CD44-targeted NIR-PIT and/or IL-15 administration in LL/2 tumor model.
(A) NIR-PIT regimen. IR700 fluorescence images were obtained at each time point as indicated.
i.p., intraperitoneal injection; i.v., intravenous injection. (B) Real-time in vivo IR700 fluorescence
imaging of tumor-bearing mice before and approximately 10 min after NIR-PIT. The yellow arrows
indicate the tumor locations. (C) Tumor growth in control and treated groups. n= 9/group, mean ± SEM;
*, p < 0.05, vs. the other groups; †, p < 0.05, vs. combination group; Tukey–Kramer test. (D) Survival
curves for control and treated groups. n = 9/group; *, p < 0.05; NS, not significant; log-rank test with
Bonferroni correction.

2.4. Efficacy of CD44-Targeted NIR-PIT Combined with IL-15 Administration for MOC1 Tumor

Our previous study showed MOC1 tumor has low and more heterogeneous CD44 expression
and CD44-targeted NIR-PIT was less effective against this type of tumor [13]. The NIR-PIT
regimen and imaging protocol are depicted in Figure 4A. In the NIR-PIT treated group, 1 day
after injection of anti-CD44-mAb-IR700, the tumors were exposed to 50 J/cm2 of NIR light on day
0. IR700 tumor fluorescence signal decreased due to dispersion of fluorophore from dying cells
and partial photo-bleaching. (Figure 4B). The tumor volume in all treated groups was significantly
reduced 4, 7, 11, 14, 21, 24, 28, and 31 days after NIR-PIT compared to the control group (p < 0.05,
Tukey–Kramer test) (Figure 4C). The combination group showed significantly greater tumor reduction
17, 28, and 31 days after NIR-PIT compared to CD44-targeted NIR-PIT group (p < 0.05, Tukey–Kramer
test). The combination therapy showed significantly prolonged survival compared to CD44-targeted
NIR-PIT group, although IL-15 treatment group had no significant difference in survival compared
to CD44-targeted NIR-PIT group (p < 0.05, log-rank test) (Figure 4D). This combined therapy was
superior therapeutically to the other two types of single therapies in MOC1 tumors.
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Figure 4. In vivo effect of CD44-targeted NIR-PIT and/or IL-15 administration in the MOC1 tumor model.
(A) NIR-PIT regimen. IR700 fluorescence images were obtained at each time point as indicated. i.p.,
intraperitoneal injection; i.v., intravenous injection. (B) Real-time in vivo IR700 fluorescence imaging
of tumor-bearing mice before and approximately 10 min after NIR-PIT. The yellow arrows indicate
the tumor locations. (C) Tumor growth in control and treated groups. n = 10/group, mean ± SEM;
*, p < 0.05, vs. the other groups; †, p < 0.05, vs. combination group; Tukey–Kramer test. (D) Survival
curves for control and treated groups. n = 10/group; *, p < 0.05; NS, not significant; log-rank test with
Bonferroni correction.

3. Discussion

The combination of IL-15 administration and CD44-targeted NIR-PIT showed superiority in
survival to IL-15 treatment alone in all three tumor types tested here. IL-15 binds and sends signals
through a heterotrimeric receptor composed of the IL-15-specific IL-15Rα, shared IL-2R/IL-15Rβ
(CD122) with the IL-2 receptor, and the common type I cytokine receptor γ-chain (γc, CD132; [25,26]).
IL-15 is highly bound through trans-presentation by IL-15Rα expressed on activated DCs or monocytes
to the IL-2R/IL-15Rβ and γc on effector T, B, and NK cells [27]. When IL-15 binds its receptor, DCs can
cause potent activation of the immune response [18,27]. Immunogenic cell death of cancer cells
shortly after NIR-PIT releases damage-associated signals such as ATP, calreticulin, and high-mobility
group box 1, which promotes DC maturation and subsequent effector T-cell activation mediated by
IL-15 [3,14]. Thus, NIR-PIT and IL-15 administration trigger an immune response that is greater than
either therapy alone.

In all tumor types used in this study, MC38-luc, LL/2, and MOC1, infiltration of Tregs was observed
within the TME [24]. Tregs tend to attenuate antitumor activity and are, therefore, not necessarily a
desired outcome. However, IL-15 may be a safer choice of cytokine than IL-2 because the former does not
stimulate Tregs while the latter is required for Treg maintenance [20]. In our study, significant increases
in stromal Tregs were observed after IL-15 administration and the combination therapy, which was likely
to be a secondary effect in response to the rapid increase of CD8 T cells in the TME. Our results showed
that CD44-targeted NIR-PIT combined with short-term IL-15 treatment increased the infiltration of fully
differentiated CD8+ effector T-cells which contributed to significantly prolonged survival compared to
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CD44-targeted NIR-PIT alone in all three types of tumors. Considering that administration of IL-15
alone only induced short-lived CD8 T cells, and CD44-targeted NIR-PIT alone did not increase the
infiltration of T cells, the superior therapeutic effect of the combination therapy was thought to be the
result of IL-15 mediated reinforcement of NIR-PIT-induced antitumor immune activation.

In addition to CD8 T cells, we observed increasing number of Gzmb-high non-T cytotoxic cells
within a few days after IL-15 administration or the combination therapy. Since IL-15 is known to
stimulate the cytotoxic function on both CD8 T and NK cells, these cells were most likely to be NK cells.
Therefore, the combination therapy of CD44-targeted NIR-PIT and IL-15 administration demonstrate
its therapeutic efficacy probably by stimulating both the NK-mediated innate immunity and T-cell
mediated adoptive immunity.

This report represents an extension of previous studies which attempt to augment the immune
response initiated by NIR-PIT. For instance, a previous study demonstrated that the combination of
CD44-targeted NIR-PIT and either immune checkpoint blockade or Treg-targeted NIR-PIT showed
inconsistent therapeutic efficacy among these three tumor models [13,14,24]. CD44-targeted NIR-PIT in
combination with other therapies showed promising results in MC38-luc and LL/2 but was less effective
against MOC1 tumor which has low CD44 expression and fewer CD44 positive tumor cells compared to
MC38-luc and LL/2. On the other hand, in this study, the combination with IL-15 therapy was effective
in all three tumor models including MOC1. Even though the release of damage-associated signals after
NIR-PIT is likely to have been lower in MOC1 cells, IL-15 administration following NIR-PIT nevertheless
contributed to enhancement of antitumor host immunity by activating tumor-attacking T and NK
cells making this combination therapy similarly effective for all tumors. Further combination therapy
of cancer-targeting NIR-PIT with both IL-15 and an immune-checkpoint blockade or Treg-targeting
NIR-PIT could theoretically enhance tumor immunity. However, such therapies need to be designed
cautiously since excessively enhanced immunity might induce cytokine storm as an adverse effect.
Photodynamic therapy (PDT) is another therapeutic approach that utilizes light to treat cancer [28].
However, NIR-PIT is different from PDT in several aspects. Porphyrin-based photosensitizers used in
conventional PDT do not selectively target cancer cells, resulting in damage to surrounding normal
cells in organs or vasculatures. In contrast, because NIR-PIT induces selective immunogenic cell death
only on targeted cancer cells in NIR light exposing tumor beds, it spares the normal cells including all
immune cells in the TME allowing them to play a role in immune activation [3]. Therefore, rapid and
effective activation of antitumor host immunity is induced by NIR-PIT [14], whereas such effects are
not generally induced by nonselective cell killing with PDT.

This study had several limitations. First, we used subcutaneously implanted tumor models,
whereas an orthotopic or transgenic mouse model would be considered as a superior clinically relevant
animal model [29]. However, in the present study, it was technically important to obtain a consistent
size, shape, and location of each tumor in order to fairly compare tumor growth between tested groups.
The orthotopic model could produce variable results depending on surgical procedure for implanting
tumor within the organ. Second, although CD44 is expressed on these syngeneic cancer cells, CD44 is
also expressed on activated immune cells. CD44-targeted NIR-PIT could thus damage effector immune
cells. Indeed, counts of all kinds of T cells decreased 4 days after CD44-targeted NIR-PIT alone.
Thus, CD44 is not ideal as a tumor target. Since NIR-PIT is applicable to any antibody that targets
tumor cell surface antigens [30], NIR-PIT using an anti-mouse EGFR antibody, the target molecule
in NIR-PIT clinical trials, would have been preferable. However, there is no thoroughly established
EGFR+ mouse tumor model, and commercially available anti-mouse EGFR Abs are too expensive
for experimental cancer therapy studies. Further investigation is required to clarify the degree of
enhancement of antitumor host immunity through NIR-PIT. Third, we may not have optimized the
dosing of IL-15. IL-15 has a circulation half-life of around 1 h [31] that is longer than IL-2 (15 min),
and only 5 μg of IL-15 was administered i.p. up to 1 week after CD44-targeted NIR-PIT. A more
prolonged administration of IL-15 might have induced greater therapeutic effects albeit balanced
by an increased risk of lymphoproliferative disorder or lymphoma, either of which was seen in the
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IL-15 transgenic mouse [32]. In a previous article, Yu et al. reported that administration of IL-15
alone simultaneously activated both immune-system and negative regulatory checkpoints that might
weaken the antitumor immune response [22]. To elucidate the reason why the treatment regimen of
this combined NIR-PIT therapy with IL-15 was difficult to cure tumors, further investigation of the T
cell status such as exhaustion, activation, and memory differentiation would be required.

4. Materials and Methods

4.1. Cell Culture

MC38 cells (murine colon cancer), which were generously provided by Dr. Thomas Waldmann,
NIH [33] stably expressing luciferase (MC38-luc, generated via stable transduction with RediFect
Red-Fluc lentivirus from PerkinElmer per manufacturer recommendations), which was purchased
from ATCC (Rockville, MD, USA), LL/2 cells (murine Lewis lung carcinoma), which was purchased
from ATCC (Rockville, MD, USA), and MOC1 cells (murine oral carcinoma), which were produced and
generously provided by Dr. Clint Allen, NIH [34] were used in this study. Luciferase expression on the
MC38-luc cells was confirmed through 10 passages. MC38-luc and LL/2 cells were cultured in RPMI1640
supplemented with 10% FBS and 1% penicillin–streptomycin (all Gibco brand, ThermoFisher Scientific,
Waltman, MA, USA) in tissue culture flasks (182 cm2; CELLTREAT Scientific Products, Pepperell,
MA, USA) in a humidified incubator at 37 ◦C in an atmosphere of 95% air and 5% carbon dioxide.
MOC1 cells were cultured in HyClone Iscove’s modified Dulbecco’s medium (Crytiva, Marlborough,
MA, USA)/HyClone Ham’s Nutrient Mixture F12 (Crytiva, Marlborough, MA, USA) at a 2:1 mixture
with 5% FBS, 1% penicillin/streptomycin, 3.5 ng/mL EGF (MilliporeSigma, Burlington, MA, USA),
40 ng/mL hydrocortisone (MilliporeSigma, Burlington, MA, USA), and 5 ng/mL insulin (MilliporeSigma,
Burlington, MA, USA) in the tissue culture flasks in a humidified incubator at 37 ◦C in an atmosphere
of 95% air and 5% carbon dioxide. Cells were authenticated via in vitro growth characteristics.

4.2. Reagents

Water soluble, silica-phthalocyanine derivative, IRDye700DX NHS ester was obtained from
LI-COR Bioscience (Lincoln, NE, USA). An anti-mouse/human CD44 mAb (IM7) was purchased from
Bio X Cell (Lebanon, NH, USA). All other chemicals were of reagent grade.

4.3. Synthesis of IR700-Conjugated Anti-CD44 mAb

Briefly, anti-CD44-IgG (1 mg, 6.7 nmol/L) was incubated with IR700 NHS ester (65.1 μg, 33.3 nmol,
10 mmol/L in DMSO) and 0.1 mol/L Na2HPO4 (pH 8.5) at room temperature for 1 h. The mixture was
purified with a gel filtration column (Sephadex G 25 column, PD-10, Crytiva, Marlborough, MA, USA).
The protein concentration was measured with Coomassie Plus protein assay kit (Thermo Fisher Scientific
Inc, Waltman, MA, USA) by determining absorption at 595 nm with a UV-Vis spectroscopy system
(8453 Value System; Agilent Technologies, Santa Clara, CA, USA). We abbreviate IR700-conjugated
anti-CD44 mAb as anti-CD44-mAb-IR700.

4.4. Animal Model

All procedures were performed in compliance with the Guide for the Care and Use of Laboratory
Animals and approved by the local Animal Care and Use Committee on 12-02-2019 (MIP-003).
Six- to eight-week-old female C57BL/6 mice (strain #000664) were purchased from the Jackson
laboratory (Bar Harbor, ME, USA). The lower part of the body of the mice was shaved as fur can
interfere with light activation of the conjugate and bioluminescence imaging. Mice with tumors
reaching approximately 150 mm3 in volume were used for the experiments. Tumor volumes were
calculated from the greatest longitudinal diameter (length) and the greatest transverse diameter (width)
using the following formula; tumor volume = length ×width2 × 0.5, based on caliper measurements.
Mice were monitored each day and tumor volumes were measured three times a week for MC38-luc
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and LL/2 tumors and twice a week for MOC1 tumors until the tumor volume reached 2000 mm3,
whereupon the mice were euthanized by inhalation of carbon dioxide gas.

4.5. In Vivo NIR-PIT

MC38-luc cells (8 million), LL/2 cells (8 million), and MOC1 cells (4 million) were subcutaneously
injected in the dorsum of mice. Once tumors reached volumes of approximately 150 mm3 mice were
divided randomly into one of the following four experimental groups: (1) no treatment (control);
(2) intraperitoneal injection of 5 μg murine IL-15 (PeproTech, Rocky Hill, NJ, USA) on days 0, 2, 4, and 6
following intravenous injection of 100 μg anti-CD44-mAb-IR700 (IL-15 treatment); (3) intravenous
injection of 100 μg anti-CD44-mAb-IR700 followed by external NIR light irradiation at 50 J/cm2 on
day 0 (CD44-targeted NIR-PIT); (4) intravenous injection of 100 μg anti-CD44-mAb-IR700 followed
by external NIR light irradiation at 50 J/cm2 on day 0 and 100 J/cm2 on day 1 with intraperitoneal
injection of 5 μg murine IL-15 on days 0, 2, 4, and 6 (combination). For the mice with MC38-luc
tumor, LL/2 tumor, and MOC1 tumor in the NIR-PIT treated groups, intravenous injection of the
anti-CD44-mAb-IR700 was performed 5, 5, and 28 days after tumor inoculation, respectively. NIR light
was administered to tumor-bearing mice using a red-light emitting diode (LED), which emits light in
the range of 670–710 nm wavelength (L690-66-60; Marubeni America Co., New York, NY, USA) at a
power density of 50 mW/cm2 as measured with an optical power meter (PM 100, Thorlabs, Newton,
NJ, USA). IR700 absorbs light at approximately 690 nm. IR700 fluorescence images were obtained
before and after therapy.

4.6. In Vivo Bioluminescence Imaging and IR700 Fluorescence Imaging

To obtain bioluminescence images in MC38-luc tumor-bearing mice, D-luciferin (15 mg/mL,
150 mL; Goldbio, St Louis, MO, USA) was intraperitoneally injected. Luciferase activity was analyzed
with a bioluminescence imaging system (Photon Imager; Biospace Lab, Nesles la Vallée, FRANCE)
using units of relative light units (RLU). Regions of interests (ROIs) were placed over the entire tumor.
The counts per minute of RLUs were calculated using M3 Vision Software (Biospace Lab) and converted
to a percentage ratio based on the following formula: [(RLU after treatment)/(RLU before treatment)
× 100 (%); [35]]. Bioluminescence imaging was performed before and after NIR-PIT (protocol below)
on day 0 to day 7. In vivo IR700 fluorescence images were obtained with a Pearl Imager (LI-COR
Biosciences, Lincoln, NE, USA) using the 700-nm fluorescence channel.

4.7. Multicolor Immunofluorescence

Multicolor immunofluorescence was performed using Opal 7-Color Automation
immunohistochemistry staining Kit (Akoya Bioscience, Menlo Park, CA, USA) and BOND RXm auto
stainer (Leica Biosystems, Wetzlar, Germany). The following antibodies were used: anti-CD44 (clone
IM7; 1:5000 dilution; Bio X Cell, Lebanon, NH, USA), anti-CD8 (clone EPR20305; 1:500 dilution; Abcam,
Cambridge, MA, USA), anti-CD4 (clone EPR19514; 1:1000 dilution; Abcam), anti-FOXP3 (clone 1054C;
1:1000 dilution; Novus Biologicals, Littleton, CO, USA), anti-pan cytokeratin (rabbit poly; 1:500 dilution,
Bioss, Woburn, MA, USA), anti-CD45 (clone D3F8Q, 1:500 dilution, Cell Signaling Technology, Danvers,
MA, USA), and anti-Granzyme B (rabbit poly; 1:500 dilution, Abcam). The staining was performed
according to the Opal 7 color protocol provided by manufacturer with following modification: (i) antigen
retrieval was performed using BOND ER2 solution (Leica Biosystems, Wetzlar, Germany) for 20 min
and (ii) the ImmPRESS HRP anti-Rabbit IgG (Peroxidase) Polymer Detection Kit (Vector Laboratories,
Burlingame, CA, USA) was used instead of anti-mouse/human secondary antibody provided in the
kit. Stained slides were mounted with VECTASHIELD Hardset Antifade Mounting Medium (Vector
Laboratories) and then imaged using Mantra Quantitative Pathology Workstation (Akoya Biosciences).
Images were analyzed with inForm software (Akoya Biosciences). inForm software was trained
to detect tissues and cell phenotypes according to following criteria: areas with pan-cytokeratin
expression = tumor, other areas = stroma, CD4+FOXP3+ cells = Tregs, CD4+FOXP3− = CD4 T cells,
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CD8+ = CD8+ T cells, respectively. At least five images were taken from each tumor sample,
areas for each tissue phenotype and cell count of each phenotype were combined to calculate
the cell density. As for Gzmb expression analysis, cell phenotyping (CD8+/CD45+ = CD8+ T cells,
CD4+/CD45+ = CD4+ T cells, Gzmb+/CD8−/CD4− = non-T-cell cytotoxic cells) and Gzmb expression
analysis (Gzmb + and other) were performed separately using inForm for the same set of images,
then cell segmentation data were consolidated and analyzed using phenoptrReports and phenoptr
(Akoya Biosciences) to calculate the density of Gzmb+CD8 T cells.

4.8. Statistical Analysis

Quantitative data were expressed as means ± SEM. The Mann–Whitney U test was used to
compare differences between two groups. For multiple comparisons (≥3 groups), a one-way analysis
of variance (ANOVA) followed by the Tukey–Kramer test or Dunnett’s multiple comparison test was
used. The cumulative survival was analyzed by the Kaplan–Meier survival curve analysis, and the
differences between tested groups were compared using the log-rank test followed by Bonferroni
correction. Statistical analysis was performed with JMP 13 software (SAS Institute, Cary, NC, USA).
A p value of less than 0.05 was granted significant.

5. Conclusions

CD44-targeted NIR-PIT combined with IL-15 treatment showed superior in vivo therapeutic
efficacy to either CD44-targeted NIR-PIT or IL-15 treatment alone in colon, lung, and oral cancer
models. IL-15 might have potential to become a versatile adjuvant after cancer NIR-PIT.
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Figure S1: CD44 expression within MC38-luc (A), LL/2 (B), and MOC1 (C) tumors, Figure S2: Tissue and cell
phenotyping based on the multiplex immunohistochemistry (IHC), Figure S3: Distribution of Granzyme B (Gzmb)
expressing cytotoxic cells within the treated tumors.
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Simple Summary: The treatment of cancer has progressed greatly with the advent of immunotherapy
and gene therapy, including the use of nonreplicating adenoviral vectors to deliver genes with
antitumor activity for cancer gene therapy. Even so, the successful application of these vectors may
benefit from modifications in their design, including their molecular structure, so that specificity for
the target cell is increased and off-target effects are minimized. With such improvements, we may
find new opportunities for systemic administration of adenoviral vectors as well as the delivery of
strategic antigen targets of an antitumor immune response. We propose that the improvement of
nonreplicating adenoviral vectors will allow them to continue to hold a key position in cancer gene
therapy and immunotherapy.

Abstract: Recent preclinical and clinical studies have used viral vectors in gene therapy research,
especially nonreplicating adenovirus encoding strategic therapeutic genes for cancer treatment. Ade-
noviruses were the first DNA viruses to go into therapeutic development, mainly due to well-known
biological features: stability in vivo, ease of manufacture, and efficient gene delivery to dividing
and nondividing cells. However, there are some limitations for gene therapy using adenoviral
vectors, such as nonspecific transduction of normal cells and liver sequestration and neutralization
by antibodies, especially when administered systemically. On the other hand, adenoviral vectors are
amenable to strategies for the modification of their biological structures, including genetic manipula-
tion of viral proteins, pseudotyping, and conjugation with polymers or biological membranes. Such
modifications provide greater specificity to the target cell and better safety in systemic administration;
thus, a reduction of antiviral host responses would favor the use of adenoviral vectors in cancer
immunotherapy. In this review, we describe the structural and molecular features of nonreplicating
adenoviral vectors, the current limitations to their use, and strategies to modify adenoviral tropism,
highlighting the approaches that may allow for the systemic administration of gene therapy.

Keywords: nonreplicating adenovirus vector; cancer; gene therapy; routes of delivery; virus coated
with cancer cell membrane

1. Overview: Structural and Molecular Features of Nonreplicating Adenoviral Vectors

Adenoviruses (Ads) are one of the most well-studied and widely used viral vectors,
representing 17.5% (n = 573) of vectors used in gene therapy clinical trials [1]. The first gene
therapy was approved in 2003 by the China Food and Drug Administration. Gendicine
is a recombinant nonreplicating adenovirus encoding human p53 and, despite more than
17 years of commercial use, it has only been tested in clinical trials in China for the treatment
of hepatocellular, nasopharyngeal, gastric, liver, lung, breast, prostate, ovarian, and head
and neck cancer, either alone or in combination with radio- or chemotherapy [2]. This
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therapy serves to illustrate the potential for using nonreplicating adenoviral vectors as part
of effective cancer treatment.

Recently, nonreplicating adenoviral vectors have gained attention due to their use
in the development of vaccines, especially to combat SARS-CoV-2, the novel coronavirus.
These vaccines include those based on recombinant adenovirus serotypes, such as human
adenovirus vector 5 [3–7], chimpanzee adenovirus vector ChAdOx1 [8,9], and combined
human serotypes vectors 5 and 26 [10,11]. The Ad vectors can elicit robust and durable
cellular and humoral immune responses [12]. The induction of a balanced innate immune
response makes the Ad vectors good candidates for vaccine platforms, and they can also
play a role in cancer gene therapy.

Replicating adenoviral vectors are used for the induction of oncolysis (also referred
to as oncolytic adenovirus or virotherapy), and these vectors have played a major role in
showing the potential of adenoviruses in cancer immunotherapy. The use of nonreplicat-
ing adenoviral vectors also deserves particular attention. We argue that nonreplicating
vectors perform quite well and may even offer advantages when compared to the use
of their replicating counterparts, especially concerning the delivery of proimmune but
antiviral transgenes. While we do not discount oncolytic viruses, we do support the con-
tinued development of nonreplicating adenoviral vectors for cancer immunotherapy. As
shown in Table 1, many clinical trials that are underway involve the use of nonreplicating
adenoviral vectors for cancer gene therapy. In this review, we focus on nonreplicating
adenoviral vectors, discussing vector biology and current barriers to cancer gene therapy.
We also propose some strategies that enhance vector performance, especially in terms of
virus delivery and targeting, thus supporting the use of nonreplicating adenoviruses for
cancer immunotherapy.

Table 1. Clinical trials using nonreplicating adenoviral vectors for cancer gene therapy.

Vector Transgene Cancer Mechanism Therapy Phase
Clinical Trial/

Reference
Status

Ad5-SGE-
REIC/Dkk3 REIC/Dkk3 Localized

prostate cancer

Cancer cell death
induction and

anticancer immunity
Neoadjuvant I/II NCT01931046

[13] #
Active, not
recruiting

Ad5-SGE-
REIC/Dkk3
(MTG201)

REIC/Dkk3

Relapsed
malignant

pleural
mesothelioma

Cancer cell death
induction and

anticancer immunity

Combination
with

nivolumab
II NCT04013334

[14] #
Active,

recruiting

AdHSV-tk
/GCV

HSV-tk
Ad-

hCMV-
Flt3L

High-grade
malignant

gliomas

TK: direct tumor cell
killing
Flt3L:

immunostimulating
effects

I/II NCT01811992
[15] #

Active, not
recruiting

Adv/tk
(GMCI) HSV-tk

Advanced
nonmetastatic

pancreatic
adenocarcinoma

TK: direct tumor cell
killing

Neoadjuvant
plus chemora-

diation
II NCT02446093 Active, not

recruiting

Adv/tk HSV-tk
Advanced

hepatocellular
carcinoma

TK: direct tumor cell
killing

Liver trans-
plantation III NCT03313596

[16] #
Active,

recruiting

Adv/tk
(GMCI) Adv-tk Pediatric brain

tumors
Direct tumor cell

killing

Combination
with radiation

therapy
I NCT00634231

[17] #
Active, not
recruiting

Adv/RSV-
tk HSV-tk Recurrent

prostate cancer
Direct tumor cell

killing

Combination
with

brachytherapy
I/II NCT01913106 Active,

recruiting
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Table 1. Cont.

Vector Transgene Cancer Mechanism Therapy Phase
Clinical Trial/

Reference
Status

Adv/HSV-
tk HSV-tk

Metastatic
nonsmall cell

lung carcinoma
and uveal
melanoma

Direct tumor cell
killing

Combination
with

stereotactic
body radiation

therapy or
nivolumab

II NCT02831933
Terminated

(Lack of
funding)

Ad/PNP +
fludarabine PNP

Head and neck
squamous cell

carcinoma

PNP protein actives
the second component

of the therapy
fludarabine phosphate

I NCT01310179
[18] Completed

rAd-
IFN/Syn-3

(Insti-
ladrin)

IFN α-2b

High-grade
nonmuscle

invasive bladder
cancer

Immunoregulatory
effects III NCT02773849

[19] #
Active, not
recruiting

BG00001 IFN-β Pleural
mesothelioma

Immunoregulatory
effects I NCT00299962

[20] Completed

Ad-RTS-
hIL-12 IL-12

Advanced or
metastatic breast

cancer

Proinflammatory
cytokine, enhances the

cytotoxic activity of
T-lymphocytes and
resting natural killer

cells

Combination
with

VELEDIMEX
Ib/II NCT02423902 Unknown

Ad-RTS-
hIL-12 IL-12

Recurrent or
progressive

glioblastoma

Proinflammatory
cytokine, enhances the

cytotoxic activity of
T-lymphocytes and
resting natural killer

cells

Ad-RTS-hIL-12
+ Veledimex in

combination
with

Cemiplimab

II NCT04006119 Active, not
recruiting

Ad-RTS-
hIL-12 IL-12

Glioblastoma or
malignant

glioma

Proinflammatory
cytokine, enhances the

cytotoxic activity of
T-lymphocytes and
resting natural killer

cells

Combination
with Veledimex I NCT02026271

[21] #
Active, not
recruiting

SCH-58500 P53
Primary ovarian,
fallopian tube, or
peritoneal cancer

Tumor suppressor
gene: antitumor effect
by blocking cell cycle

progression at the
G1/S, activating DNA

repair pathways

I NCT00002960
[22] Completed

Ad-p53 P53

Recurrent or
metastatic head

and neck
squamous cell

carcinoma

Tumor suppressor
gene: antitumor effect
by blocking cell cycle

progression at the
G1/S, activating DNA

repair pathways

Adjuvant in
combination

with Anti-PD-1
or Anti-PD-L1

therapy

II NCT03544723 Active,
recruiting

ADVEXIN P53

Squamous cell
carcinoma of the

oral cavity,
oropharynx,

hypopharynx,
and larynx

Tumor suppressor
gene: antitumor effect
by blocking cell cycle

progression at the
G1/S, activating DNA

repair pathways

I/II NCT00064103
[23] Completed

# partial outcomes.
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Human adenoviruses (HAds) are subdivided into seven species (A–G) and >50
serotypes based on serological properties, DNA homology, genome organization, and
oncogenicity [24]. More than 100 types of human adenovirus and >200 nonhuman Ad
serotypes have been identified to date [25].

Ads carry a linear double-stranded DNA genome (26 to 46 kb in length) and core
proteins inside an icosahedral capsid [26]. The Ad DNA genome contains two inverted
terminal repeats (100–140 bp) and can be divided into five early genes and five late genes.
The capsid facets are formed by structural proteins, mainly composed of hexons, and
each vertex contains a penton base that anchors the trimeric protein fiber, divided into
the fiber knob and shaft. The viral particles have around one million amino acid residues
(weight around 150 MDa) and an average size of 90–100 nm [27]. In the infection process,
the knob interacts with cell surface receptors such as the coxsackievirus and adenovirus
receptor (CAR), CD46, CD80/86, and desmoglein 2 (DSG2) [28,29]. This interaction leads
to viral particle immobilization, which facilitates the interaction between the penton base
and integrins [30] and, thus, virion internalization. The DNA and some core proteins are
transported through the microtubular complexes to the nuclear pore and are introduced
into the cell’s nucleus [31]. Inside the nucleus, the viral DNA remains episomal, and the
expression of the early genes (E1A, E1B, E2, E3, and E4) suppresses transcription from
the host genome, thus favoring adenovirus protein synthesis and replication. Then, the
late genes (L1–L5) are expressed, leading to virus encapsulation and viral particle matu-
ration in the nucleus during the completion of the lytic cycle. Nuclear and cytoplasmatic
membranes are disrupted, and new virions are released from permissive cells 48–72 h after
infection [32,33].

Many characteristics of adenoviruses, such as their safety, broad cell tropism, and
ability to stimulate a robust immune response, favor their use as a viral vector platform
employed as a gene delivery tool in gene therapy, as an oncolytic cancer treatment, and in
the development of vaccines [12,32]. Moreover, the genome of Ads is well characterized,
genetically stable, and does not integrate into the host’s genome but remains as episomal
DNA in the cell nucleus. In addition, adenoviral vectors are modified to control viral
replication, have a large cloning capacity (up to 37 kb), can transduce both dividing and
quiescent cells, and have high in vivo transduction efficiency [34–36]. Human adenovirus
type 5 (HAd5) is the most frequently used adenovirus for the development of gene therapy
vectors, which promote the expression of transgenes in the target cells yet have impaired
replication and, hence, prevent unwanted virus spread. There are three generations of
nonreplicating adenoviral vectors used in gene therapy. In the first generation, E1 and E3
early genes were deleted, rendering vector replication defective but maintaining the ability
to transduce host cells without killing them and liberating ~8 kb of space in the genome for
the genetic payload (transgene(s) plus regulatory sequences) [37,38]. Since the E1 region
is essential for virus replication, E1A proteins induce the transcription of Ad genes, and
E1B proteins inhibit cellular apoptosis. Vector production requires that the E1 gene be
supplied by transcomplementation, using cell lines (such as HEK293 or PERC.6) that were
modified to incorporate the viral E1 region [39,40]. For the second-generation adenoviral
vectors, beyond E1/E3 deletions, E2 or E4 regions have also been removed, providing
additional space for cargo sequences (~10.5 kb). Third-generation adenoviral vectors were
generated after deletion of almost all viral sequences except for the ITRs, the packaging
signal, and minimal sequences required for genome replication and encapsulation during
vector production [41].

Therefore, nonreplicating adenoviral vectors, different from their replicating coun-
terparts, do not provoke the same cellular responses due to their lack of viral protein
expression, absence of viral genome replication, and deficiency in the ability to induce
cytopathic effects.
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2. Current Applications of Nonreplicating Adenoviral Vectors in Cancer
Immunotherapy

There are two main routes to delivering gene therapy vectors: ex vivo and in vivo.
In vivo gene transfer raises concerns related to the specificity of vector transduction and
transgene transcription in the intended target cells in order to achieve the desired ther-
apeutic outcome, a goal that may be compromised by off-target effects. Ex vivo gene
transfer occurs outside the body, where the patient’s cells are modified and reinfused. Here,
we focus on the in vivo route, particularly the challenges associated with the antiviral
immune response.

In general, gene therapy approaches that overcome the immunosuppressive tumor
microenvironment (TME) and activate an antitumor immune response are expected to
function as cancer immunotherapies. To this end, adenoviral vectors have been modified
with a variety of immune-stimulating genes, such as cytokines, costimulatory molecules,
tumor-associated antigens, and tumor-suppressor genes [42]. The purpose is not only the
direct killing of tumor cells but also the activation of immune cells to attack the tumor.
Thus, gene therapy may induce immunogenic cell death and/or the liberation of factors
that will then go on to promote the immune response.

The adenoviral vector itself is expected to participate in the activation of an antiviral
response that may be both an asset and a complication for gene therapy since attracting
the immune response to the tumor site is desirable but the inhibition of viral activity may
thwart treatment. After viral entry, pathogen-associated molecular patterns (PAMPs),
including viral nucleic acids and viral capsids, are recognized by pattern recognition
receptors (PRRs) and activate antiviral immune responses that result in the production of
type-I interferons (IFNs), proinflammatory cytokines, and chemokines.

Another important signaling cascade stimulated by the interaction of the virus with
CAR and αv integrins is nuclear factor-kB (NF-kB), which mediates the expression of
chemokines and interleukin (IL)-1 [43]. Inside the cell, viral DNA is sensed by several
cytosolic PRRs such as Toll-like receptor (TLR)-9 [44], DNA-dependent activator of IFN-
regulatory factors (DAIs) [45], cytosolic inflammasomes (NALP3) [46], and nucleotide-
binding oligomerization domain-like receptors (NOD-like receptors (NLRs)) [47]. As
a result, a signaling cascade is initiated, either dependent or independent of myeloid
differentiation primary response gene 88 (MyD88), which culminates in the transcription
factor (NF-kB, IRF3, IRF7)-mediated expression of IFN-α, IFN-β, and IL-6, among other
proinflammatory cytokines and chemokines. In turn, the immunosuppressive TME is
modulated to facilitate the recruitment of antigen-presenting cells (APCs) and helper and
cytotoxic T-cells. Adenoviral vectors can be especially useful in the treatment of cold
tumors [48], which lack immune infiltrate, although the increase in immune cell infiltration
may not be enough for the eradication of the tumor [49]. Thus, the approach may be
improved if the vector is armed with additional immune-stimulating factors.

Replication-deficient adenoviral vectors have been employed as vaccines and in can-
cer gene therapy due to strong humoral and T-cell responses to transgenes expressed by
the vector [50]. Tatsis et al. (2007) showed that the application of replication-defective
adenoviral vectors resulted in sustained levels of CD8+ T-cells specific for the transgene
product and persistent levels of transcriptionally active adenoviral vector genomes at the
site of inoculation in the liver and lymphatic tissues [51]. In comparisson, replicating aden-
oviral vectors mimic natural virus infection, resulting in the induction of cytokines and
costimulatory molecules that provide a potent adjuvant effect [52]. Both nonreplicating and
replicating Ad vectors have been shown to activate effector CD8+ T-cells and central mem-
ory T-cells in treated mice. For this, Osada et al. [53] compared Ad5[E1+]CEA, a replicating
adenoviral vector carrying the carcinoembryonic antigen (CEA) with two nonreplicating
vectors, Ad5[E1−] and Ad5[E1−, E2b−]. When used for the ex vivo transduction of
human dendritic cells (DCs), they found that all three vectors yielded similar infectivity
and temporal dynamics of transgene expression. In addition, replicating Ad5[E1+]CEA
showed toxicity to DCs, eliciting less maturation of DCs and greater clearance by NK cells.
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Moreover, Ad5[E1−] and Ad5[E1−, E2b−] were superior to Ad5[E1+] in their capacity to
induce and expand antigen-specific T-cell responses. The results suggest that increased
replication of an Ad vector may result in diminished efficacy in this scenario, and the
deletion of E1, E2, and E3 genes promoted a superior generation of CEA-specific T-cell
responses in mice with pre-existing Ad5 immunity.

In the following discussion, we highlight some of the strategies for using nonreplicat-
ing adenoviral vectors as cancer immunotherapies in preclinical and clinical assays.

For example, preclinical outcomes in a prostate cancer model have revealed the
benefit of immunotherapy based on a heterologous prime-boost, where the virus is injected
as a vaccine with concomitant administration of a PD-1-blocking antibody. Similarly, a
ChAdOx1–MVA vaccination strategy (a simian adenovirus, ChAdOx1, with the modified
vaccinia Ankara virus, MVA) induced CD8+ T-cell responses to the tumor-specific self-
antigen of prostate 1 (STEAP1) in murine models. The combination with the anti-PD-1
antibody improved the survival of the animals since tumors were abolished in 80% of
the mice [54].

Our laboratory has developed an adenoviral vector, AdRGD-PG, with improved
tropism and transgene expression. By including the RGD motif in the fiber knob, transduc-
tion no longer relies on CAR but instead uses integrins, which are more widely distributed.
The use of a p53-responsive promoter (called PG) to control transgene expression re-
sulted in high-level expression in the presence of wild-type p53 [55,56]. When used to
deliver p19Arf (a functional partner of p53) and IFN-β, we observed cooperation between
these genes for the induction of cell death in vitro and in vivo using the mouse model
of melanoma, B16–F10 [56,57]. Moreover, only combined gene transfers conferred the
emission of immunogenic cell death markers ATP, calreticulin, and HMGB1 [56]. The
combination of p19Arf and IFN-β proved to be an effective immunotherapy since we
confirmed the participation of natural killer (NK) cells and CD4+ and CD8+ T-lymphocytes
in immune protection against B16-F10 tumor progression [58]. Other assays showed that
the gene transfer of p19Arf and IFN-β using our nonreplicating Ad vector in the LLC1
mouse model of lung carcinoma was able to induce markers of immunogenic cell death.
In situ gene therapy with IFN-β, either alone or in combination with p19Arf, could retard
tumor progression, but only the combination approach limited the progression of challenge
tumors, thus acting as an in situ vaccine [59]. Thus, the p19Arf + IFN-β gene transfer
approach induces oncolysis and immune activation even in the absence of viral replication,
functioning as a cancer vaccine and immunotherapy, at least in mice [60,61].

We have taken great care to use different models to demonstrate the functionality of
our approach since it involves IFN-β, which is known to have species-specific activities [62].
To examine our approach in human melanoma cell lines, we used the AdRGD-PG back-
bone to construct vectors encoding the human cDNAs p14ARF and hIFN-β and showed
immunogenic cell death characterized by the emission of critical markers in vitro as well
as successful ex vivo priming of human T-cells [63].

Most of the clinical trials using nonreplicating Ads are in Phase I/II (Table 1). Kumon
et al. [13] have demonstrated in preclinical and clinical data the benefit of in situ Ad-
REIC (adenoviral vector carrying the human REIC/Dkk-3 gene) treatment. In preclinical
data, they showed that Ad-REIC induces selective toxicity in response to endoplasmic
reticulum stress and IL-7 overproduction by infected normal cells, including cells of the
TME. These cells can activate innate immunity, especially NK cells, as well as cytotoxic
T-lymphocytes (CTLs). In addition, DCs induced by secreted REIC proteins can present
cancer antigens from apoptotic cancer cells and induce tumor-associated antigen-specific
CD8+ CTLs. In clinical settings, preliminary outcomes have shown cytopathic effects
and tumor-infiltrating lymphocytes in patients with high-risk localized prostate cancer,
undergoing radical prostatectomy, who received two ultrasound-guided intratumoral
injections at 2-week intervals, followed by surgery six weeks after the second injection.

Another interesting approach is gene-mediated cytotoxic immunotherapy (GMCI),
which uses an adenoviral vector expressing the herpes simplex virus (HSV) thymidine ki-
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nase (TK) gene (ADV/HSV-TK), followed by an antiherpetic prodrug. The HSV-TK protein
has two principal functions: (1) nucleotide analog products of prodrug phosphorylation
lead to the death of dividing cancer cells, and (2) TK is a superantigen that stimulates a
potent immune reaction [64]. GMCI activates the stimulator of interferon genes (STING)
pathway, enhancing the production of proinflammatory cytokines such as IFNs and pro-
moting T-cell activation. The first study using ADV/HSV-TK plus ganciclovir for the
treatment of human prostate cancer was conducted by Herman et al. [65]. The patients
received a single injection of the vector (108 to 1011 vector particles) into the prostate gland
in the region with the greatest concentration of tumor cells. Not only did the regimen prove
safe, with minimal toxicity, but three patients that received 109–1011 viral particles had
a decrease of more than 50% in serum prostate-specific antigen (PSA) levels for periods
ranging from 45 to 330 days. The safety and efficacy of GMCI to convert the TME from
cold to hot have been noted for studies in different tumor types, including glioma [66],
retinoblastoma [67], and mesothelioma [68].

A promising Phase III clinical trial is being conducted on patients with BCG re-
fractory nonmuscle invasive bladder cancer (NMIBC). This disease is an early form of
bladder cancer, and the recommended treatment for these patients is the use of intrav-
esical Bacillus Calmette-Guérin (BCG). However, data has shown that around 30% to
50% of cases will recur. The outcomes of BCG-unresponsive patients are poor, and total
cystectomy (complete removal of the bladder) is the standard of care for patients who are
operative candidates [69].

Alternatively, patients with bladder cancer are treated with nadofaragene firadenovec
(rAd–IFN-α2b/Syn3), a replication-deficient recombinant Ad carrying the interferon-α
gene, which can have both TRAIL- and non-TRAIL-mediated cytotoxic effects. The patients
receive the treatment directly into the bladder using a catheter every three months, and
there is elevated interferon production and, consequently, increased exposure to urothelium-
enhanced cytotoxic activity. Among 157 patients with carcinoma in situ, 53% of patients
achieved a complete response in as early as three months, and about 24% of patients
remained free of high-grade recurrence at one year. The outcomes are encouraging and
currently awaiting Food and Drug Administration (FDA) approval [70].

As mentioned before, replication-defective Ads are also used as cancer vaccine strate-
gies. GVAX, a GM-CSF gene-modified tumor vaccine, was developed by transducing
autologous tumor cells with E1/E3-deleted Ad vectors encoding GM-CSF in autologous
tumor cells extracted from each patient. In a phase I/II trial, 33 patients with NSCLCs that
were refractory to standard treatment received the GVAX vaccine consisting of 5–100 × 106

irradiated tumor cells per dose, every 2 weeks. This strategy was shown to be safe, and three
patients had radiologically complete responses that lasted for more than six months [71].

Nonreplicating Ads have also been exploited as delivery vehicles in dendritic cells
(DCs). Briefly, viral particles processed via proteasome result in the presentation of self and
foreign antigens by MHCI and MHCII molecules to both CD8+ and CD4+ T-cells, inducing
protective humoral and cellular immunity [72]. A phase I/II clinical trial tested the immune
response against a vaccine consisting of autologous DCs obtained from patients, transduced
ex vivo with Ads encoding the full-length melanoma antigen MART-1/Melan-A. This study
pointed to an increase in CD8+ and CD4+ T-cells in 6/11 and 2/4 metastatic melanoma
patients, respectively [73].

Another phase I clinical trial performed on patients with advanced NSCLC showed
the induction of systemic tumor antigen-specific immune responses with enhanced CD8+

T-cell infiltration of tumors in 7/13 of patients. The treatment consisted of two intradermal
injections of autologous DCs, transduced ex vivo with an Ad vector expressing the CCL21
gene [74]. Similar outcomes have been observed in small cell lung cancer, where 41.8%
of patients presented specific anti-p53 immune responses when treated with a vaccine
consisting of DCs transduced with an Ad encoding p53 [75]. These positive outcomes are
not limited to solid tumors. In a phase II study, acute myeloid leukemia (AML) patients
with early molecular relapse received a modified DC vaccine. The DCs were modified
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with two tumor-associated antigens (TAAs), survivin and MUC1, plus secretory bacterial
flagellin for DC maturation and RNA interference to suppress SOCS1. The complete
remission rate was 83% among all relapsed AML patients [76].

TAAs are usually expressed in normal tissues at low levels but overexpressed in
tumor cells. Many TAAs have been identified as targets for tumor-reactive T-cells and can
be isolated from tumor-infiltrating lymphocytes (TILs) [77]. In contrast, tumor-specific
antigens (TSAs) are only encoded in cancer cells as a consequence of somatic mutations
that alter the amino acid sequence, resulting in foreign proteins that can be presented to
the immune system. Therefore, the neoantigens are less susceptible to the mechanisms
of immunological tolerance, comprising an interesting target for vaccination [78]. Thus,
gene-based vaccination using Ad vectors as a delivery agent is emerging as one of the most
promising approaches for loading antigens (TAA or TSA) onto DCs. Important advantages
of this modified DC approach include persistent expression of the antigen that results in ac-
tivation of CD4+ and CD8+ T-cells and the induction of antibody responses and the natural
adjuvant stimulating effect that Ads mediate, which contributes to DC maturation [79].

As mentioned above, ex vivo modification of DCs followed by the reintroduction of
these cells in the patient is a standard strategy for these vaccines. Even so, in situ targeting
of DCs has been explored using either human or murine cells, though it can often be limited
by the patient’s pre-existing immunity against the adenovirus [80].

3. Challenges of Using Adenoviral Vectors

Even though the use of nonreplicating adenoviral vectors has shown great promise
for cancer immunotherapy, several aspects of the virus and its delivery present barriers
to its effectiveness. Ideally, the vector should transfer the gene to the intended cell type
without causing undue antiviral host responses. In the following discussion, we present the
molecular basis for Ad tropism, the anti-Ad immune responses, and the issues surrounding
the systemic administration of Ad vectors. With a thorough understanding of these
mechanisms, we can then explore solutions for the challenges that they pose.

3.1. Tissue Tropism

As mentioned previously, most human adenovirus serotypes use CAR as their primary
receptor, which is expressed on several cell types, including hepatocytes, myocardiocytes,
myoblasts, and epithelial and endothelial cells [51] (Table 2). Additionally, some Ads can
bind to CD46, a complement regulatory protein that is present on most nucleated human
cells, including hematopoietic stem cells and dendritic cells, as well as the costimulatory
molecules CD80 and CD86, present on antigen-presenting cells [81–83]. Different primary
receptors such as integrin αvβ5, heparin sulfate proteoglycans, sialic acid, and DSG2 and
GD1a glycans have also been reported to support adenovirus internalization [81,84,85],
with different primary receptors influencing the route of intracellular viral traffic [86].
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Table 2. Classification and tropism of human adenoviruses.

Classification and Tropism of Human Adenoviruses

Subgroup Serotypes Identified Receptors Tropism

A 12, 18, 31, 61 CAR Enteric, respiratory

B
3, 7, 11, 14, 16,

21, 34, 35, 50, 55,
66,68, 76–79

CD46, DSG2, CD80, CD86 Renal, ocular, respiratory

C 1, 2, 5, 6, 57, 89 CAR, VCAM-1, HSPG, MHC1-a2, SR Ocular, lymphoid, respiratory, hepatic

D
8–10, 13, 15, 17, 19, 20, 22–30, 32, 33, 36–39, 42–49,

51, 53, 54, 56, 58–60, 62–65, 67, 69–75,
80–88, 90–103

SA, CD46, CAR, GD1a Ocular, enteric

E 4 CAR Ocular, respiratory

F 40, 41 CAR Enteric

G 52 CAR, AS Enteric

CAR: coxsackie adenovirus receptor. DSG2: desmoglein-2. GD1a: GD1a ganglioside. HSPG, heparin sulfate proteoglycans. MHC1-a2: major
histocompatibility complex-a2. SA: sialic acid. SR: scavenger receptor. VCAM-1, vascular cell adhesion molecule-1. Adapted from [85,87].

Engineered HAd can transduce target cells and are internalized in a similar way to
wild-type adenovirus infection. The internalization can be augmented by interactions
between an arginine-glycine-aspartate (RGD) motif found in the penton base and integrins.
Upon attaching to CAR, the fiber knob disassociates from the capsid, and the exposed
penton base interacts with a secondary receptor, usually membrane integrins αvβ3 or
αvβ5, responsible for virus internalization [86,88], followed by virion endocytosis via
integrin-mediated signaling [86,89].

Different subgroups of adenovirus can use different types of integrins as receptors,
reinforcing their characteristic cell tropism [89,90]. The virus enters the cell by a clathrin-
coated vesicle and is transported in endosomes, where capsid disassembly occurs due
to endosome acidity. The virion escapes the endosome and traffics to the nucleus by
microtubular complexes, where replication occurs [31,85]. After 2 h, about 40% of the
internalized wild-type virions arrive in the nucleus, ready to be transcribed due to their
double-stranded genome. Additionally, 48–72 h after infection, nuclear and cytoplasmatic
membranes are disrupted, and around 10,000 new virions are released [32].

Different serotypes may favor particular receptors; for example, HAd5 from subgroup
C has been shown to utilize CAR for facilitating entry into cells [91], while HAd11 and
HAd35 from subgroup B utilize CD46 as their primary receptor [83]. As mentioned, the
adenoviral vectors may be chosen due to their inherent tissue-specificity and compatibility
with the intended route of administration. For example, when the virus is injected into
the brain, tropism for specific cell populations depends on the interaction with CAR, and
lower transduction is observed with vectors that bind neither to CAR nor integrins [92].
Even so, HAd5 has been shown to enter cells by CAR-independent mechanisms, including
via a hexon–lactoferrin bridge [93,94]

The native tropism of Ads for CAR on the cell surface and the interaction of viral
vectors with nontarget tissues can result in toxicity and poor therapeutic efficacy. Thus,
viral proteins can be genetically tailored to expand or restrict viral replication, and vector
replication machinery can even be modified to augment or restrict viral replication in target
cells [49]. Beyond that, nonhuman adenoviruses, such as canine (CAd2), bovine (BAd3),
chimpanzee (ChAd1-7, ChAd68), and ovine (OAd7), can also be used to overcome the
pre-existing immunity in human patients [95].

3.2. Pre-Existing Immunity in the Host

Due to the growing application of adenoviral vectors in gene therapy and vaccines,
studies of seroprevalence in global populations are important. However, these studies may
be limited by the lack of data from South America, Australasia, and most African coun-
tries [96]. Moreover, predominant HAdV types can change over time within a region [97],
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and transmission of new strains across continents appears to be frequent. A recent study
conducted by Mennechet et al. [96] showed that HAdV-D26 seroprevalence appears to be
relatively high in Africa and Asia and low in North America and Europe, while HAdV-B35
seroprevalence is low worldwide. HAdV-C5 is the most common serotype that infects
humans, particularly in developing countries [98,99], and it is one the most commonly
used adenoviral vectors; thus, the limitations on the applicability of the HadV-C5 vector,
due to pre-existing immunity, have led to the construction of novel vectors derived from
rare Ad serotypes [100].

HAd serotypes are often associated with specific diseases. For instance, serotypes 2–5,
7, and 21 commonly infect the respiratory tract of individuals [101–104], while serotypes
8, 19, and 37 are responsible for keratoconjunctivitis outbreaks [105–107]. Pharyngocon-
junctivitis is often associated with serotypes 3, 4, and 7 [108,109] and acute gastroenteritis
with serotypes 40 and 41 [110,111]. Likewise, neurological disorders and obesity seem
to have some correlation with adenoviral infections [112–114]. Due to this frequent oc-
currence of these infections worldwide, humans have extensive preexisting immunity to
adenoviruses [115–119].

HAd capsid proteins are very immunogenic, especially the hexon protein [120]. The
host’s adaptive immunity arm detects the hypervariable regions (HVRs) in the hexon
protein and releases serotype-specific neutralizing antibodies (NAs) that appear to block a
postentry step [121,122]. Thus, at second contact with the same adenovirus serotype, the
host NAs may rapidly neutralize it. Interestingly, at the same time, coagulation factor X
(FX) in the blood binds to the hexon protein and activates complements (C4 and C4BP in
the classical and alternative complement pathways) against the adenoviruses. In a fair
number of tested individuals, it also protected the virions from neutralization by serum
components [123]. The HAd5 vector interacts with FX, which, in turn, binds cell surface
heparan sulfate proteoglycans on hepatocytes; thus, FX is essential for intravenously
injected Ad5 vectors to transduce the liver [124].

Even with FX binding the hexon proteins, anti-knob fiber and anti-penton base an-
tibodies can also prevent the adenovirus from transducing cells [125]. Nevertheless,
the HAd species C knob and penton base proteins have also been shown to induce
serotype-specific NAs [126].

Beyond antibodies, strong and sustained CD8+ T-cell responses follow adenoviral
infections [127]. Up to one-third of circulating T-cells against HAd have been reported to
be CD4+ T-cells specific for a hexon epitope conserved between HAd serotypes. Hence, the
host’s preexisting CD4+ T-lymphocytes might promptly respond to various subsequent
adenovirus serotypes in either blood or gut [128].

3.3. Different Administration Routes and Their Particularities

Although the administration of lower doses of Ads is well-tolerated, higher doses
are known to overstimulate innate and adaptive immune responses, which might result
in acute toxicity. For example, with HAd5 at the concentration 1 × 1011 PFU/kg, 70% of
hepatocytes and 15% of Kupffer cells expressed transgene three days later [129]. Systemic
delivery, which theoretically could solve the issue of reaching metastatic foci, is confounded
by sequestration of the virus by the liver and the subsequent antiviral immune response
as well as possible liver damage [130]. For example, at doses up to 4 × 1012 vp/kg
of HAd5, approximately 98% of the injected virus was found in the liver 30 min after
injection [131]. Thus, systemic delivery of adenoviral vectors is associated with dose-
dependent toxicity and a high risk of hepatotoxicity. Several studies have shown that
the delivery of adenoviral vectors to immunocompetent mice by different routes, such as
intravenous [132], intraperitoneal and intratracheal [133] or via direct injection into the
pancreas, resulted in the production of neutralizing antibodies, decreasing the effectiveness
of a second administration [134].

The relationship between the route of administration and viral load on CD8+ T-cell
populations has already been studied. Holst et al. [135] administered adenoviral vectors
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encoding β-galactosidase by intravenous or subcutaneous routes and then examined
transgene-specific CD8+ T-cells. Independently of the route of administration, doses above
109 particles were disseminated systemically. In moderate doses, both routes induced a
transient peak of IFN-γ produced by CD8+ T-cells 2 to 3 weeks postinfection. However,
with intravenous administration, these cells were only detected in the liver. Additionally,
after 2 to 4 months, the systemic immunization created dysfunctional transgene-specific
CD8+ T-cells impaired in both cytokine production and in vivo effector functions as well as
the accumulation of specific CD8+ T-cells in the spleen. Thus, the most important influence
of adenovirus administration on CD8+ T cell response is the route of injection and not the
total antigen load [135].

In another study, the intralymphnodal administration of a nonreplicating recombinant
adenoviral vector encoding the LacZ reporter gene in canine lymphosarcoma was found
to be safe, with no relevant adverse effects. This finding presents the potential for its
administration to lymph node metastases in both animal and human models [136]. The
examples above demonstrate that efficient gene delivery using adenoviral vectors can
be performed without hepatic injury or systemic immunogenicity if off-target effects are
avoided. To this end, several strategies have been developed to minimize interactions of
the adenoviral vector with the liver and to protect the virus from neutralizing antibodies.
Some of these approaches, such as the engineering of adenovirus capsid, hexon, or fiber
proteins, use of nonhuman serotypes, and nanoformulation-coated adenoviral vectors will
be discussed in more detail below.

4. Strategies to Modify Adenovirus Tropism

Although Ads infect many different types of cells, low (or no) expression of CAR,
especially in tumor cells, confounds the attachment step and represents one of the hurdles to
gene therapy using adenoviral vectors. Several strategies have been employed to overcome
this barrier and redirect the Ads to the intended recipient and, consequently, decrease
off-target effects (Figure 1).

Figure 1. Improvements in vector delivery to and targeting of cancer cells. (a) Several approaches
can be used to modify viral attachment and entry, such as inhibiting the binding to natural re-
ceptors (detargeting) and creating tropism for neoplasms and their metastatic foci (retargeting).
(b) An alternative to CAR-mediated viral attachment is modifying the fiber (for example, incorpora-
tion of the RGD sequence into the knob AB-loop motif). (c) Ad structure permits retargeting through
the incorporation of synthetic molecules and antibody fragments within the virus capsid. (d) Both
biological (e.g., cell membrane, liposome) and chemical (e.g., gold, silver, PEG) approaches may be
used to coat the virus and improved delivery, especially for the systemic route. PEG: polyethylene
glycol. Created with BioRender.com.
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4.1. Modifications in Viral Entry: Attachment Receptors and Virus Internalization

To explore the targeting of adenovirus particles to tumor cells, initial events related
to infection/transduction must be modulated: (i) viral attachment and (ii) viral entry.
This strategy can target tissues by inhibiting binding to natural receptors (detargeting) in
normal liver cells, for example, and, simultaneously, creating tropism for neoplasms and
their metastatic foci (retargeting) [137]. Another strategy is pseudotyping, the creation of
variants by recombining their capsid proteins. Here, we detail works that have used a
variety of strategies to modify tropism.

The tropism of HAd5 is predominantly mediated by the interaction of fiber/knob
with CAR. As an alternative to CAR-mediated viral attachment, one of the classical fiber
modifications is the incorporation of the RGD sequence into the knob AB-loop motif, which
greatly expands the spectrum of cell types that may be transduced [138]. Even so, the
genetic incorporation of an RGD-4C peptide into the HI loop or the C-terminal end of the
HAd5 fiber knob modifies the Ad knob domain without ablating native CAR-binding [139].
Another possibility is the insertion of positively charged polylysine motifs [140]. This
modification permits the virus to target the tumor cell’s heparan sulfate proteoglycans,
common constituents of the cell surface, and the extracellular matrix, overexpressed in
several different cancer types, including cervical cancer [141].

On the other hand, directing transduction and expression of the transgenes to occur
only in tumor cells (but not in normal cells) should minimize the adverse effects of the
therapy. Wickham and coworkers [142] successfully used bispecific antibodies to promote
the targeting of an adenoviral vector to endothelial and smooth muscle cells. However, the
attempt to noncovalently associate antibodies or molecules with the surface of the viral
particle may be hampered by the instability of this binding, especially if used in vivo. For
this reason, the adenovirus fiber gene sequence can be edited and, thus, the peptide ligands
can be incorporated directly into the protein sequence [137,143–145].

Taking cues from the phage display technique, adenovirus libraries can be generated
with random peptide combinations and screened for their ability to transduce a particular
cell type, thus refining specificity to tumor populations in a strict manner [146–148]. Joung
et al. [148] devised a technique for producing adenovirus with modified fibers that involved
cotransfecting a packaging cell with a plasmid encoding a genetically fiber-less adenovirus
with a plasmid containing the open reading frames (ORFs) of the fiber of interest. Moreover,
Yoshida et al. [144] developed a Cre-lox-mediated recombination system using a plasmid
library encoding modified fiber and the adenoviral genome. Using this approach, these
authors inserted unique peptides, each with seven random amino acids, into the AB-loop of
the fiber, and, after screening, they were successful in targeting these viral vectors to glioma
cells [143,149]. Although the idea seems highly promising, there are technical complications
that hinder this approach. The compaction and self-assembly of the protein monomers to
form the adenovirus particle is a very delicate process. The insertion of random peptides
can compromise the final structure of the viral particle as well as virus production [150].

Even though two receptors are required for the adenovirus particle to penetrate the
target cells, each interaction is a distinct step. While attachment receptors apparently
only recognize the target cell, the HAd5 penton base–αv integrin interaction activates
signaling pathways such as p38MAPK [151,152] and Rho GTPases [153], which then
trigger changes in the cell cytoskeleton for endocytosis mediated by clathrin [153,154].
Interestingly, mutation of the penton base RGD sequence slows but does not impair virus
internalization and infection, nor does it prevent liver tropism [86].

4.2. Pseudotyping the Capsid Using Components from Different Adenoviruses

Chimeric adenoviruses are usually based on HAd5 with the fiber or its knob domain
replaced by that of another serotype [155]. This creates perspectives for the recombination
of these subtypes and, thus, the modulation of targeting: a concept known as pseudotyping.
However, the resulting range of tropisms will be restricted to the respective serotypes used
in the construction and may not necessarily contemplate the range of existing receptors
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found in neoplasms. Table 3 summarizes important findings in studies that have employed
adenovirus pseudotyping strategies.

Table 3. Different studies using adenovirus pseudotyping strategies.

Attachment
Receptor

Tropism Modification
Serotype Origin/

Subgroup
Results Reference

CD46 Glioma Fiber
replacement Ad35, Ad16, Ad50 Increased transduction of

patient-derived cells [156]

Adenovirus serotype
3 receptor Ovarian cancer cells Fiber knob

replacement Ad3 (modified)/B1 Enhanced gene transfer to various cancer
cell lines and primary tumor tissues [157]

Adenovirus serotype
3 receptor

Lung cancer
(NSCLC primary

tissue)

Fiber knob
replacement Ad3 (modified)/B1 Improved killing of NSCLC cells [158]

Sialic acid, phage
display for kidney

Renal cancer and
detargeting the liver

Fiber knob
replacement

Ad5
(modified)/19p

(fiber)

Reduced liver tropism and improved gene
transfer to renal cancer [159]

Unidentified cellular
receptor

Cancer cell lines of
pancreatic, breast, lung,

esophageal, and
ovarian

Fiber knob
replacement

Ad5
(modified)/D49 Efficiently transduced [160]

CD46 Primary human cell
cultures

Fiber
replacement Ad5PTD/F35

Increased transduction capacity of T-cells,
monocytes, macrophages, dendritic cells,
pancreatic islets, mesenchymal stem cells,

and tumor-initiating cells

[161]

PTD: Tat-PTD hexon modification.

4.3. Encapsulation of Adenovirus Using Synthetic Polymers

Shielding the virus with nanoparticles allows the Ad to escape immune recogni-
tion and avoid the undesirable accumulation of the vector in the liver upon systemic
delivery. Furthermore, this approach can enhance the specific targeting of tumor cells.
Several studies have been conducted to evaluate the efficacy of encapsulation of nega-
tively charged Ads with cationic liposomes or particles that aim to prevent virus clearance
from circulation [162].

Some Ad features, such as regular geometries, well-characterized surface properties,
and nanoscale dimensions, make it a biocompatible scaffold for a wide variety of inorganic
and biological structures. The Ad capsid has free lysines, the majority of them located
on hexon, penton, and fiber proteins, which can be covalently linked to other molecules
such as polymers, sugars, biotin, and fluorophores [163]. Polymers offer a wide range of
conjugation and encapsulation that make them a safe option for immunotherapy. The main
biopolymers studied are polyethylene glycol (PEG) and hydroxylpropyl methacrylamide
(pHPMA), the latter being covalently bound to capsid proteins; thus, it can efficiently
transduce solid tumors after intravenous injection into mice [164]. The first study us-
ing this polymer demonstrated passive tumor targeting of polymer-coated adenoviruses
administered by intravenous injection; the authors observed that the coated virus accu-
mulated inside solid subcutaneous AB22 mesothelioma tumors 40 times more than the
unmodified virus [164].

As mentioned, Ad structure permits retargeting through the incorporation of syn-
thetic molecules and antibody fragments within the virus capsid. For instance, PEG is
an uncharged, hydrophilic, nonimmunogenic, synthetic linear polymer (CH2CH2O rep-
etitions) [165] that is frequently utilized in the biopharmaceutical industry and can be
useful to protect therapeutic molecules from proteolysis as well as humoral and cellular
immune responses [166]. According to Fisher et al. [164], one advantage of vector PE-
Gylation is the retention of viability after storage at various temperatures compared to
conventional Ads. Covalent attachment of PEG to the adenovirus capsid may be achieved
by using PEG activation mechanisms. PEG presents hydroxyl groups (OH) that make
PEG-protein bonds impossible; thus, it is necessary to use chemical activation before pro-
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tein attachment. In the specific case of adenoviruses, activation can be achieved through
the use of tresyl-monomethoxypolyethylene glycol (TMPEG), succinimidyl succinate-
monomethoxypolyethylene glycol (SSPEG), or cyanuric chloride-monomethoxypolyethylene
glycol (CCPEG), which react preferentially with lysine residues in the capsid, thus support-
ing the formation of covalent bonds with PEG [167].

In addition to the PEGylation of the virus particle, ligands can also bind to the opposite
extremity of PEG, thus providing a specific ligand to retarget the virus to the corresponding
cellular receptor.

Such approaches also aid the vector in reaching distant tumor sites, as found by Eto
et al. [167]. They used a cationic liposome that was composed of (1, 2-dioleoyloxypropyl)-N,
N, N-trimethy-lammonium chloride:cholesterol to encapsulate the Ad vectors carrying
the antiangiogenic gene (pigment epithelium-derived factor (PEDF)). The results showed
that systemic administration of Ad-PEDF/liposome was well tolerated and caused the
suppression of tumor growth. The coated Ad-PEDF increased apoptosis compared to un-
coated Ad in the B16-F10 melanoma cell line and inhibited murine pulmonary metastasis
in vivo. Moreover, Ad-luciferase encapsulated with liposome exhibited decreased liver
tropism and increased transduction in the lung. Additionally, the anti-Ad IgG level after
administration of the Ad-PEDF/liposome was significantly lower compared to Ad-PEDF
alone. Eto et al. [167] showed that positively charged 14-nm gold nanoparticles increased
the efficiency of Ad infection in mesenchymal stem cells, usually refractory to Ad transduc-
tion, mainly because CAR expression is absent or downregulated. The strategies described
here support future exploration of additional formulations for liposome-encapsulated
adenoviruses and their ability to target cancer cells.

4.4. Cancer Cell Membrane-Coated Adenoviral Vectors

Nanoparticle-based delivery systems have been extensively explored for improving
cancer treatment. Cell membranes, which can be obtained from a variety of source cells,
including leukocytes, platelets, red blood cells, and cancer cells, are being employed to
encapsulate particles such as liposomes, polymers, silica, and Ad vectors in order to im-
prove tumor-targeted drug delivery in addition to prolonged circulation time, reduced
interaction with macrophages, and decreased nanoparticle uptake in the liver [168]. The
membrane-based functions of cancer-related cells include extravasation, chemotaxis, and
cancer cell adhesion [169]. As a source of cell membranes, cancer cells offer certain advan-
tages. They can be obtained from cell lines or patient samples and possess a wide range of
membrane surface proteins, such as MHC, TAAs, and neoantigens, that can program the
immune system to attack local and distant tumor sites [170], as represented in Figure 2.

Tumors frequently develop a variety of mechanisms to subvert immune attack, result-
ing in an immune-suppressive TME. Although tumor cells can stimulate a variety of cell
types, including fibroblasts, immune-inflammatory cells, and endothelial cells, through the
production and secretion of stimulatory growth factors and cytokines [171], the TME can
be modulated by the tumor cells themselves and tumor-infiltrating leukocytes (including
regulatory T-cells (Tregs)), myeloid-derived suppressor cells (MDSCs), and alternatively
activated (type 2) macrophages (M2), cytokines (IL-10, TGF-β), expression of inhibitory
receptors (such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed death-
ligand 1 (PD-L1)) or impediment of T-cell function, resulting in the reduced effectiveness of
immunotherapy [172]. Although many TAAs have been identified, their immunogenicity
is generally insufficient to elicit potent antitumor responses. Typically, when the tumor
reaches the malignant stage, the most immunogenic tumor-specific antigens have been
eliminated via negative selection. Frequently, the nanoparticles are associated with ad-
juvants, secretory cytokines, antibodies, and/or viral vectors to improve the immune
response [173].
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Figure 2. Strategy used to improve the specificity of adenoviral vectors. An adenovirus coated with
a cancer cell membrane has some advantages, such as the presence of TSA and TAA, which aids
the anti-tumor immune response. Additionally, the membrane can be engineered to present specific
molecules/receptors, improving the power of interaction with the tumor. Moreover, the viral coating
can offer several benefits, including suppression of liver toxicity, increase of specific infectivity to
cancer cells, preferential antitumor (not antiviral) immune response, and escape from pre-existing
neutralizing antibodies in both routes of delivery (intratumoral and systemic). Systemic administra-
tion using virus coated with membranes could offer a highly desirable outcome: targeting metastatic
foci. TAA: tumor-associated antigens; TSA: tumor-specific antigens. Created with BioRender.com.

Coating polymeric nanoparticles with cancer cell membranes can be used for different
types of cancer therapy. For anticancer drug delivery, Zhuang et al. [173] showed that
polymeric nanoparticle cores made of poly(lactic-co-glycolic acid) (PLGA), a polymer
coated in an MDA-MB-435 membrane, significantly increased cellular adhesion to the
source cells compared to naked nanoparticles due to a homotypic binding mechanism. For
cancer immunotherapy, the authors demonstrated that a polymer coated with a B16−F10
membrane, which creates a stabilized particle, facilitated the uptake of membrane-bound
tumor antigens and, consequently, the presentation and maturation of DCs. Another
approach using a biohybrid (tumor-membrane-coated) nanoparticle was also able to elicit
an antitumor immune response in melanoma models, changing the microenvironment
profile. The administration of the vaccine enhanced the activation of APCs and increased
the priming of CD8+ T-cells. When combining the nanovaccine with a checkpoint inhibitor,
87.5% of the animals responded, including two complete remissions, when compared to the
immune checkpoint inhibitor alone. These results point to opportunities for the association
of nanoparticles and immunomodulators to enhance T-cell responses [174].

The effects from the association of polymers, cancer cell membranes, and adjuvants
were also observed by Fontana et al. [175]. PLGA nanoparticles were loaded with the TLR7
agonist and then coated with membranes from B16-OVA cancer cells since the presentation
of foreign peptide OVA permits the tracking of responses. The nanovaccine was able to
enhance uptake by antigen-presenting cells and showed efficacy in delaying tumor growth
as a preventative vaccine besides displaying activity against established tumors when
coadministered with the anti-programmed death 1 (PD-1) monoclonal antibody.

In another study, CpG oligodeoxynucleotide (CpG) was used as an immunological
adjuvant and encapsulated into PLGA nanoparticle cores coated with membranes derived
from B16–F10 mouse melanoma cells. The effect of nanoformulation on DC maturation
was observed by the upregulated expression of costimulatory markers CD40, CD80, CD86,
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and MHC-II. Both prophylactic and therapeutic vaccines presented positive results. In the
prophylactic study using the poorly immunogenic wild-type B16–F10 model, tumor occur-
rence was prevented in 86% of mice 150 days after challenge with tumor cells. Interestingly,
mice vaccinated with the CpG-nanoformulation alone had tumor growth comparable to
the control group and a median survival of 22 days. This reinforces the role of the cancer
cell membrane in targeting the elimination of malignant cells by the immune system. In
the therapeutic model, mice challenged with B16–F10 cells and subsequently treated with
the nanoformulation presented a modest ability to control tumor growth. However, the
combination of nanoformulation and a checkpoint blockade cocktail (anti-CTLA4 and
anti-PD1) significantly enhanced tumor growth control. As such, the results encourage
further research into nanoparticle vaccine formulation and possible associations with other
immunotherapies that modulate different aspects of immunity [176].

In a different strategy, Fusciello et al. [177] combined an oncolytic virus (due to its
natural adjuvant properties) and cancer cell membranes carrying tumor antigens. They
found that viral transduction was significantly increased with the coated virus, implying
an uptake mechanism different than that utilized by the naked virus, which requires CAR,
representing a significant advantage for transducing CAR-negative cell lines. Additionally,
the coated virus was better able to control tumor growth compared to other treatments.
The vaccination using coated viruses created a highly specific anticancer immune response,
redirecting the immune response against the tumor [177]. Thus, personalized cancer
vaccines can represent an alternative approach to target cancer even without determining
specific antigens for each patient. We hypothesize that this approach will also be applicable
to nonreplicating adenoviral vectors, though this has not yet been shown.

4.5. Association of Antibodies and Viral Structures

The incorporation of antibodies into the viral structure is another interesting option
for creating specificity. Despite the obstacles to the use of conventional antibodies (human,
murine, and goat), smaller molecules from other species, such as alpacas, can be added
to the structure of the Ad capsid without disturbing its synthesis and assembly. For
example, van Erp et al. [178] generated a single domain camelid antibody against the
human carcinoembryonic antigen present in human colorectal adenocarcinoma cells. They
incorporated this molecule into the adenovirus capsid, achieving a more specific tropism
for tumor cells and reducing off-target toxicity. Although the strategy was developed to
retarget oncolytic viruses, it can also be used to improve nonreplicative adenoviral vectors.

Despite the cited possibilities, the need to re-engineer vectors de novo for each novel
target may be an unnecessary and costly effort. Since it is possible to combat different kinds
of cancers through similar molecular mechanisms, such as the induction of immunogenic
cell death, the development of adaptable platforms may allow the establishment of virus-
based therapies in a more scalable and affordable way. Such approaches may, in the future,
permit low-effort adaptation of pre-existing therapies to target different cellular markers
and treat other tumors.

A viable alternative may be the use of adapter molecules. Bhatia et al. [179] developed
an anti-CXCR4 bispecific adapter (sCAR-CXCL12). Chemokine receptor type 4 (CXCR4)
is known to be overexpressed in a wide variety of cancers, such as melanoma [180] and
breast cancer [181], and it is associated with metastasis and poor overall survival. Bhatia
et al. [179] designed a recombinant adapter molecule composed of an ectodomain portion
of the human CAR, followed by a 5-peptide linker (GGPGS) and a 6-His tag sequence, fused
to the mature human chemokine CXCL12/SDF-1a sequence (CXCR4 ligand). According to
the researchers, this bispecific adapter attenuated liver infection in vivo and a promoted a
considerable increase in cancer cell infection, as observed in xenograft tumors in mice.

In another interesting work, Schmid et al. [182] achieved, simultaneously, the retar-
geting of type 5 adenovirus tropism to a specific cancer marker and the reduction of its
liver sequestration. Unlike other adapter strategies, they utilized designed ankyrin repeat
proteins (DARPins). Similar to antibodies, these proteins can bind to a target with rather
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good specificity. Moreover, these molecules can be engineered to target different antigens
on the cell surface [183]. Schmid et al. [182] designed an adenovirus-antigen adapter com-
posed of three monomers. Each monomer was made of a retargeting DARPin, a flexible
linker, a knob-binding DARPin, and a trimerization motif [182,184]. The last component is
responsible for the stability of the complex, allowing the coating of the adenovirus fiber
knob and, consequently, impeding virus natural tropism. In addition, according to the
researchers and some early works, the removal of CAR and integrin interactions may
reduce liver tropism [185,186], an effect also observed when those capsid sites are blocked
by DARPin adapters. Furthermore, this protein was able to hide the region responsible
for adenovirus–liver interaction without disturbing the adenovirus–integrin interaction.
Nonetheless, the researchers developed an adenovirus-binding molecule, named “shield”,
derived from humanized antihexon scFv, which was designed to bind to hexon proteins,
effectively protecting them from neutralizing antibodies [182].

4.6. Genetic and Chemical Capsid Modifications and Association with Polymers

Other strategies have emerged that support the retargeting and detargeting of ade-
noviral vectors. For example, the CGKRK peptide mediates the targeting of tumor cells and
tumor neovasculature and has been tested for its ability to retarget PEGylated adenoviral
vectors: PEG molecules are conjugated to the surface of the viral vector; then, the peptide
is attached via a chemical reaction, resulting in its conjugation to the functional group
of PEG [187]. Moreover, Bonsted and colleagues demonstrated that a linker between
the poly(2-(dimethylamino)ethyl methacrylate) (pDMAEMA) and the epidermal growth
factor (EGF), commonly overexpressed in tumors, efficiently transduced CAR-deficient
cells [188,189]. Additionally, an EGF mimetic peptide linked to the cationic PAMAM
(polyamidoamine) dendrimer polymer through a PEG linker has been used to retarget
dendrimer-coated Ad vectors; it has been shown to increase transgene expression in target
cells compared with the untargeted vector [190].

Kreppel et al. [191] introduced a genetic–chemical concept for vector re- and detar-
geting. For that, the authors genetically modified the virus in order to present cysteine
residues in the capsid, including the fiber HI-loop [191], protein IX [192], and hexon [193].
The cysteine residues were then covalently modified with thiol-reactive coupling moieties,
including ligands, shielding polymers, carbohydrates, small molecules, and fluorescent
dyes [194]. Kreppel et al. demonstrated that amine-based PEGylation and thiol-based
coupling of transferrin to the fiber knob HI-loop successfully retargeted the modified Ad
vectors to CAR-deficient cells [191].

These studies highlight the possibility of creating adenoviral vector platforms that
need no further genetic modification; thus, a wide variety of target tissues may be ex-
plored with the aim of improving specificity and decreasing the neutralizing effects of
preexisting antibodies.

5. Conclusions and Future Perspectives

Many features make Ads interesting vehicles for the delivery of foreign antigenic
proteins or gene therapy: large cloning capacity, genetic stability, and high in vivo trans-
duction capacity in both dividing and nondividing cells. The natural antiviral immune
response can be useful to reprogram the tumor microenvironment from “cold” to “hot” by
inducing T-cell-specific immune responses and proinflammatory cytokine expression [195].
The success of therapy depends on several other factors, such as the quality, intensity,
specificity, and half-life of immune responses against the tumor. In this scenario, neoanti-
gens have emerged as an attractive target for cancer therapy. Major advances in using
the non-self-peptides are the absence of pre-existing central tolerance, potential strong
immunogenicity, and lower risk of autoimmunity diseases [196]. We expect that continued
refinement of Ad vector design and a deeper understanding of neoantigens will converge
to provide an exceptional platform for cancer immunotherapy.
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Even so, we point out some limitations for the use of neoantigens in personalized
medicine: (1) neoantigens are limited by the diversity of somatic mutations in different
tumor types and their individual specificity; (2) the probability that the neoantigens are
shared between patients is very low; (3) identification and verification of neoantigens is still
time-consuming and expensive [197]. In addition, the construction of adenoviral vectors
encoding each neoantigen would be costly and time-consuming; thus, approaches that
do not require vector construction may be preferable, including the use of peptides and
membrane coatings.

Otherwise, the effectiveness in the use of neoantigens has already been observed in
preclinical [198,199] and clinical data [200–202]. In addition, patients with high mutation
burden tumors, like melanoma [203,204], non small-cell lung cancer [205], and bladder
cancer [206], have had more clinical benefit from checkpoint-blockade therapy than those
with lower mutation loads [196]. Moreover, the prediction of peptides binding to MHC
molecules and, consequently, the identification of neoepitopes able to stimulate the immune
response are emerging as novel approaches that could be associated with adenoviral vectors,
reversing part of the tumor-induced immunosuppression.

Recently, D’Alise and collaborators [207] demonstrated the satisfactory benefits of
genetic vaccines based on Ads derived from nonhuman great apes (GAd) encoding multi-
ple neoantigens applied in the CT26 murine colon carcinoma model. Both prophylactic
and early therapeutic vaccinations elicited strong and effective T-cell responses and con-
trolled tumor growth in mice. The tumor-infiltrating T-cells were diversified in animals
treated with GAd and anti-PD1 compared to anti-PD1 alone [207]. The big challenge of
neoantigens is the complexity in identifying immunogenic antigens unique to each patient.
However, more optimized sequencing platforms and bioinformatics tools are helping to
make personalized therapy truly viable. All in all, the data presented here highlight new
perspectives of cancer vaccines and gene therapy using modified nonreplicating aden-
oviruses and different strategies to turn the immune response against the tumor more
specific and robust, contributing to local and distant control of tumor progression.

Although viral delivery systems are quite promising strategies in gene therapy, there
are some limitations to their clinical application. The major barriers are host immune
responses that result in the clearance of vectors, interaction with plasma proteins, liver
sequestration, Ad CAR-dependence, and off-target effects [208]. Regarding these issues,
a number of genetic manipulations have been exploited to redirect adenovirus binding
to different cell surface receptors and, consequently, increase affinity for the target, with
lower adverse effects [50].

In this scenario, different strategies using coated viruses have emerged in recent years,
and both biological and chemical approaches can be used to coat the virus and improve
delivery, especially for the systemic route. Since these strategies involve using cancer
cell membranes that can be obtained directly from tumor cell lines, they provide greater
biocompatibility with the tumor site and, consequently, specifically target these cells [209].
A growing body of evidence suggests that cancer cell membrane-coated viruses can be de-
livered by the systemic route, improving the targeting of metastases, with higher retention
time, lower immune recognition, and decreased liver sequestration, toxicity, and accumu-
lation in healthy tissues. The induction of immunogenic cell death by nonreplicating Ad
vectors is associated with innate immune responses, antigen processing and presentation,
and, finally, the activation of the cellular immune response. While few examples currently
exist of using membrane-coated adenoviral vectors, we hypothesize that this approach will
continue to be studied, including in nonreplicating vectors.

In summary, improvements in vector delivery and targeting will provide an even
greater potential for the use of nonreplicating adenoviral vectors in cancer immunother-
apy. In particular, we envision vectors adapted to support systemic delivery, achieve
tumor specificity, induce tumor cell death and supply specific antigens to guide antitumor
immune responses.
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Simple Summary: Cancer immunotherapy is currently focused mainly on the enhancement of the
effector function of T cells. However, dendritic cells (DCs) are needed to prime T cells, suggesting
that DCs can be an attractive target for immunotherapy. Flt3L/Flt3 is an essential pathway for
DC development and function, although its potential in cancer immunotherapy is not yet clearly
established. Herein, we will review the current evidence which suggests that the stimulation of DCs
through the Flt3/Flt3L axis may contribute to improved cancer immunotherapy.

Abstract: Dendritic cells (DCs) prime anti-tumor T cell responses in tumor-draining lymph nodes
and can restimulate T effector responses in the tumor site. Thus, in addition to unleashing T cell
effector activity, current immunotherapies should be directed to boost DC function. Herein, we
review the potential function of Flt3L as a tool for cancer immunotherapy. Flt3L is a growth factor
that acts in Flt3-expressing multipotent progenitors and common lymphoid progenitors. Despite
the broad expression of Flt3 in the hematopoietic progenitors, the main effect of the Flt3/Flt3L axis,
revealed by the characterization of mice deficient in these genes, is the generation of conventional
DCs (cDCs) and plasmacytoid DCs (pDCs). However, Flt3 signaling through PI3K and mTOR may
also affect the function of mature DCs. We recapitulate the use of Flt3L in preclinical studies either
as a single agent or in combination with other cancer therapies. We also analyze the use of Flt3L in
clinical trials. The strong correlation between type 1 cDC (cDC1) infiltration of human cancers with
overall survival in many cancer types suggests the potential use of Flt3L to boost expansion of this
DC subset. However, this may need the combination of Flt3L with other immunomodulatory agents
to boost cancer immunotherapy.

Keywords: Flt3; Flt3L; dendritic cells; cancer immunotherapy

1. Introduction

The development and refinement of immunotherapy constitutes a revolution in the
treatment of cancer. Most of the current immunotherapies target and unleash the effector
function of lymphocytes. However, lymphocyte functions depend on their previous ac-
tivation by antigen-presenting cells, among which dendritic cells (DCs) stand out. DCs
were initially characterized according to their morphology and the expression of major
histocompatibility complex class II and CD11c [1,2]. DCs continuously sample their mi-
croenvironment, where they can take up antigens and present them to T cells [3,4]. The
outcome of the DC–T cell interaction can lead to immunity or tolerance depending on
costimulatory signals present during the priming phase. Thus, DCs act as decision nodes
in the initiation of T cell responses [3,4].

DCs derive from hematopoietic stem cells in the bone marrow (Figure 1) [5]. These
can give rise to Lin−IL7Ra−Sca1−cKit+FcgRloCD34+ common myeloid progenitors (CMPs),
which can further differentiate into Lin−CX3CR1+CD11b−CSF1R+cKit+Flt3+ macrophage/DC
progenitors (MDPs). MDPs can differentiate into Lin−CSF1R+cKitloFlt3+ common DC progeni-
tors (CDPs) which are completely committed to the DC lineage. CDPs can give rise to type
1 and type 2 conventional DCs (cDC1s and cDC2s) and plasmacytoid DCs (pDCs) [6].

Cancers 2021, 13, 1525. https://doi.org/10.3390/cancers13071525 https://www.mdpi.com/journal/cancers141
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Multipotent progenitor 
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Figure 1. Expression pattern of Flt3 across mouse hematopoietic lineages. We have simplified the lineage tree generated by
Jojic et al. [5]. This tree includes all cell populations identified by the first project of ImmGen to express high levels of Flt3
(relative expression > 1000). In the case of mature cDC1s, cDC2s and pDCs, an average of Flt3 expression has been used to
color them, because different populations from different organs were characterized in this consortium.
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cDC1 depends on basic leucine zipper ATF-like transcription factor 3 (BATF3) and
interferon regulatory factor 8 (IRF8) and expresses X-C motif chemokine receptor 1 (XCR1)
and dendritic cell natural killer lectin group receptor 1 (DNGR1; CLEC9A) in humans and
mice, and BDCA3 (thrombomodulin; CD141) within the MHCII+CD11c+ population in
humans. In mice, two cDC1 populations can be identified: a lymphoid tissue-resident
population characterized by the expression of CD8α, and a peripheral population that
expresses CD103. cDC1s stand out among other DC populations in their capacity to cross-
present antigens and their production of IL12, which drives CD8 T cell responses, but are
also key in CD4 T cell priming [7]. Batf3−/− mice cannot generate peripheral cDC1s and the
cell-associated cross-presentation by their resident cDC1s is impaired. These Batf3−/− mice
fail at controlling the development of highly immunogenic tumors, similar to Rag1−/−
mice that lack mature lymphocytes [8].

On the other hand, cDC2s constitute a group of cells that rely on V-rel reticuloen-
dotheliosis viral oncogene homolog B (RELB), interferon regulatory factor 4 (IRF4), and
zinc finger E-box-binding homeobox 2 (ZEB2) [9]. cDC2s express CD11b and signal regu-
latory protein alpha (SIRPα; CD172a) in mice, and BDCA1 (CD1c) in humans. Single-
cell RNA sequencing technologies have enabled discrimination od a number of sub-
sets within cDC2s [10,11]. These findings raise new questions about their differential
developmental origin and their relevance in disease. Of note, a subset that expresses
macrophage galactose N-acetyl-galactosamine specific lectin 2 (MGL2) displays outstand-
ing antitumor capacities [11].

CDPs can also give rise to at least part of the pDCs, which can also derive from other
lymphoid progenitors. pDCs are characterized by the expression of IL3 receptor alpha
(IL3RA; CD123) and B220 in humans and mice, respectively. E2-2 and IRF8 are the main
transcription factors involved in the development of pDCs. While pDCs are important
producers of IFN-I during viral infections and IFN-I may have antitumor effects [12,13],
cancers can disrupt the production of IFN-I by pDCs [14–16]. Furthermore, infiltration of
pDCs within human tumors associates with poor prognosis [15,17].

The roles of the different DC subsets in orchestrating adaptive immune responses
make them a very attractive target to boost antitumor immunity. Different strategies
have been developed and evaluated in an effort to mobilize these populations, such as
the administration of GM-CSF or the adoptive transfer of cells generated or stimulated
in vitro. Among those efforts, we will focus this review on the use of Flt3L to enhance
antitumor immunity.

2. Expression Pattern of Flt3 and Flt3L

The Fms-like tyrosine kinase receptor 3 (Flt3) was discovered as a surface protein
intensely expressed on hematopoietic stem cells (HSCs) [18] (Figure 1). However, the
improvements in the characterization of different hematopoietic progenitors identified
CMPs and MDPs as the main expressors of Flt3 [19]. It should be noted that Flt3 expression
is preserved in terminally differentiated cDCs and pDCs [20], which suggests that Flt3
signaling might have a functional impact on mature DCs. On the other hand, Flt3 is also
expressed in some lymphoid progenitors. Although its function in this ontogeny branch
has not been explored as profoundly, it plays a role in the early differentiation of B cells [21]
and is re-expressed by B cells in the germinal center [22]. Moreover, new data indicate
that the Flt3L/Flt3 axis is necessary for the development of NK and type 2 and 3 innate
lymphoid cells [23] and their progenitors [24].

Flt3 belongs to the class III of tyrosine kinase receptors, characterized by a five
immunoglobulin-domain extracellular region and a split tyrosine kinase domain. Class III
tyrosine kinase receptors also include CSF1R, PDGFR, KIT and FMS [25,26]. Flt3 is encoded
in chromosomes 13 in human and 5 in mice, encoding for 1000 and 993 aminoacid-long
proteins, respectively [27].

Flt3−/− mice show decreased numbers of pre-DCs (CD11cintCD45RAloCD43int SIRP
αintCD4−CD8−MHCII−), cDCs, and pDCs in their spleens [19], as well as a clear drop in
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peripheral CD103+ cDC1s, but not CD11b+ cDC2s [20]. However, Flt3−/− mice bear normal
numbers of MDPs, indicating that Flt3 signaling is not required until the developmental
stage of MDPs [19].

Two years after the discovery of Flt3, Lyman et al. identified a murine protein that
could bind a soluble form of Flt3 [28]. This Flt3 ligand (Flt3L) promotes the expansion
of Flt3+ primitive hematopoietic stem cells [28]. Soon afterwards, the human homolog
of Flt3L (FLT3LG) was cloned, and a soluble version comprising its extracellular domain
(amino acids 27 through 179) was found to induce proliferation in human CD34+ HSCs [29].
In the organism, Flt3L is expressed by multiple cell types, including stromal bone marrow
and thymic cells [30,31], activated T lymphocytes [32], and NK cells [33], among others. Of
note, blood levels of Flt3L are highly elevated in patients with aplastic anemia or receiving
bone marrow-damaging chemotherapy or radiotherapy [34,35], and return to normal levels
within three months from successful bone marrow transplantation [34].

In mice, three main isoforms have been reported [36]. Two of them contain a plasma
membrane-spanning region and are tethered to the membrane [36]. The first one contains a
cytoplasmic tail and its ectodomain can be cleaved to act as a soluble form [36]. The second
membrane-bound isoform results from the retention of an intron during splicing, which
limits the proteolytic release of the ectodomain [36]. TNFα-converting enzyme (TACE)
mediates the shedding of the ectodomain of membrane-bound forms, which releases Flt3L
ectodomain [37]. Accordingly, Tace−/− mice display reduced levels of Flt3L in serum [37].
A third isoform lacks the membrane-spanning region and can be directly released from the
cell [36]. In humans, the complete and the soluble isoforms have been identified, although
not the one lacking the cytoplasmic domain [36].

Mice deficient in Flt3L show a dramatic absence of cDC1s, cDC2s and pDCs in both
lymphoid and nonlymphoid tissues [20,38]. Flt3L−/− mice also bear fewer CDPs and com-
mon lymphoid progenitors (CLPs, c-KitintFlt3+CSF1RloIL7Rα+) in their bone marrows [38].
Thus, the deficiency in the DC lineage in Flt3L−/− mice is more profound than in Flt3−/−
mice, which has been attributed to a compensatory mechanism in Flt3−/− mice, where
DC progenitors become more sensitive to CSF1R signaling, which can compensate for Flt3
deficiency and promote DC development [39]. Under physiological conditions, NK cells, as
well as other lymphocytes, have been identified as an important source of Flt3L within the
tumor microenvironment (TME) [33]. The use of tumors that overexpress Flt3L has been
extensively used to expand systemic cDC1s [40], but also tumor-infiltrating cDC1s [41].
Of note, several reports could not reproduce the expansion of cDC1s within the TME
with systemic administration of Flt3L [42,43], which raises the possibility of some tumors
becoming impervious to circulating Flt3L.

3. Flt3 Signaling in Response to Its Ligand

One of the main driving mutations in acute myeloid and acute lymphoid leukemias
occurs in Flt3. This genetic alteration consists of internal tandem duplication sequences
and is associated with poor prognosis in leukemia patients. Therefore, signaling pathways
downstream of Flt3 have been extensively studied in the context of leukemia. However,
physiological signaling through Flt3 in the context of DC generation remains largely
unexplored. In the context of DCpoiesis, we will focus on homeostatic Flt3L signaling
through Flt3.

As in most tyrosine kinase receptors, unstimulated Flt3 is thought to appear as a
monomer on the plasma membrane, which renders its tyrosine kinase domain inactive [44].
Human Flt3L promotes the dimerization of Flt3 after binding through a compact binding
domain fitting with the lock-and-key model [45,46]. Upon binding, Flt3L promotes the
internalization of Flt3 receptors, which can be detected as soon as five minutes after the
addition of Flt3L [46]. The internalized receptors are processed, and the products of
their degradation can be observed around 20 min after the engagement of Flt3 and its
ligand. The interaction of Flt3 with its ligand promotes the autophosphorylation of Flt3
tyrosine residues [47].
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The first studies on the signaling cascade downstream of FLT3 used chimeric receptors
composed of the extracellular domain of CSF1R and the transmembrane and cytoplasmic
modules of FLT3 [48,49]. Upon the engagement of CSF1, the cytoplasmic domain of these
chimeric receptors was found to bind phospholipase C gamma 1 (PLCγ1), the p85 subunit
of phosphatidyl inositol 3′-kinase (PI3K), growth factor receptor-bound protein 2 (Grb2),
and SHC1 [48,49]. This led to the phosphorylation of Ras GTPase-activating protein (GAP),
Vav, Nck, Signal transducer and activator of transcription 5a (STAT5a), and SH2 domain-
containing inositol phosphatase 1 (SHIP1), but no direct interaction with these proteins
has been found [48–51]. Additionally, tyrosine residues in Gab1 and Gab2 become phos-
phorylated upon the FLT3/FLT3L engagement, which may act as adaptor proteins for Src
homology region 2 domain-containing phosphatase 2 (SHP2), Grb2 and phosphatidylinosi-
tol 3 kinase (PI3K) [47]. Besides, Src homology 2 domain-containing transforming protein 1
(SHC) can interact and phosphorylate SHIP through its amino-terminal phosphotyrosine
binding domain [50]. While most of the proteins identified downstream of Flt3 could
potentially mediate its signaling, the phosphatases SHP2 and SHIP might act as negative
regulators of the process.

Despite the great efforts directed to elucidating the signaling cascade triggered by
Flt3, it has to be noted that most were performed in different cell lines that do not lead to
the generation of mature DCs. The work in this context is more limited. Of note, Flt3L
induces the phosphorylation of STAT3 during the generation of pDCs from bone marrow
HSCs [52–54]. Accordingly, in mice, STAT3 is required for the development of pDCs, and
its deficiency cannot be overcome by Flt3L administration [52].

Whether PI3K directly interacts or not with FLT3, the PI3K/mammalian target of the
rapamycin (mTOR) cascade is clearly required for the generation of cDCs and pDCs by
Flt3L [55]. In fact, CD11c-specific deletion of phosphatase and tensin homolog (PTEN), an
Akt inhibitor that blocks the PI3K/mTOR pathway, expands the cDCs and pDCs [55]. In
CD11cΔPten mice, both lymphoid-resident CD8α+ and peripheral CD103+ cDC1s display
a stronger expansion than CD11b+ cDC2s, which can be reverted by rapamycin [55].

4. Expansion of DCs with Flt3L

Flt3L fosters the expansion of granulocyte-macrophage colony-forming units (CFU-
GM) and granulocyte, erythrocyte, monocyte, megakaryocyte colony-forming units (CFU-
GEMM) [56], which ultimately reinforces the generation of DCs [57]. Especially, Flt3L was
found to strongly expand a splenic DC population characterized by the co-expression of
MHCII, CD11c, DEC205 and CD8α [57]. Flt3L can drive the expansion of various bone mar-
row progenitor populations, which results in the differentiation of B cells, NK cells, mono-
cytes, red pulp macrophages, granulocytes, and innate lymphoid cells [23,38,56,58,59].
However, Flt3 expression is only conserved in mature cDCs and pDCs; not on B cells,
monocytes, neutrophils, NK cells, or other innate lymphoid cells. In fact, the expan-
sive effect of Flt3L has been reported to rely on the trans-presentation of IL15 by ex-
panded DCs [60]. Focusing on the DC lineage, the administration of Flt3L promotes
the expansion of MDPs in mice, which contributes to the expansion of both cDCs and
pDCs [19]. Similarly, Flt3L can expand the amount of blood pre-DCs (CD11c−IL3Rα+ or
SSCloCD117+CD116+CD135+CD45RA+ CD115−) and CD141+ cDC1s, CD1c+ cDC2s and
CD303+ pDCs in human volunteers, which can increase their frequencies even more than
one order of magnitude [61,62].

The lymphoproliferative effects of Flt3L, together with the described mutations of
the Flt3 receptor in different leukemias, suggest that its administration might promote
lymphoproliferative malignancies. In mice, one report indicated this might be the case in
mice inoculated with Flt3L-expressing retroviral vectors [63]. However, such effects have
not been observed in the multiple studies where Flt3L was used for immunotherapeutic
purposes. This might be caused by chronicity of the exposure to supraphysiologic levels of
Flt3L and/or the use of irradiated mice and retroviral vectors, which can be tumorigenic on
their own, or because of the local expression of Flt3L in the bone marrow. To the best of our
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knowledge, no clinical trial where Flt3L has been administered to patients or volunteers
has reported the promotion of lymphoproliferative malignancies.

Addition of Flt3L to culture media drives the differentiation of bone marrow cell sus-
pensions into the DC lineage [64]. Bone marrow cell cultures in the presence of Flt3L lead
to mixtures of both cDC1s and cDC2s [64], with an important population of CD11c+B220+

pDCs that can produce IFN-I [65]. Flt3L culture-derived cDC1s resemble naturally occur-
ring lymphoid tissue-resident cDC1s, but they lack the bona fide cDC1 markers CD8α and
DEC205 [64,66]. Addition of Notch ligand Delta-like 1 to the standard Flt3L-supplemented
media facilitates the generation of CD8α+DEC205+CD103+ cells, with capacity to migrate
through CCR7 [67]. In addition, culturing CD34+ human cells with Flt3L required Notch
signaling for full cDC1 generation, with granulocyte-macrophage colony-stimulating factor
(GM-CSF) providing a synergistic effect [68]. Indeed, Flt3L can be used in combination with
GM-CSF to generate CD103+ cDC1s from bone marrow cultures [69]. These CD103+ cDC1s
are responsive to TLR stimulation, which drives the expression of activation markers such
as CCR7, CD80 or CD86 [69].

5. Preclinical Studies Involving Flt3L

DCs are central to inducing T cell responses that might prevent cancer growth; there-
fore, Marakovsky et al. suggested that Flt3L might induce powerful antitumor immune
responses [57]. Among the immune populations expanded by Flt3L, cDC1s stand out,
whose infiltration within the TME has been extensively associated with patient survival.
Flt3L did not affect the activation state of tumor-infiltrating cDC1s, because it did not
affect the levels of CD40, CD86 or MHCII in tumor-infiltrating cDC1s [70]. However, it
enhanced the proliferation of tumor-specific CD8 T cells at the tumor-draining lymph
node [70], possibly by increasing the number of cross-presenting dendritic cells, especially
cDC1s [41,71], although an effect of Flt3L on other immunomodulatory genes cannot be
ruled out. Despite the frequent identification of cDC1s as the main cross-presenting DC
population, other DC populations can promote antitumor CD8 T cell responses [41,71]. In
fact, cDC1s express a cluster of BATF3-dependent genes, independent of IRF8-stabilization
and cross-presentation, which are required for efficient antitumor immunity [72].

Indeed, administration of Flt3L as a single agent was demonstrated to delay or revert
the growth of methylcholanthrene-induced fibrosarcomas [73], C3L5 breast tumors [74],
B16 melanomas, and EL4 thymomas [75]. In these cases, the protection provided by
Flt3L was associated with an expansion of DCs in both lymphoid and peripheral tissues,
together with tumor antigen-specific T cell responses [73–75]. This observation has been
recapitulated with tumor cell lines that stably express Flt3L, which regress after initial
establishment [76]. However, some studies could not reproduce the protective effect of
Flt3L as a single agent. An Flt3L-encoding adenovirus injected intravenously did not
show any therapeutic effect on the cl-66 mammary tumor model [42]. Despite expanding
DCs and other immune populations in spleen, this Flt3L-encoding adenovirus failed at
promoting the infiltration of immune cells within tumors [42]. In this line, intraperitoneal
administration of human recombinant Flt3L to mice failed at controlling the growth of CT26
and B16 tumors [43]. Once again, the administration of Flt3L did not increase the amount
of MHCII+CD11c+ cells, which might include macrophages, within the TME, despite an
intense increase in the number of circulating MHCII+CD11c+ DCs (up to 50-fold) [43]. In
another study from the same laboratory, intraperitoneal administration of Flt3L enriched
tumor-infiltrating cDC1s, but not cDC2s, within an ovalbumin-expressing B16 cell line [70].
The disparity of results obtained from preclinical models treated with Flt3L can be ascribed
to differences in cancer models, Flt3L administration strategies, and dosage.

As with combination chemotherapy [77], a rational combination of immunotherapeu-
tic strategies can synergize and provide increased protection against cancer [78]. In this
case, it had been suggested that, by increasing the number of DCs, Flt3L might successfully
synergize with other therapies that augment the availability of tumor antigens. Accord-
ingly, Flt3L successfully increased survival after local radiation therapy in a metastasis

146



Cancers 2021, 13, 1525

model of Lewis lung carcinoma, which relied on antitumor T cell responses [79]. cDC1s
are required for the abscopal (out-of-field) effect of radiation therapy, supporting that
this might explain these benefits [80]. Additionally, recombinant human Flt3L has been
administered to mice in combination with immunostimulatory DNA and tumor antigens
to raise efficient antitumor immune responses that rely on CD8+ T cells and NK cells [81].

In the context of immune checkpoint blockades, tumor-infiltrating cDC1s have also
been identified to play a pivotal role. Mice deficient in cDC1s do not respond to im-
munotherapy with anti-CTLA4 blocking antibodies [82]. Accordingly, in B16 melanomas
and TRAMP prostate adenocarcinomas, anti-CTLA4 therapy can be improved by the
inoculation of an Flt3L-expressing Vaccinia virus administered either intratumorally or
subcutaneously in the opposite flank [83]. cDC1s are also required for other immune
checkpoint therapies targeting PD1, PDL1 or 41BB [33,70,71]. cDC1-deficient mice dis-
played a reduced expression of PD1 in their tumor-infiltrating CD8 T cells [71], suggesting
that cDC1s are required for a basal activation of cytotoxic immune responses. Besides
cross-presentation, cDC1s excel at producing IL12 in the TME [41,84]. IL12 is necessary for
immune checkpoint therapy [85], but not sufficient to restore responsiveness to immune
checkpoint therapy in cDC1-deficient mice [71]. In several studies, a synergistic effect of
Flt3L with polyI:C has been shown, whereby the cross-presentation of tumor antigens and
tumor control is improved [70,71,86]. Here, a combination of Flt3L with TLR3 agonists
improved the efficacy of anti-PDL1, anti-PD1 and anti-41BB [70,71,86]. However, in these
reports, the precise contribution of Flt3L to the combination with immune checkpoint
therapy is difficult to discern, because the antitumor effects of polyI:C do not rely on
cDC1s [87]. Finally, Batf3-dependent cDC1s are also required for efficacious adoptive T cell
transfer therapy [88,89]. Thus, adoptive transfer of Flt3L-secreting CD8 T cells expands
tumor-infiltrating cDC1s and potentiates immunotherapy with polyI:C and 41BB-activating
antibodies [76]. Overall, Flt3L constitutes a potential therapeutic agent for the treatment of
cancer; multiple studies indicate that it improves antitumor immunity and restricts tumor
growth. However, a better understanding of its mechanism of action might help prevent
undesired interactions with other cancer therapies.

6. Flt3L in the Clinic

The potential therapeutic effect of Flt3L has given it access to several clinical trials
(Table 1). In patients with metastatic colon cancer, pre-resection administration of Flt3L
expanded both blood and perilesional DCs, but not tumor-infiltrating DCs [90]. In that
study, Flt3L administration was associated with enhanced T cell immunity, shown by the
increased sensitivity to recall antigens, but no objective response to Flt3L was observed [90].
Moreover, Fong et al. [91] reported that subcutaneous administration of recombinant Flt3L
expands circulating DCs (HLADR+CD3−CD14−CD19−CD56−) in carcinoembryonic anti-
gen (CEA)+ cancer patients. The increase in blood DCs for the generation of a leukapheresis
product was loaded with CEA and reinfused into the patient [91]. Fong et al. allowed
a two-day gap where they kept the DCs in culture to promote the upregulation of the
costimulatory molecules CD80, CD86, CD40, CD83 and CMRF-44 and the chemokine
receptor CCR7 [91]. Out of 12 patients, two showed tumor regression, one showed a mixed
response, and in two the disease stabilized for at least three months, which associated
with an enhanced cytotoxic potential from their peripheral blood mononuclear cells [91].
In another phase I clinical trial, Flt3L was administered for 14 consecutive days monthly
to patients with human epidermal growth factor receptor 2 (HER-2/neu)+ breast and
ovarian cancers [92]. Flt3L boosted the efficacy of a vaccine based on HER-2/neu peptides
administered with GM-CSF [92].

Among its concerning adverse effects, Flt3L was suggested to drive lymphoprolifera-
tive malignancies [63]. Flt3L might promote the proliferation of Flt3L-dependent/-addict
cancers, which is a frequent feature of acute myeloid leukemia. However, even some acute
myeloid leukemia models can benefit from the immunostimulatory effects of Flt3L [93].
Thus, caution should be taken when administrating Flt3L to immune cell malignancies.
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Among the reported unwanted consequences, inflammatory effects stand out. Pre-resection
administration of Flt3L to patients with metastatic colon cancers, only local symptoms such
as erythematous nodules with no arthralgia, myalgia or fever were reported [90]. Fong et al.
indicated that Flt3L administration only caused minor adverse effects, while DC reinfusion
caused self-limited low-grade rigors and diarrhea [91]. In their study with gynecological
cancer patients, Disis et al. [92] indicated that only one out of five patients receiving Flt3L
alone developed a low-grade rash. Here, two out of five patients receiving Flt3L and
GM-CSF developed serological alterations, with one of them suffering Sicca syndrome [92].
This study also reported the development of transient nonspecific autoimmune adverse
effects in some patients [92]. As mentioned before, Bhardwaj and colleagues [94] tested the
effect of Flt3L on patients receiving polyICLC, and described several low-grade local and
systemic side effects, and even some high-grade effects such as anemia, hypophosphatemia,
syncope, skin ulceration and sepsis. However, these are compatible with the administration
of polyICLC [94]. Therefore, despite the concerns on the tumorigenic potential of Flt3L, all
its adverse effects are associated with inflammatory disorders. However, all these reports
agree that Flt3L was well tolerated, and no dose-limiting toxicity was observed.

Table 1. Clinical Trials targeting the Flt3 receptor. Clinical trials registered in ClinicalTrials.gov where FLT3L has been used
with immunostimulatory ends. This table includes clinical trials reported by 24 November 2020. Note that FLT3L is often
used in a cytokine cocktail to expand hematopoietic precursors to improve the efficacy of bone marrow transplantation [95],
but those have been excluded. s.c.: subcutaneous * Estimated accrual.

Identifier Title Indication Therapeutic Strategy Accrual Clinical Trial Phase

Status: Completed

NCT00006223
Flt3L in Treating Patients

With Acute
Myeloid Leukemia

Acute myeloid
leukemia in
remission

S.c. recombinant
FLT3L vs.

observation alone
139 * III

NCT00003431
Flt3L in Treating Patients

With Metastatic Colorectal
Cancer

Metastatic
colorectal cancer

S.c. recombinant
FLT3L before resection
of hepatic metastases

12 * I

NCT00019396

Flt3L With or Without
Vaccine Therapy in

Treating Patients With
Metastatic Melanoma or

Renal Cell Cancer

Stage IV
melanoma, stage

IV renal cell cancer,
recurrent renal cell

cancer and
recurrent

melanoma

S.c. recombinant
FLT3L alone or with

melanoma-associated
peptides

54–96 * II

NCT00020540

Biological Therapy in
Treating Patients With

Metastatic Melanoma or
Metastatic Kidney Cancer

Metastatic skin
melanoma and

metastatic
kidney cancer

S.c. recombinant
FLT3L with s.c.

recombinant CD40L
5 * I

NCT01465139
A Study to Evaluate

CDX-301 (rhuFlt3L) in
Healthy Volunteers

Healthy volunteers
Escalating doses of s.c.

recombinant FLT3L
(CDX-301)

30 I

NCT01484470
Umbilical Cord

Transplantation for the
Elderly Population

Multiple
hematologic
malignancies

Biological: StemEx 18 II

NCT02139267

Dose-finding, Safety Study
of Plasmid DNA

Therapeutic Vaccine to
Treat Cervical

Intraepithelial Neoplasia

Cervical
intraepithelial

neoplasia

Electroporation of
DNA vaccine

encoding for FLT3L
and shuffled E6 and E7

genes of HPV type
16/18 (GX-188E)

72 II
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Table 1. Cont.

Identifier Title Indication Therapeutic Strategy Accrual Clinical Trial Phase

Status: Active, not Recruiting

NCT02839265

FLT3 Ligand
Immunotherapy and

Stereotactic Radiotherapy
for Advanced Non-small

Cell Lung Cancer

Advanced
non-small cell

lung cancer

S.c. recombinant
FLT3L (CDX-301) with

stereotactic
body radiotherapy

29 II

NCT01811992
Combined Cytotoxic and

Immune-Stimulatory
Therapy for Glioma

Malignant glioma
and glioblastoma

multiforme

Dose escalation of
adenovirus gene

transfer that drives
direct tumor killing

and FLT3L expression

19 I

NCT02129075

CDX-1401 and Poly-ICLC
Vaccine Therapy With or

Without CDX-301 in
Treating Patients With
Stage IIB-IV Melanoma

Stage IIB-IV
melanoma

S.c. recombinant
FLT3L (CDX-301), s.c.

or i.d.
DEC-205/NY-ESO-1

fusion protein
(CDX-1401) and s.c.

poly-ICLC

60 II

Status: Recruiting

NCT03789097 Vaccination With Flt3L,
Radiation, and Poly-ICLC

Non-Hodgkin’s
lymphoma,

metastatic breast
cancer and head

and neck
squamous cell

carcinoma

In situ recombinant
FLT3L, radiation and

Poly ICLC with
pembrolizumab

56 * I/II

NCT01976585

In Situ Vaccine for
Low-Grade Lymphoma:

Combination of
Intratumoral Flt3L and

Poly-ICLC With
Low-Dose Radiotherapy

Low-grade B-cell
lymphoma

In situ recombinant
FLT3L (CDX-301) and

poly-ICLC
30 * I/II

NCT03329950

A Study of CDX-1140
(CD40) as Monotherapy or
in Combination in Patients

With Advanced
Malignancies

Multiple cancer
types

CD40 agonist antibody
(CDX-1140) alone vs.

combination with
recombinant FLT3L

(CDX-301) vs.
combination with

pembrolizumab vs.
combination with

chemotherapy

260 * I

Status: not yet Recruiting

NCT04491084
FLT3 Ligand, CD40

Agonist Antibody, and
Stereotactic Radiotherapy

Non-small cell
lung cancer

FLT3L (CDX-301) with
CD40 agonist antibody

(CDX-1140) and
stereotactic

radiotherapy vs.
stereotactic

radiotherapy alone

46 * I/II

NCT04616248

Radio-immunotherapy
(CDX-301, Radiotherapy,

CDX-1140 and Poly-ICLC)
for the Treatment of

Unresectable or Metastatic
Breast Cancer Patients

Unresectable and
metastatic breast

cancer

In situ FLT3L, CD40
agonist antibody
(CDX-1140), poly

ICLC and radiation
therapy vs. addition of

i.v. CDX-1140

36 * I
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Table 1. Cont.

Identifier Title Indication Therapeutic Strategy Accrual Clinical Trial Phase

Status: Unknown

NCT03206138

Safety and Efficacy of
GX-188E Administered

Via EP Plus GX-I7 or
Imiquimod.

Cervical
intraepithelial

neoplasia 3

GX-188E with GX-I7
vs. GX-188E with

imiquimod
50 *

NCT02411019

Safety and Efficacy of
GX-188E DNA

Therapeutic Vaccine
Administered by

Electroporation After
Observation

Cervical
intraepithelial

neoplasia 3
GX-188E 72 II

In a recent study, in situ vaccination based on local administration of Flt3L, radiation
therapy and the TLR3 ligand polyICLC showed increased CD8+ T cell responses in patients
suffering indolent non-Hodgkin’s lymphoma [86]. This study reported systemic tumor
regression in some patients, but not in those that had not responded to previous treat-
ments [86]. These studies show strong evidence for a role for Flt3L in boosting antitumor
immune responses, but it is important to note that trials which prove its clinical efficacy
are still lacking.

7. Conclusions and Future Perspective

Due to the importance of DCs in antigen-(cross-)presenting populations, and the
association of their infiltration within cancer with a positive prognosis, different compounds
that drive the expansion of these populations has been actively pursued in the last years.
To that aim, Flt3L is currently being evaluated in multiple clinical trials (e.g., NCT03789097,
NCT02839265, NCT01976585) [86], but no clear therapeutic benefit has been reported.

Different results may rely on the administration route and dosage. In several reports,
the administration of intravenous Flt3L did not show a therapeutic effect, but that might be
due to the lack of DC expansion observed in those trials. It might be possible that a greater
systemic dosage obtains an efficacious expansion of tumor-infiltrating cDC1s, while Flt3L
expression in the TME, whether by tumor cells or adoptively transferred cells, might bring
up the availability of Flt3L in situ.

In another line, Flt3L is a growth factor that is induced upon acute damage to the
bone marrow. It has been shown that the seral levels of Flt3L are increased in patients
with low blood cell counts, caused by aplastic anemia, chemotherapy, or radiation [34,35].
The success of bone marrow transplantation can also be tracked by determining the seral
levels of Flt3L, which return to normal about three months after the procedure [34]. If
chemotherapeutic drugs can drive the augmentation of Flt3L levels, the utility of exogenous
Flt3L might be in the spotlight when combined with these therapies. However, it has
been suggested that Flt3L can help overcome the toxicity of these therapies, similar to
GM-CSF derivates.

Another aspect that remains unexplored is the effect of Flt3L on mature DC subsets,
which maintain Flt3 expression. According to Cohen et al., STAT3 activation downstream
of Flt3 is necessary for the efficient generation of cDC1s [96], although STAT3 signaling
becomes a burden in differentiated cDC1s challenged with tumor-conditioned culture
media [97]. Reviewing the significance of most of these studies is complicated, because
they were carried out before a clear classification of DC had been established, and we have
a better idea of which DC subsets are preferable to boost.

Another key factor that remains to be explored in depth is the impact of Flt3L in the
expansion of tumor-infiltrating pDCs. Contrary to cDC1s, whose infiltration associates
with good prognosis [41,82,84,98], and cDC2s, whose role in antitumor immunity is not
clear [11], infiltration of human cancers by pDCs associates with poor prognosis [17].
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Despite their potential as IFN-I producers, pDC functionality is impaired in the TME
and instead drives Th2 and Treg immune responses through OX40L and ICOSL [15]. It
is possible that Flt3L expands both cDC1s and pDCs with no net effect, but a rational
combination of Flt3L with pDC-mediated immune checkpoints.

The relevance of DCs in driving antitumor immune responses, especially the strong
association between cDC1 infiltration of human cancers with positive outcomes, maintain
great expectation on the clinical utility of Flt3L. Despite the lack of positive results from
clinical trials, designing rational therapeutic approaches through the combination of Flt3L
with other immunomodulatory agents could have an impact in the war against cancer.
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Simple Summary: We review the mechanisms of cellular metabolism and mitochondrial function
that have potential to impact on the success of chimeric antigen receptor (CAR) T cell therapy. The
review focuses readers on mitochondrial functions to allow a better understanding of the complexity
of T cell metabolic pathways, energetics and apoptotic/antiapoptotic pathways occurring in CAR
T cells. We highlight potential modifications of T cell metabolism and mitochondrial function for
the benefit of improved adoptive cellular therapy. Reprogramming metabolism in CAR T cells is an
attractive approach to improve antitumour functions, increase persistence and enable adaptation to
the nutrient-restricted solid tumour environment.

Abstract: Chimeric antigen receptor (CAR) T-cell therapy has revolutionized adoptive cell therapy
with impressive therapeutic outcomes of >80% complete remission (CR) rates in some haematological
malignancies. Despite this, CAR T cell therapy for the treatment of solid tumours has invariably
been unsuccessful in the clinic. Immunosuppressive factors and metabolic stresses in the tumour
microenvironment (TME) result in the dysfunction and exhaustion of CAR T cells. A growing body
of evidence demonstrates the importance of the mitochondrial and metabolic state of CAR T cells
prior to infusion into patients. The different T cell subtypes utilise distinct metabolic pathways
to fulfil their energy demands associated with their function. The reprogramming of CAR T cell
metabolism is a viable approach to manufacture CAR T cells with superior antitumour functions
and increased longevity, whilst also facilitating their adaptation to the nutrient restricted TME. This
review discusses the mitochondrial and metabolic state of T cells, and describes the potential of the
latest metabolic interventions to maximise CAR T cell efficacy for solid tumours.

Keywords: CAR T cell therapy; T cell metabolism; mitochondria; memory T cell; metabolic repro-
gramming

1. Introduction

Generally, a CAR is composed of both antibody and T cell receptor (TCR) components
that can recognise tumour-associated antigen (TAA) in an MHC-independent manner [1].
Indeed, this is the most significant advantage of CAR T cells over other types of adoptive
cell therapy (ACT), such as tumour-infiltrating lymphocytes (TILs) and TCR therapies,
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especially in cases where tumour cells lose or downregulate MHC expression [1]. Regard-
less of the generation of CAR, a CAR is composed of three main parts: the extracellular
domain (antigen recognition domain and hinge), a transmembrane (TM) domain and
intracellular domain(s). The antigen recognition domain is a single-chain variable fragment
(scFV) consisting of variable light (VL) and heavy (VH) chain regions of a monoclonal
antibody (mAb). A flexible linker, usually made of glycine and serine repeats, separates
the VL and VH. The hinge and TM are commonly derived from CD28, CD8α or IgG. So
far, five generations of CAR T cells have been developed utilizing a different combination
of costimulatory domains in their intracellular domains (CD28, CD137, CD134, etc.). For
more information about CAR T cell design, see the recent reviews [1,2].

CAR T cell therapy involves the isolation and transduction of patient or allogeneic
donor-derived T cells with a cancer-specific CAR, followed by around two weeks ex vivo
expansion prior to administration to the patient [3]. During this period, the patient is nor-
mally conditioned with lymphodepleting chemotherapeutic drugs to reduce competition
from endogenous T cells to allow lymphopenic expansion of transfused CAR T cells [3,4].
Thus, ex vivo expansion of CAR T cells differs from physiologic T cells expansion occurring
during physiological T cell responses in several aspects [3].

The efficacy of CAR T cell therapy has been most impressive in treating B-cell lym-
phoma expressing CD19. Recent studies have reported response rates for B-cell non-
Hodgkin’s lymphoma (B-NHL) and diffuse large B cell lymphoma (DLBCL) in the range
of 50–80% [5–7]. The high rate of success in the treatment of B-cell lymphomas can be at-
tributed to several reasons such as isolated antigen expression, manageable side effects and
minimal impact of patient risk factors such as age, previous treatment or high international
prognostic index (IPI) score used to determine patient risk group and prognosis for B-cell
lymphomas [5–7]. Overall, this equates to CAR T cell therapy as an effective treatment of B
cell lymphoma. However, this same efficacy has not been seen in CAR T cell clinical trials
for solid malignancies (see Table 1) [8,9].

Table 1. List of recent clinical trials for CAR T cell therapy.

Clinical Trial
Identifier

Phase of Study Start Date Target Cancer Target Antigen
CAR Structure and

Specification

NCT04697940 I/II 2020 Relapse and
refractory B-cell NHL CD19 and CD20

Tandem dual Specificity
targeting CD19 and CD20

CARs

NCT04503980 I 2020 Colorectal cancer,
Ovarian cancer MSLN MSLN-CAR-T cells secreting

PD-1 nanobodies

NCT04185038 I 2019 Wide range of brain
tumours B7H3

Autologous T cells lentivirally
transduced to express a 2nd
generation B7H3 CAR and

EGFRt

NCT03618381 I 2019 Wide range of brain
tumours EGFR806

Autologous T cells that are
lentivirally transduced to
express 2nd generation

EGFR806 CAR and EGFRt

NCT03500991 I 2018 Wide range of brain
tumours HER2

Autologous T cells lentivirally
transduced to express a 2nd
generation HER2 CAR and

EGFRt

NCT03198052 I 2017 Lung Cancer

HER2, MSLN, PSCA,
MUC1, Lewis-Y,

GPC3, AXL, EGFR,
Claudin18.2 and

B7-H3

3rd generation CAR-T cells
targeting HER2, Mesothelin,

PSCA, MUC1, Lewis-Y, GPC3,
AXL, EGFR, Claudin18.2, or

B7-H3
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Table 1. Cont.

Clinical Trial
Identifier

Phase of Study Start Date Target Cancer Target Antigen
CAR Structure and

Specification

NCT03618381 I 2019 Paediatric Solid
Tumours

EGFR806, CD19 and
HER22tG

Autologous T cells lentivirally
transduced to express a 2nd
generation EGFR806-EGFRt

and a 2nd generation
CD19-Her2tG

NCT03525782 II 2018 Non-small cell lung
cancer MUC1

Autologous anti-MUC1
CAR-T cells with PD-1

knockout

NCT04489862 Early I 2020
Non-small-cell lung

cancer
mesothelioma

MSLN
Autologous MSLN- CAR T

cells secreting PD-1
nanobodies

NCT04581473 Ib/II 2020

Gastric adenocarci-
noma/Pancreatic

can-
cer/Gastroesophageal

Junction
Adenocarcinoma

Claudin18.2 2nd generation

NCT03356782 I/II 2017
Sarcoma/Osteoid
Sarcoma/Ewing

Sarcoma

CD133, GD2, MUC-1
and CD117 4th generation CAR T cell

NCT03916679 I/II 2020
Relapsed and

refractory epithelial
ovarian cancer

MSLN CRISPR/Cas9 mediated PD-1
knocked-out

NCT03323944 I 2020 Pancreatic Cancer MSLN

2nd generation/fully
humanized/lentiviral

transduced huCAR T-meso
cells

NCT03198546 I 2019 Hepatocellular
carcinoma GPC3 and TGF-β

CD4+ T cells are genetically
engineered to express
TGFβ-CAR and secret

IL-7/CCL19 and/or scFvs
against PD1/CTLA4/Tigit;

CD8+ T cells are constructed
to express GPC3-DAP10-CAR

with knockdown of
PD1/HPK1

NCT02915445 I 2016
Nasopharyngeal

carcinoma/Breast
cancer

EpCAM 3rd generation

NCT01869166 I 2018 Unresectable/metastatic
Cholangiocarcinoma EGFR and CD133 2nd generation

NCT03198546 I 2017
Advanced

hepatocellular
carcinoma

GPC3 and TGF-β

3rd and 4th generation CART
cells with/or without

IL-7/CCL19 and/or scFv
against PD1/CTLA4/Tigit in

T cells knockdown of
PD1/HPK1

NCT03818165 I 2019 Metastatic Pancreatic
Carcinoma CEA

Using pressure enhanced
delivery device (PEDD) to

increase the CAR T cell
migration

NCT04650451 II 2018

HER2-positive
Gastric cancer

HER2-positive Breast
cancer

HER2

Dual-switch using inducible
coactivation domain

MyD88/CD40 and an
CaspaCIDe®safety switch

CAR, chimeric antigen receptor; NHL, non-Hodgkin lymphoma; MSLN, mesothelin; EGFRt, truncated epidermal growth factor receptor;
HER2, human epidermal growth factor receptor 2; PSA, prostate-specific antigen; MUC1, mucin1; GPC3, glypican-3; scFv, single-chain
variable fragment; PD1, programmed cell death protein 1; CTLA4, cytotoxic T-lymphocyte-associated protein 4; Tigit, T cell immunoglobulin
and immunoreceptor tyrosine-based inhibitory motif (ITIM) domain; EPCAM, epithelial cell adhesion molecule; HPK1, hematopoietic
progenitor kinase 1; CEA, carcinoembryonic antigen.
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In contrast to bloodborne malignancies, solid tumours possess other properties that
aid in tumorigenesis. Solid tumours develop an immunosuppressive microenvironment
that antagonises the efficiency of the immune response. This occurs through physical
factors such as low pH and immunosuppressive metabolites such as adenosine, but also
through the increased expression of inhibitory ligands such as programmed cell death
1 (PD-1), cytotoxic T lymphocyte antigen 4 (CTLA-4) and lymphocyte activation gene 3
(LAG-3) [8,10]. In combination with the expression of inhibitory ligands, the extracellular
environment is both highly acidic and hypoxic and being devoid of nutrients needed for
cell survival and containing a high concentration of molecules that induce the recruitment
and differentiation of immunoregulatory cell populations to maintain immune tolerance
against the tumour [8,9,11]. For these reasons, current CAR T cell modalities have been
ineffective in the treatment of solid tumours.

Therefore, several recent studies have focussed on ways to increase the efficiency of
the T cell-mediated antitumour responses [9,12–16]. Effective antitumour responses require
T cell infiltration to the TME, to allow T cell activation by tumour antigen recognition. T cell
activation involves proliferation and differentiation, after which T cell subsets can carry out
their various effector functions, which enable the destruction of malignant cells. Following
rapid proliferation, T cells then undergo a contraction phase leaving long-lived memory T
(TM) cells to maintain long-term protection from relapse. Metabolic regulation is critical
to enable effective response [12,17]. T cells undergo significant metabolic reprogramming
throughout activation to ensure energy requirements are met and providing biosynthetic
pathways with sufficient intermediates to enable macromolecule synthesis of necessary
cellular components [12,17].

Mitochondria play a key role in the regulation of T cell metabolism within the TME.
The role of the mitochondria in T cells is multifaceted, with key roles in energy generation,
biosynthesis, migration, cell fate and programmed cell death, all of which impact on the
elimination of cancer [18]. T cells are exquisitely dependent on nutrient availability to carry
out their effector functions and nutrient-sensing by T cells regulates their effector functions
in accordance with the availability of nutrients in the surrounding environment [19]. The
metabolically flawed nature of the TME has consequently been shown to have a severe
impact on the efficacy of CAR T cell treatment of solid tumours and, therefore, patient
prognosis [8,12–14].

2. Mitochondria Regulates Cellular Metabolism and Biosynthesis

Adenosine triphosphate (ATP) is a key metabolite for energy expenditure in cells.
Three macromolecules are used to produce ATP, carbohydrates (e.g., glucose), fatty acids
and amino acids (e.g., glutamine) by catabolic metabolism. Resting cells such as naïve
T (TN) and TM cells preferentially use this pathway to generate ATP [12,20]. Glucose
catabolism initiates with glycolysis to generate two ATP and pyruvate.

The tricarboxylic acid cycle (TCA) is a cyclical series of reactions used to generate
additional ATP. The initial reaction involves the combination of acetyl-CoA, generated
through fatty acid, pyruvate or amino acid oxidation, with oxalacetate resulting in the
six-carbon citrate molecule. Citrate is then converted into isocitrate that is decarboxylated
and converted to α-ketoglutarate, and then further to succinyl-CoA releasing two CO2 and
one NADH molecule. Succinyl-CoA conversion to succinate is coupled with GTP synthesis,
which can later be converted to ATP. Oxidation of succinate results in fumarate generation
and the transfer of two H+ molecules transferring to FAD to produce FADH2. Fumarate
is then converted to malate and further into oxalacetate to combine with acetyl-CoA to
continue the cycle. NADH and FADH2 generate thirty-four ATPs by passing through the
electron transport chain (ETC) [12,17–21] (Figure 1).
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Figure 1. Schematic diagram of metabolic pathways in T cells. During T cell activation and rapid
proliferation, glycolytic metabolism is enhanced by increases in glycolytic transporters such as GLUT-
1. This increases glycolytically derived pyruvate conversion to acetyl-CoA, which is further converted
to citrate within the TCA cycle. In the activated T cells, citrate is exported into the cytoplasm, where
it is converted back to acetyl-CoA for use in the mevalonate pathway to synthesise cholesterol. To
balance the export of citrate out of the TCA cycle, glutamine transporters are also upregulated. TCR,
T-cell receptor; CAR, chimeric antigen receptor; MCT1, monocarboxylate transporter 1; GLUT1,
glucose transporter 1; ASCT2, alanine-serine-cysteine transporter 2; G6P, glucose 6-phosphate; PEP,
phosphoenolpyruvate; FPP, farnesyl diphosphate; TCA, Tricarboxylic acid cycle.

Rapidly proliferating cells such as effector T (TEFF) cells use anabolic metabolism, a
process to manufacture new molecules to meet the demand for newly synthesised DNA,
proteins and phospholipids for cell membranes. Acetyl-CoA produced in the mitochondria
can be exported to the cytosol for the synthesis of fatty acids needed for lipid biosynthesis.
Similarly, other metabolic intermediates from the TCA can be used for macromolecular
synthesis, in a process known as cataplerosis, utilising cholesterol, nucleotides and amino
acids needed for cell proliferation. This comes at the cost of metabolite depletion, in which
the mitochondria balances through anaplerosis where molecules are fed back into the
cycle. Anabolic metabolism only produces two ATP in exchange for one glucose through
glycolysis [12,17–21].

3. An Overview of Mitochondrial Dynamic in T Cells

Mitochondria exist in two morphologies within T cells, either short or long tubules
formed through fission or fusion [18]. Mitochondrial fusion and fission allow control
over mitochondrial mass and metabolism. The mitochondrial dynamic is controlled by
external (e.g., growth factors and nutrients) and internal factors (e.g., transcription factors
and reactive oxygen species) [22]. The induction of these processes can be triggered in
response to T cell activation and changes in T cells transcriptome [22], and environmental
factors such as decreased nutrient availability, such that is seen in the TME [19] (see
Sections 5 and 6).

In addition to ATP production, mitochondria are involved in lipid synthesis, signalling,
calcium regulation and cell cycle progression, which all together act in an anabolic manner
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providing fundamental materials for the activation, clonal expansion and differentiation
of T cells [18,21]. The contribution of mitochondria to these events includes fission and
fusion, which fulfil adapting their location, size and distribution. There is also an interac-
tion between mitochondria and other organelles, especially the endoplasmic reticulum,
to maintain its function during the procedures mentioned above. These organisational
structures are known as mitochondria-associated membranes (MAMs) [23]. During T cell
adaptation, mitochondria travel towards the immune synapse, where they serve as local-
ATP generators and calcium-buffering infrastructures to facilitate intracellular signalling
and intercellular communication for T cell activation, proliferation and differentiation [18]
(Figure 2).

Figure 2. Mitochondrial functions in T cells. When T cells detect the chemotactic factors, mitochondria
accumulate at the uropod to support the energy demand during T cell migration. Mitochondria take
up calcium during stimulation and have a role in calcium homeostasis. Besides, mitochondria by
anabolic metabolism provide ATP and energy for T cells, while by catabolic metabolism providing
building blocks for cell proliferation. C I/II/III/IV/V, complex I/II/III/IV/V; MPC, mitochondrial
pyruvate carrier; FAO, fatty acid oxidation; SRC, spare respiratory capacity.

The exact mechanisms of fusion and fission transition are poorly understood. In
T cells, mitochondrial fission is triggered by T cell activation through the phosphoryla-
tion of dynamin-related protein 1 (Drp1) by protein kinase C. Drp1, a GTPase protein is
translocated to the outer mitochondrial membrane (OMM) to fission sites by mitochon-
drial dynamic proteins, Mid49 and Mid51, and mitochondrial fission factor (MFF). Drp1
oligomerizes forming a belt around the mitochondria that constricts mitochondria through
by GTP hydrolysis, splitting the inner- and outer-membranes [24,25].

Mitochondrial fusion involves three GTPases, mitofusion 1 and 2 (Mfn1 and Mfn2)
and optic atrophy 1 (OPA1). During fusion, Mfn1/2 are localized at the OMM and form
complexes between two adjacent mitochondria. C-terminal regions of Mfn1/2 contain
hydrophobic heptad repeat region (HR2) that dimerizes with other Mfn1/2 proteins on
the adjacent mitochondria bringing them into contact for fusion. OPA1 and cardiolipin
are located within the mitochondria intermembrane space and are responsible for inner
membrane fusion (IMM) [24,25].

Mitochondrial fusion increases cristae formation promoting increased oxidative phos-
phorylation (OXPHOS) and fatty acid oxidation (FAO); both pathways are essential for
the survival of TN cells and the formation of TM cells [17,22]. In contrast, mitochondria

162



Cancers 2021, 13, 1229

fission promotes aerobic glycolysis within TEFF cells, such as CD8+ T cells. This switch to
anabolic metabolism is necessary to support the production of molecules needed to carry
out effector functions [17,22].

4. The Role of Mitochondria in Cell Death

Cell death encompasses a variety of processes ranging from the relatively disordered
necrosis to the highly ordered, active process of apoptosis. Regulation of cell death is
crucial for maintaining homeostasis, at both the tissue and system level. Antigen specific
activation of T cells typically leads to clonal expansion followed by contraction, with a
small population of long-lived memory cells persisting in circulation [3]. A lack of T cell
contraction leads to debilitating or even fatal lymphoproliferative disorders. Apoptosis
can proceed through two distinct pathways, the intrinsic and extrinsic pathways, each of
which has a distinct set of apoptotic cascades triggered by both overlapping and unique
induction stimuli [26]. While both apoptotic pathways are triggered by distinct stimuli
and follow divergent signalling pathways, they converge at the mitochondria, where
the maintenance of mitochondrial membrane integrity acts as the essential mediator of
apoptotic fate. Mitochondrial membrane integrity is maintained through the complex
interplay of the Bcl-2 family of proteins, consisting of both pro-apoptotic (Bax, Bak, Bok,
Bid, Bim, Bad, Noxa and Puma) and antiapoptotic members (Bcl-2, Bcl-xL, Bcl-w, A1 and
Mcl-1) [26].

Intrinsic apoptosis is triggered by a range of stimuli, such as DNA damage, oxidative
stress or removal of homeostatic cytokines [27]. Under normal conditions, antiapoptotic
members of the Bcl-2 family are able to sequester the function of the proapoptotic BH3-
only family members. Apoptotic stimuli lead to increased BH-3-only protein activity,
including the direct activation of apoptotic effector proteins and the suppression of Bl-2
family activity [28]. The stimuli-induced increase in activity is multifaceted, with evidence
of transcriptional, post-transcriptional and post-translational modifications all shown to
play a role in triggering intrinsic apoptotic cascade [29]. The activation of BH3-proteins
leads to the dimerisation of Bak and Bax on the MOM mediating the cytosolic release
of Cytochrome C (Cyto-C), Smac/DIABLO and the serine protease HtrA2/Omi [26,27].
Cytosolic Cyto-C then forms a multiprotein complex known as the apoptosome, consisting
of Apaf-1 and the zymogenic procaspase 9. The formation of the apoptosome induces the
autoproteolytic processing of procaspase 9, with the active caspase 9 then cleaving effector
caspases downstream [26,30] (Figure 3).

The extrinsic apoptotic pathway is triggered through the interaction of death receptors
belonging to the tumour necrosis factor (TNF) receptor superfamily, including CD95
(APO-1/Fas), TNF receptor 1 (TNFR1), TNF-related apoptosis-inducing ligand receptor
1 (TRAIL-R1) and TRAIL-R2, with their respective ligands. The prototypical receptor–
ligand pair is CD95:CD95L, an important regulator of T cell contraction but also T cell
activation [31]. The binding of CD95L induces a conformational change in the intracellular
region of CD95 and subsequent formation of the death-inducing signalling complex (DISC).
DISC is composed of Fas-associated death domain (FADD), the procaspase regulator c-FLIP,
and the inactive caspase 8 and -10 zymogens. The oligomerisation of procaspase 8 leads to
autoproteolytic processing, with active caspase 8 initiating the apoptotic cascade [26,30,32].

Of note, it is possible for cells to proceed through two distinct pathways following
procaspase 8 activations, deemed type I and II, respectively [33]. Type I responses occur
when the levels of active caspase 8 are sufficient to process caspase 3, leading to apoptosis
directly. Alternatively, type II apoptotic responses involve the cleavage of the Bcl-2 family
member Bib and subsequently leads to the dimerisation of Bak and Bax on the MOM,
mitochondrial depolarisation and the release of Cyto-C into the cytosol [33,34] (Figure 3).

The impact of apoptosis on the maintenance of T cell function can depend on the
nature of the immune response and the differentiation/activation state of the T cell [35].
Intrinsic apoptosis regulates both naïve and activated T cells; however, the nonapoptotic
Bcl-2 family members play varying roles throughout T cell life. TN cells express high levels
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of Bcl-2, with a rapid decrease upon TCR engagement, concurrent with a rapid increase in
Mcl-1 expression [35,36]. While Mcl-1 has been shown to be critical for T cell survival at all
stages of development, Bcl-2 and Bcl-xL are thought to serve distinct roles during T cell
development [37].

Figure 3. Mitochondrial pathways of cell death in T cells. Activation of CD95 or TNFR1 upon binding
to CD95L results in the formation of DISC. Activation of caspase-8, in type I cells leads to direct
activation of caspase-3 and then induction of apoptosis independent of mitochondria. In type II
cells, caspase-8 cleaves the Bid proapoptotic protein to make truncated tBid. Next, tBid promote the
oligomerisation of Bak/Bax complexes to form pores in the mitochondria outer membrane. Releasing
Cyto-C in the cytosol activates caspase-9, which in turn activates caspase-3 to induce downstream
events of apoptosis. TRAIL, TNF-related apoptosis inducing ligand; BID, BH3 interacting domain
death agonist; CAD, caspase-activated DNase; ICAD, inhibitor of caspase-activated DNase; Bcl-2,
B-cell lymphoma 2; Mcl-1, myeloid cell leukemia 1; Apaf1, apoptotic peptidase activating factor 1;
Cyto-C, Cytochrome C; XIAP, X-linked inhibitor of apoptosis protein; TNFR1, tumor necrosis factor
receptor 1; DISC, death inducing signaling complex.

Triggering of external apoptosis through CD95:CD95L interactions is critical in ensur-
ing overactive T cells are removed from the circulation during a healthy immune function
by activation-induced cell death (AICD). Intriguingly, ablation of the CD95:CD95L pathway
has been shown to have little impact upon T cell contraction during acute infections but
is instead essential for controlling T cell expansion in chronic antigen stimulation [38].
Constitutive exposure to CD95L also impairs DISC formation and leads to the appearance
of CD95-resistant T cells with reduced AICD capacity [39].

CD95-induced apoptosis is one of the main ways that both CD4+ and CD8+ cytolytic
TEFF kill transformed and virally infected cells [40]. Almost all human tumours express
CD95 and CD95L on their cell surface [40]. Upregulation of CD95L along with downregu-
lation of CD95 promote tumour progression. In the "tumour counterattack" theory, a high
level of CD95L on the tumour cell surface activates AICD in TILs [40].

Tumour cells also benefit from nonapoptotic functions of CD95 signalling. Cancer
cells upregulating CD95/CD95L express chemotactic factors such as IL-8 and MCP1 [41].
Chemotactic proteins increase the recruitment of proinflammatory cells and create an
inflammatory environment supporting cancer growth [42]. Activation of CD95 in apoptosis-
resistant tumour cells results in the induction of pathways or a set of genes with a variety
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of roles in tumour progression. For instance, activation of CD95 is an inducer for NF-κB
and all three major mammalian target of rapamycin (MAPK) pathways: ERK1/2, p38 and
JNK1/2 [43]. These pathways have implications for growth, invasion, metastasis, resistance
to apoptosis and cell cycle progression [44]. Moreover, the vast majority of reports have
shown that upregulation of CD95L by cancer cells is an adverse prognostic marker for
many solid tumours [40], and the elimination of CD95 or CD95L in cancer cells induces
"death induced by CD95 or CD95L" [45].

The implications of CD95:CD95L pathway has also been investigated in CAR T cell
therapy. CAR T cells use CD95L to lysis CD95 positive target cells. Hong et al. showed
that CD30-CAR T cells killed their CD30+ target cells as well as CD30- surrounding cells
via a cell–cell contact-dependent CD95:CD95L interaction [46]. In addition, it is well
known that TM cells express CD95 as their marker, and high CD95 expression have been
shown in T memory stem cells (TSCM) [47]. In another study, Klebanoff et al. showed that
stimulating CD95 signalling using soluble trimeric CD95L elevated memory CAR T cell
differentiation [48].

Recent reports suggest that CD95:CD95L signalling may play a role in the limited
long-term persistence of CAR T cells in treating solid tumours [49,50]. Blockade of the
signalling pathway has been shown to both increase CAR T cell persistence and number
without adverse effects [49–53]. Inhibiting the CD95:CD95L pathway enhanced the CAR T
cell therapy in vitro and in vivo. For example, inhibition of CD95 or CD95L translation via
siRNA increased the persistence of anti-CD171 CAR T cells [49]. Blockade of CD95:CD95L
either with a dominant-negative form of FADD or mAb, increases the number of CAR T cells
without causing autoimmunity [50,51,53]. However, due to the vital role of CD95:CD95L
pathway in the development of memory CAR T cells, modulation of CAR T cells by
ablating CD95 signalling must be investigated with an abundance of caution. We have
recently shown that Her2-CAR T cells overexpressing Mcl-1 exhibit high resistance to
AICD-mediated by CD95L [54]. Since Mcl-1 acts at a later stage of AICD, induction of
Mcl-1 expression to overcome CAR T cell loss could be considered as a future approach.
An additional advantage of modulating Mcl-1 expression is the ability of Mcl-1 to enhance
mitochondrial and energetic dynamics and its potential role in the generation of TM
cells [37,55].

5. Mitochondrial Function during T Cell Activation and Differentiation

The initiation of T cell activation results in the reprogramming of cellular metabolic
processes in order to meet the bioenergetic and biosynthetic demand. Sustained TCR
signalling, and costimulation, are required to initiate metabolic changes to facilitate prolif-
eration, differentiation and production of effector molecules such as cytokines [56].

T cell activation results in a shift from OXPHOS and FAO with the promotion of the
anabolic pathways of glycolysis and glutaminolysis within T cells [57,58]. This is facilitated
through the engagement of the TCR to a recognised antigen; this engagement must be both
high affinity and sustained to initiate downstream activation pathways [59]. The costimu-
lation mediated by CD28 is also needed to avoid senescence, and drive the metabolic shift
toward anabolic pathways needed for activation [57]. TCR engagement phosphorylates
receptor-proximal tyrosine kinases that in turn activate phospholipase Cγ (PLC-γ). PLC-γ
mediates two pathways, one through Ca+ flux and the other through protein kinase C
(PKC) activation. An increase of Ca+ through its release from the endoplasmic reticulum
stimulates the phosphatase calcineurin, which dephosphorylates the transcription factor
NFAT. This allows for NFAT nuclear translocation to promote the expression of genes
associated with T cell activation such as the (mTORC)-1 and mTORC2 [57,58]. PKC acti-
vates the mitogen-activated protein kinase MAPKs family, which also increases the rate of
ribosomal synthesis within activated T cells [60].

The activation of mTORC2 activates AKT, which increases expression of GLUT1, a
glucose transporter. Increased GLUT-1 expression increases glucose uptake to fuel glycoly-
sis, thereby facilitating cell growth and proliferation [12,17,57]. Glycolytic impairment due
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to lower GLUT-1 expression in CD8+ T cells obtained from chronic lymphocytic leukaemia
(CLL) patients was suggested to contribute to dysfunctional CD8+ T cells [61,62]. Increases
in intracellular glucose levels further induce the differentiation of T helper 1 (Th1) and T
follicular helper (Tfh) cells [63]. However, an increase in glycolytic metabolism results in an
elevated level of glycolytic byproducts such as lactate. To compensate for increases in intra-
cellular lactate concentrations, activated T cells increase expression of the monocarboxylate
lactate transporters (MCTs), which regulates lactate influx and efflux [64]. Increases in
cellular lactate can lead to inhibition of glycolysis in effector cells [65,66], whilst regulatory
T (Treg) cells are able to oxidize lactate to pyruvate, therefore, leading to an increase in Treg
cells [67]. Inhibition of lactate dehydrogenase (LDH) was shown to increase the importation
of pyruvate into the TCA, promoting metabolic programming in CD8+ T cells with higher
antitumour activity TSCM phenotypes [68]. Tumour cells also possess a highly glycolytic
metabolism, exporting high levels of lactate into the TME, resulting in impairment of
effector cell differentiation and function, whilst creating a favourable environment for Treg
cells to further the immunosuppressive environment.

The increase of glycolysis also results in higher glycolytic intermediates such as
pyruvate that is then converted to acetyl-CoA within the mitochondria via oxidation.
Acetyl-CoA can then activate histone acetyltransferases (HATs), and act as an intermediate
for the synthesis of fatty acids and amino acids [69].

mTOR activation results in glutamine anaplerosis via the upregulation of glutamine
transporters such as ASCT2 [70]. Increases in cellular concentrations of glutamine result in
fumarate accumulation, which has been shown to inhibit the action of histone demethylases
that are involved in the differentiation of T cell subsets such as Th17 [71]. The ASCT2 trans-
porter is highly overexpressed in many cancers such as melanoma [72], highlighting the
competition for nutrients between malignant and immune cells within the TME. Therefore,
glutamine metabolism may pose a serious therapeutic target not only for prevent tumour
growth but also aiding in TEFF cell proliferation and function.

ERK-MAPK activation leads to an increase in ribosomal synthesis [60]. T cell activation
results in large increases in the expression of genes GAR1, NHP2, RRS1, EBP2, NIP7,
HRAMT and dyskerin, which have all been shown to regulate rRNA processing [60].
Similarly, TCR-triggered ERK activation results in the phosphorylation of transcription
factors responsible for rRNA synthesis. Ribosomal synthesis is crucial for the production
of proteins needed for effective immune function. Inhibitors of mitochondrial ribosomal
pathways have been shown to decrease mitochondrial protein synthesis and cytokine
production leading to impaired immune function [60].

Mitochondrial mass and mitochondrial DNA (mtDNA) also have been shown to
substantially increase by the first hour of activation [58]. mtDNA encodes numerous
components of the mitochondrial ETC. Mitochondrial transcription factor A (Tfam) plays
a distinct role in the regulation of these genes, their transcription and the stability of
mtDNA. Tfam blockage results in an impaired mitochondrial respiratory chain and mtDNA
depletion, and Tfam-knocked-out T cells are less proliferative compared to wild-type T
cells [73]. Similar effects have been seen in T cells with dysfunction in complexes I, II and
III caused by silencing the apoptosis-inducing factor (AIF) [74]. In addition, T cells that
lack stomatin-like protein 2 (SLP-2) lean toward glycolysis with decreased proliferation
and IL-2 secretion due to changes in the IMM that impair the functionality of complexes I,
II and III [75–77].

During T cell activation, newly synthesised mitochondria are metabolically redesigned
and are dependent on a one-carbon metabolic pathway, which is comprised of three inter-
linked reactions: the folate cycle, the methionine cycle and the trans-sulfuration pathway.
These reactions provide one-carbon methyl units needed for biosynthesis of amino acids,
phospholipids and nucleotides but also involved in maintaining redox homeostasis. The
conversion of folate to tetrahydrofolate (THF) is the key step of one-carbon metabolism.
Addition of a one-carbon methyl unit to THF results in the generation of 5,10-methylene-
THF, which is a central metabolite needed for the continuation of many metabolic pathways
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including the methionine and trans-sulfuration pathways. Generation of 5,10-methylene-
THF is an NADPH dependent process and is facilitated by the enzyme SHMT2. This
conversion is the most critical step of the one-carbon pathway, inhibition of SHMT2 activity
has been shown to diminish T cell proliferation and lifespan [78]. To compensate for the
high consumption of NADPH the one-carbon pathway also generates NADPH though
conversion of 5,10-methylene-THF to 10-formyl-THF, resulting in the conversion of NADP+

to NADPH.
NADPH is a key regulator of reactive oxygen species (ROS) and therefore the consump-

tion and generation of NADPH/NADP+ during metabolic processes such as OXPHOS and
glycolysis must be balanced to maintain effective cell function and prevent ROS induced
apoptosis [79]. To protect the cell from ROS generated during metabolism, glutathione
(GSH), one of the most abundant antioxidants within cells, is produced [79]. Production of
GSH is dependent on glutamate uptake into the cell where glutamate cysteine ligase com-
bines glutamate, glycine and cysteine derived from the trans-sulfuration pathway to form
GSH. The detoxification of ROS species by GSH results in the generation of glutathione
disulphide (GSSG), a reversible reaction dependent on NADPH, highlighting its role in
maintaining redox homeostasis [79,80].

Increased glutaminolysis during T cell activation, as mentioned previously, not only
provides increased ATP generation but also provides essential precursor metabolites for
biosynthetic pathways including the synthesis of GSH, which facilitates redox homeostasis
during T cell activation. Previous research by Gaojian et al. [81] illustrated that glutamine
derived glutamate was a key precursor in the de novo synthesis of GSH and furthermore
that glutamine catabolism directed T cell lineage fate, in particular that glutamine depriva-
tion skewed differentiation toward Treg phenotypes [82,83]. Decreased glutamine levels
within the TME not only impacts T cell energy generation but also the ability for T cells
to maintain redox homeostasis needed to ensure effective cytokine production and cell
proliferation and lineage differentiation [83,84].

The rate of protein, nucleic acid and lipid biosynthesis is increased within activated T
cells when compared to TN cells in order to maintain high levels of cell division. Increases
in biosynthetic activities can be attributed to increases in glycolytic intermediates, a result
of increased glycolysis within activated T cells as mentioned above. Hexokinase (HK)
isoforms are mediators for the rate limiting step of glycolysis, the conversion of glucose
to glucose-6-phoshpate (G6P) [58,85]. Upon T cell activation there is a significant increase
in the levels of HK1 and HK2 isoforms, shown to have the highest level of catalytic
activity [86]. G6P can be dehydrogenated in the pentose phosphate pathway (PPP) to
produce NADH for use as both a reducing agent in the synthesis of fatty acids and a
cofactor in the synthesis of nucleotides for DNA replication. Dwindling glycolysis capacity
by blocking HK2 favours T cell expansion [58], without affecting CD8+ T cell activation
through TCR-CD28 stimulation [58,87]. HK2 knock-out causes a severe antitumour activity
in CD8+ T cells by overexpressing PD-1 and Tim3 [87]. Interestingly, HK2 deletion seems
to be dispensable for CD4+ T cell responses against viral infection [85,88] but not for CD8+

responses [87]. However, the long-term efficacy of T cells that no longer possess a key
metabolic gene is difficult to predict. It is difficult to elucidate whether the effects observed
after deletion of HK2 are direct or indirect due to lack of HK2. Besides, it has been shown
that HK1 could serve as a compensatory gene in the absence of HK2 [88]. Hence, further
studies using small molecules or knockdown HK1/HK2 are needed to clarify the HKs
function in T cells.

Mitochondrial-derived acetyl-CoA concentrations also increase during activation due
to increased pyruvate levels; another glycolytic intermediate increased upon activation [57].
During proliferation, glycolysis-derived pyruvate feeds into the TCA, where it is converted
to acetyl-CoA and then citrate within the mitochondria. This citrate is then exported
to the cytosol, where it is catalysed to cytosolic acetyl-CoA used in fatty acid synthesis
and made available for the mevalonate pathway [89]. Citrate export is an example of
how the mitochondria maintain balance during T cell expansion, as without activation
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induced increases in glutamine oxidation and glycolysis, citrate export would result in
TCA stalling [89]. Instead, imported glutamine can be converted into α-ketoglutarate to
enter the TCA to compensate for the lack of citrate conversion. Interestingly studies have
shown excess α-ketoglutarate can undergo reductive carboxylation within the cytoplasm
to form citrate and subsequently acetyl-CoA to also feed the mevalonate pathway [90]. The
mevalonate pathway involves the condensation of acetyl-CoA to hydroxy-3-methylglutaryl-
CoA (HMG-CoA). Through a cascade of anabolic conversions, farnesyl pyrophosphate
(FPP) is formed and is a substrate for the synthesis of cholesterol, steroids, dolichol and
ubiquinone [89].

T cell activation increases the expression of the genes, which encode HMG-synthase
and reductase, both of which are needed for the initiation of the mevalonate pathway [89].
The role of cholesterol in T cell activation and its relation to solid cancers has not been fully
investigated. Studies have shown that inhibition of ACAT1, a cholesterol esterification
enzyme, has led to increased cellular cholesterol that has, in turn, increased CD8+ function
through increased TCR clustering at the plasma membrane [91]. In contrast, other work has
shown that increased cellular cholesterol has inhibited glycolysis, and increased expression
of inhibitory markers resulting in exhaustion of TILs [92]. Thus, the exact role cholesterol
metabolism has in T cell activation is not yet fully understood.

Overall mitochondrial metabolic pathways are reprogrammed during T cell activation
away from OXPHOS and FAO and instead toward anabolic pathways such as glycolysis
and glutaminolysis. The balance of intermediates produced within these pathways enables
the biosynthesis of macromolecules needed for T cell activation. After antigen clearance,
most TEFF cells undergo contraction, while a small number of T cells differentiate to long-
lived TM cells. Activation of FAO metabolic program is necessary for TM differentiation,
long-term survival and enhanced response to the second antigen encounter [22]. It has
been shown that the enhanced response in TM cells compared to TEFF cells is linked to the
mitochondria mass, upregulation of genes involved in FAO and their higher spare respi-
ratory capacity (SRC) [17,22]. The impact of the TME by disrupting and exploiting these
processes promotes tumorigenesis by impeding immune metabolic pressures resulting in
an inadequate immune response against the malignancy.

6. Mitochondrial State in TILs and Exhausted T Cells within TME

Solid tumours remain the greatest challenge to ACT, with limited responsiveness to a
raft of currently available cellular therapies. In a large part, this is owing to the TME, which
represents a highly immunosuppressive, physically obstructive and nutrient-depleted envi-
ronment that severely limits the ability of ACT to generate effective antitumour responses.
The TME also includes infiltrating immune cells, tumour stroma, blood vessels and soluble
factors that all act to limit tumour immunity.

The presence of TILs within tumour masses is a known positive prognostic factor for
the response to immunotherapy. However, certain TIL populations show a functionally
exhausted phenotype and drastically reduced effector function, allowing for tumour es-
cape. [11]. In addition to TIL, a range of T cell populations are present in the TME that
suffer similar functional exhaustion that is thought to play a key role in the ability for
malignant cells to outgrow and cause disease. As with the endogenous immune response,
ACT approaches using CAR T cells for treating solid tumours face the same obstacles.

A range of studies has shown that this functional insufficiency and exhausted phe-
notype can be linked to mitochondrial dysfunction [93,94]. As previously described, a
number of metabolic processes play important roles in maintaining REDOX balance within
T cells [79,81,84]. Recent studies have indicated that tumour-localised T cells can show a
loss of redox balance leading to the development of a functionally exhausted phenotype.
Vardhana et al. showed that mitochondrial insufficiency in T cells exposed to chronic
antigen leads to an increase in the NADH/NAD+ ratio [94]. The increased oxidative stress
was linked to the expression of T cell exhaustion genes and an inability of these cells to
undergo proliferation or self-renewal [94]. While this study showed that treatment of
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exhausted T cells with antioxidants could partially restore functional capacity, studies
examining the efficacy of anti-PD-1 therapy have shown contrary results when examining
the role of ROS in improving therapeutic outcomes [95–97]. Alternatively, a CAR T cell
construct coexpressing catalase was shown to reduce intracellular oxidative stress and
outperform traditional CAR T cells [98]. These results indicate that the role that ROS play
in the functioning of T cells within the TME is poorly understood and will remain an area
of active research.

Tumour cells show augmented metabolism to fuel their rapid proliferation, leading
to markedly lower levels of a range of crucial nutrients in the TME than healthy tissue.
The nutrient restrictions faced by T cells within the TME contribute to reduced effector
function, proliferation and differentiation. Glucose is an essential nutrient required for
the rapid generation of ATP to support the rapid proliferation of activated TEFF, and the
production of cytokines for effective immune activity. Activation of tumour-specific T cells
in glucose low concentration leads to hyporesponsiveness, with decreased expression of
genes associated with cell cycle progression, effector function and cytokine production [8,
11,99]. Glycolytically active T cells may be pushed towards an unsustainable metabolic
program in which the ability to produce ATP through glycolytic metabolism is unable to
satisfy cellular requirements. Glucose-deprived CD8+ T cells show an increased AMP:ATP
ratio, leading to the activation of AMP-activated protein kinase (AMPK) and subsequent
shift towards anabolic metabolism in an attempt to maintain viability and regulate energy
homeostasis [12,17,21]. Additionally, the activation of AMPK in nutrient-poor conditions
has been linked to the senescence of T cells. AMPK is known as the key element in the
regulation of FAO [12,17,71,73,89]. In normal conditions, the differentiation toward TM
cells is partially linked to FAO, which is accomplished through AMPK and lipolysis.

In addition to glucose, glutamine is also scarce in the TME and serves as a key regulator
of the function of activated T cells. Glutamine depletion reduces the ability of activated T
cells to produce IL-2 or IFN-γ, and provoking a drastic reduction in activation mediated
proliferation. Coupled with a loss in key effector functions, reduced glutamine impacts
upon CD4+ T cell differentiation and further potentiates the TME [70]. Deficiencies in
the ASCT2 glutamine transporter blunt TN cell differentiation from Th1 to Th17 cells, but
still maintain Treg differentiation. However, downregulation of glutaminolysis regulates
the conversion of Th1 toward Treg cells [70,90]. Therefore, a lack of glutamine prevents
T cells functioning correctly in the TME, and stimulates the emergence of regulatory T
cell subtypes [100]. Recently Leone et al. [82] developed an inert glutamine antagonist
(JHU083), which is only activated upon cleavage of the prodrug through enriched enzymes
in the TME. They showed that conditional activation of JHU083 suppresses tumour cell
growth while boosting the CD8+ T cell proliferation, activation and TM differentiation.
The combination of JHU083 with anti-PD-1 augmented the antitumour activity of TILs
in vivo [82].

A hallmark of the TME is hypoxia generated by heterogeneous and ineffectual vascular
networks and aberrant tumour cell metabolism. Hypoxia leads to a range of alterations
in cellular function, including an increase in glycolytic metabolism and a decrease in
proliferation [12,17,21]. The hypoxic response is mediated primarily through the action
of the hypoxia inducible factor (HIF) family, with hypoxia leading to increased activity
through stabilisation of HIFs. Hypoxia leads to the recruitment of T cells to the TME in
addition to a vast array of potentially immunosuppressive cells to the TME including
myeloid-derived suppressor cells (MDSCs) and macrophages [11,101]. The binding of
HIF-1 to HIF regulatory elements induces the upregulation of PDL-1 in macrophages,
MDSC and tumour cells [11,101]. Additionally, HIF signalling increases the expression
of the coinhibitory receptor CTLA-4 on CD8+ T cells [101]. The upregulation of these
coreceptors negatively impacts the ability of activated T cells to undergo glycolysis, and
instead switches metabolic function towards FAO and reduces IFN-γ production [101].
Increased HIF-1a expression and encouragement of FAO are vital processes that allow
the survival of Treg in the TME compared to alternative T cell subtypes that show high
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glycolytic commitment [101]. Irrespective of the evidence outlined above, HIF signalling
has been shown in some circumstances to potentially increase the cytotoxic capacity of
CD8+ T cells [102]. However, these studies may not fully represent the encounter of CD8+

T cells with tumour antigen in the context of TME hypoxia [103].
The range of inhibitory immune cells present within the TME, including Treg cells,

produce a milieu of soluble factors that serve to negatively regulate the function of TILs.
At the centre of these suppressive factors is TGF-β, secreted by MDSCs, macrophages, Treg
and tumour cells within the TME [11]. The impact of TGF-β upon the T cell function is
distinct in TN and TEFF cells, with TN cell differentiation augmented while TEFF show
impaired proliferation and cytokine expression [104]. Blockade of TGF-ß in a murine
tumour model has been shown to improve tumour regression and enhance the function
of cytotoxic lymphocytes [105]. Accordingly, CAR T cells have been engineered to allow
for resistance or subversion of TGF-β signalling. CAR T cells harbouring a knockout
of the endogenous TGF-β receptor showed improved effector function and increased
tumour elimination [106]. Additionally, redirecting CAR T cells to recognise soluble TGF-β
converted the immunosuppressive effect of TGF-β, whilst also allowing for neighbouring
immune cells to be protected from TGF-β induced Treg differentiation [106,107].

7. Strategies to Improve CAR T Cell Therapy by Metabolic Reprogramming

Increased interest in the metabolism’s role in cancer progression and the impact
on the effectiveness of immunotherapeutic treatments have led to the development of
new therapies that aim to manipulate these metabolic processes increasing the efficacy of
treatment. It is well-known that there is a tug of war between tumour cells and TILs for
nutrition with a few exceptions, such as CLL, which lowers glucose uptake in TILs, not due
to nutrition competition but instead, it was proposed to result from the lower expression of
nutrition transporters on the cell surface of CD8+ TILs [61,62].

In the last decade, strategies to overcome T cell hyporesponsiveness have mostly
focused on the use of immune checkpoints (ICP) blockades such as anti-PD-1, anti-CTLA-4
and anti-LAG-3 [108]. Although using ICP blockade has shown promising results in clinical
trials for the treatment of certain malignancies and adverse effects, termed immune-related
adverse events (IRAEs), have also been reported [109,110]. In addition to cytokines (e.g.,
TGF-β and IL-10) and ICP, metabolic stresses on TILs confer a significant immunosup-
pressive effect on T cell function and differentiation. The disorganized vascular system
within TME leads to low perfusion of nutrients and the accumulation of metabolic wastes
such as adenosine, prostaglandin E2 (PGE2), lactate, vascular endothelial growth factor,
phosphatidylserine, high extracellular K+ levels, hypoxia and free radicals [13]. Therefore,
manipulating the metabolic pathways that armoured CAR T cells to encounter such a
hostile environment emerge as worthwhile therapeutic strategies (Figure 4).

7.1. Costimulatory Molecules

The inclusion of costimulatory domains within CAR T cell constructs was one of
the initial approaches used it improve CAR T cell efficacy. CD137 (4-1BB) is a potent
costimulator of T cell proliferation and expansion and can improve T cell mitochondrial
biogenesis and metabolism. Second and third-generation CAR T cells with 4-1BB costim-
ulatory domains have shown superior metabolic capacity, enhanced antitumour activity,
persistence and a higher number of memory phenotypes [2,3,111,112]. The increased
metabolic function because of 4-1BB inclusion can be attributed to improvement in mito-
chondrial mass, biogenesis, mitochondrial membrane potential (ΔΨm), fusion, activation
of the p38-MAPK pathway [111] and depends on OPA-1 [112]. CAR T cells using 4-1BB
costimulatory molecules have been shown to persist for four years in patients with acute
lymphoblastic leukaemia (ALL) [113].
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Figure 4. Metabolic interventions to reprogramme CAR T cell metabolism. TN trans-
duced/transfected with the CAR construct, following which they are stimulated with CD3/CD28
to generate TEFF cells capable of tumour targeting and killing. In contrast to physiological T cells
that undergo contraction after the expansion phase, CAR T cells are expanded for a period of around
two weeks during which they can be metabolically reprogramed toward long-lived TM cells or be
acclimated to the nutrient profile of the TME.

CD28 is the most prevalent costimulatory domain used in CAR T cell therapy. It has
been shown to be effective in the induction of glycolysis and differentiation toward effector
memory phenotypes [114]. Dysfunctional TILs from CLL patients showed an impaired
ability to induce glycolysis, the main metabolic program of TEFF cells [61]. A comparison of
CD28 and 4-1BB costimulatory molecules showed that CAR T cells with 4-1BB have longer
persistence as they tend to have a higher number of TCM phenotypes [114]. However,
such differences were not seen in patients with relapsed/refractory B cell leukaemia [115].
Moreover, it is worthwhile noting that the importance of CAR T cell persistence may also be
cancer dependent [2,3]. Therefore, the type of cancer should be considered when choosing
the costimulatory molecules in designing the CAR constructs.

Several strategies have been developed to convert the negative effects of immuno-
suppressive factors into the beneficial effects of costimulatory molecules. One approach
involves the use of the chimeric costimulatory molecules termed “costimulatory convert-
ers” [116]. These are fusion proteins encompassing the extracellular domain that recognise
immunosuppressive molecules, such as PD-1, fused to an intracellular domain of a costimu-
latory molecule such as CD28 or 4-1BB [117]. Another technology for the avoidance of CAR
T cell immunosuppression uses bispecific T cell engagers (BiTEs). BiTEs are recombinant
proteins consisting of two distinct scFvs coupled by a short flexible linker [118]. One of the
scFv is specific to a TAA on the tumour surface, while the other recognises the CD3ε/γ
heterodimer on T cells, enabling CAR T cells coexpressing the BiTE to engage with two
antigens. This is of particular benefit when one of the TAA is heterogeneously expressed
on the tumour surface [118].
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7.2. Nutrition-Restricted Media

T cells are heterogeneous and plastic, facilitating the conversion to different subtypes
and allowing adaptation to new environments. The plasticity enables them to respond
to fluctuations of nutrients in the environment and adjust their metabolism accordingly.
Shortly after TN cells recognise an antigen, they differentiate to TEFF cells with specific
metabolic characteristics and functional effects. Mimicking the TME metabolic stresses
during the ex vivo expansion is a promising strategy to allow CAR T cells to adjust their
metabolism to TME [14]. Evidence in favour of this approach includes studies that expand
CAR T cells in restricted media. For instance, inhibition of glutamine metabolism via
culturing T cells in glutamine-depleted medium or the addition of glutamine-metabolic
inhibitors (e.g., AOA, L-Don EGCG) enhances the antitumour activity of CD8+ T cells and
their trafficking in mouse models [119]. Expanding the CAR T cells in glucose-restricted
media augments the CAR T cell function and TCM phenotypes [120]. To make this strat-
egy clinically practical, a metabolic atlas for all human tumours need to be developed.
Finally, the nutrient restriction concept also appears to contrast with well-documented data
concerning the suppression of T cell function by nutrient starvation [121].

7.3. Cytokines

Generally, after transduction or transfection, CAR T cells will be expanded in me-
dia supplemented with one or two γ chain (γc) cytokine families to facilitate CAR T cell
expansion, survival and differentiation. So far, γc cytokines that have been used in manufac-
turing CAR T cells include IL-2, IL-7, IL-15, IL-21 and IL-9 [122]. Aside from the biological
functions, γc cytokines also impact the metabolism of CAR T cells [122]. IL-2 seems to
encourage anabolic metabolism necessary for TEFF development through activation of
PI3K and mTOR signalling [12]. IL-7 promotes FAO metabolism in CAR T cells through
increased expression of glycerol transporters and triglyceride (TAG) synthesis [123]. IL-15
also fosters FAO metabolism through upregulation carnitine palmitoyl transferase and
uptake of fatty acid precursors [14]. Similar effects have been observed for CAR T cells
treated with IL-21 and IL-9 with enhanced FAO metabolism and higher mitochondrial
fitness [124].

Expanding CAR T cells in a combination of IL-7, IL-15 or IL-21 leads to metabolic
reprogramming from aerobic glycolysis towards FAO and promotes mitochondrial fusion
and fitness. It also reduces the expression of exhaustion markers and increases the number
of TSCM/CM population. However, concentration, combination and duration of treatment
should be carefully considered. CAR T cells grown solely in IL-15 had elevated mTORC1-
p38 MAPK activity and higher TSCM phenotypes compared to the combination of IL-7 and
IL-15 [125]. Furthermore, continuous exposure to IL-15 can lead to NK cell exhaustion [126],
although such an effect has not been reported in T cells. Moreover, continuous stimulation
with IL-7 has been shown to induce “cytokine-induced cell death” (CICD) by elevating the
level of active caspase-3, Fas, FasL and proapoptotic protein Bim [127].

7.4. Metabolic Inhibitors

The advantages of using metabolic inhibitors to reprogram metabolic pathways in-
clude the enzyme specificity and the ease at which concentration and time of exposure
can be controlled. As mentioned before, the PI3K-AKT pathway increases glycolysis, lead-
ing to terminally differentiated and exhausted TEFF cells [12]. Ex vivo culture of CAR T
cells with 10 μM of LY294002 (PI3K inhibitor) yielded a higher number of TSCM/CM cells
and dramatically improved the efficacy of CD33 CAR T cells in vivo [16]. Interestingly,
anti-BCMA CAR T cells cultured in IL-7 and IL-15 failed to control tumour growth in vivo,
while CAR T cells preconditioned with IL-2 and PI3K inhibitor demonstrated long-term
and complete remission in the mouse model [128]. Similarly, Akt inhibition in CAR T cells
promotes FAO metabolism, dampens glycolysis pathways, reduced glucose uptake, lactate
production and downregulating pro-apoptotic genes (BAX and BAD), whilst encouraging
TCM differentiation [9,15,129]. Lastly, using inhibitors against glycolytic mediators such
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as HK isoforms also improves persistence, effector function, TM development and CAR T
cell efficacy in vivo [9,130,131]. Taken together, ex vivo supplementing CAR T cells with
metabolic inhibitors is a feasible approach in manufacturing fitter CAR T cells for solid
tumours.

7.5. Gene Manipulation

Advances in molecular biology have fuelled CAR T cell therapy, allowing more
sophisticated genetic constructs to function or differentiate toward desire cell products.
Up-/downregulation and knock-in/-out of target genes in CAR T cells have been widely
used to improve CAR T cell performance. The expression of genes involved in a partic-
ular metabolic pathway can be modulated using constitutive or inducible systems. The
constitutive expression can be achieved using dual-promoter systems [132], bidirectional
promoters [133], 2A self-cleaving peptides [52] or adding internal ribosome entry site
(IRES) sequences [134]. For controlled expression over gene-of-interest (GOI), tetracycline
(Tet)-On/Off system [135] or endogenous inducible promoters (e.g., IL-2 minimal pro-
moter) [136] can be employed. The use of base-editing using clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas-based technologies can introduce mutation(s) in
the coding region of DNA, resulting in mutant enzymes that no longer bind to their natural
ligand allowing for more precise control of genes with minimal side effects [137].

Amino acid uptake by tumour cells limits the availability of amino acids for TILs,
which are vital for T cell function and survival. The manipulation of amino acid trans-
porter expression can be used to increase uptake of critical nutrients whilst also allowing for
removal of metabolites, which might otherwise inhibit effector function. T cells express a
low level of arginosuccinate synthase (ASS) and ornithine transcarbamylase (OTC), making
them vulnerable to arginine deprivation in TME. Exogenously overexpression of ASS and
OTC enzymes in CAR T cells, using 2A self-cleaving peptides, significantly enhanced CAR
T cell performance in vivo without negative impact on exhaustion and cytotoxicity of CAR
T cells [99].

Adenosine is the final byproduct of ATP consumption. It has been shown to accumu-
late in TME and suppress TILs function [11]. Adenosine binds to adenosine 2a receptor
(A2aR) on activated T cells, where it promotes production and accumulation of cytosolic
cyclic AMP (cAMP), which dampens T cell activation and cytotoxicity [138]. Downregu-
lation of A2aR transcripts using shRNA, enhanced cytotoxicity, cytokine production and
in vivo activity of anti-mesothelin-CAR T cells [139]. In another approach, Newick et al.
used a decoy peptide to block the activation of protein kinase A (PKA) signalling [140].
In this study expression of a small peptide called RAID (regulatory subunit I anchoring
disruptor) was incorporated into CAR T cells and showed that CAR-RIAD T cells were
resistant to the immunosuppressive effects of PGE2 and adenosine [140].

Overall, whilst there is great promise in incorporating gene manipulation in CAR T
cell therapy there are also disadvantages that limit the feasibility of the approach. Firstly,
although several tools have been used to control GOI expression, the basal expression or
immunogenicity of transactivators in such systems restrain their performance [135,141].
Secondly, the expression patterns of genes within T cells are still largely unknown, and
uncertainty surrounding the extent of the interactions between transgenes and their en-
dogenous regulators. Continuous expression or inhibition of a gene may affect other
pathways with unpredicted outcomes. Lastly, providing additional promoter or regulatory
elements (e.g., IRES sequences) could negatively impact the viral packaging and trans-
duction process, thereby reducing the efficiency of CAR T cell manufacturing and adding
additional cost to an already expensive therapy. Therefore, whilst gene manipulation is
a valuable approach for the study of metabolic pathways through the regulation of GOI
within a CAR T cell system in vitro and in vivo, further understanding of the extent and
control of metabolic processes is needed before it is a practical approach in the clinic.
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8. Conclusions

Several factors in the TME restrain the potential application of CAR T cell therapy for
solid tumours. To mount an effective and durable treatment, there have been substantial
efforts to discover the metabolic properties of highly effective CAR T cells. CAR T cells
from patients with sustained remission have higher TN/SCM and TCM phenotypes with
FAO/OXPHOS metabolism and higher mitochondrial mass. Numerous studies support
the idea that reprogramming metabolic activity and mitochondria during expansion is a
feasible approach to obtain better clinical outcomes. The time frame from the isolation of a
patient’s T cells, transduction with CAR construct, and ex vivo expansion prior to infusion
into the patient provides a feasible metabolic intervention window. A variety of approaches
can be used to reach this objective by utilising costimulatory domains, treatment with
cytokines, pharmacological drugs and gene manipulation.
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Simple Summary: TAM receptors are a family of receptor tyrosine kinases, comprising Tyro3, Axl
and MerTK. Their primary role is in digestion of dying cells by macrophages without alarming the
immune system. TAM receptors are also expressed by cancer cells in which signaling is oncogenic,
and for this reason there is growing interest and research into TAM inhibition. This approach to
cancer treatment may, however, come into conflict with beneficial and costimulatory TAM receptor
signaling in T cells and natural killer (NK) cells. The aim of this review is to explore in detail the
effects of TAM receptor inhibition on cancer cells and immune cells, and how the ramifications of
this inhibition may affect cancer treatment in humans.

Abstract: Tyro3, Axl and MerTK (TAM) receptors are receptor tyrosine kinases which play important
roles in efferocytosis and in the balancing of immune responses and inflammation. TAM receptor
activation is induced upon binding of the ligands protein S (Pros1) or growth arrest-specific protein
6 (Gas6) which act as bridging molecules for binding of phosphatidyl serine (PtdSer) exposed on
apoptotic cell membranes. Upon clearance of apoptotic cell material, TAM receptor activation on
innate cells suppresses proinflammatory functions, thereby ensuring the immunologically silent
removal of apoptotic material in the absence of deleterious immune responses. However, in T
cells, MerTK signaling is costimulatory and promotes activation and functional output of the cell.
MerTK and Axl are also aberrantly expressed in a range of both hematological and solid tumor
malignancies, including breast, lung, melanoma and acute myeloid leukemia, where they have a role
in oncogenic signaling. Consequently, TAM receptors are being investigated as therapeutic targets
using small molecule inhibitors and have already demonstrated efficacy in mouse tumor models.
Thus, inhibition of TAM signaling in cancer cells could have therapeutic value but given the opposing
roles of TAM signaling in innate cells and T cells, TAM inhibition could also jeopardize anticancer
immune responses. This conflict is discussed in this review, describing the effects of TAM inhibition
on cancer cells as well as immune cells, while also examining the intricate interplay of cancer and
immune cells in the tumor microenvironment.

Keywords: TAM receptors; Axl; MerTK; PD-1; small molecule inhibitors; cancer

1. Introduction

The TAM receptors—Tyro3, Axl, MerTK—are a family of receptor tyrosine kinases
that were discovered three decades ago, and are broadly expressed by a variety of cells
and tissues in the body [1]. Ligands for the receptors are protein S (Pros1) and growth
arrest-specific protein 6 (Gas6). Pros1 acts as ligand for Tyro3 and MerTK, whereas Gas6
is ligand for all three TAMs. Optimal signaling through the receptor is induced only
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when Pros1 and Gas6 act as bridging ligands for phosphatidyl serine (PtdSer), typically
expressed on the outer membrane of apoptotic cells [2]. This leads to homodimerization
and autophosphorylation of the TAM and downstream signaling; the outcome of which
is highly cell-dependent but goes through pathways such as MEK/ERK, PI3K/AKT and
JAK/STAT [3]. TAM receptors and ligands Pros1 and/or Gas6 are often co-expressed, and
signaling is largely associated with efferocytosis, whereby TAM receptors expressed by
macrophages, via Pros1/Gas6, bind PtdSer exposed by apoptotic cells or cell debris. The
resultant signaling directs macrophages to an M2 phenotype, ensuring silent removal of
dead cells and repair of tissues [4]. TAM receptors are also essential in regulation and con-
trol of inflammatory immune responses. Innate immune cells express pattern recognition
receptors, e.g., toll-like receptors (TLR), which recognize microbial structures and upon
ligand engagement induce an immune response [5]. To prevent a superfluous immune
reaction, TAM signaling in dendritic cells (DC) functions as negative feedback to TLR
signaling by induction of SOCS1/SOCS3 expression, thereby dampening the inflammatory
response [6]. Axl signaling in murine natural killer (NK) cells limits the functional capacity
of the cell [7], and activated T cells secrete Pros1, which works as an additional feedback
mechanism to DCs and limits the immune response in a TAM-dependent manner [8]. As
discussed in more detail later, we have shown that activated T cells express MerTK, which
upon activation delivers a costimulatory signal to the T cell [9].

MerTK and Axl are expressed in a wide range of cancer types, including non-small
cell lung cancer [10], breast cancer [11], colorectal cancer [12], ovarian cancer [13] and
melanoma [14], with 50–70% of patient samples being positive. Not only solid cancers, but
also leukemias express Axl and MerTK [15,16]. For a comprehensive list of MerTK and
Axl expression in cancers, refer to Graham et al., 2014 [4]. Cancer cells express both TAM
molecules and their ligands, and, despite not being apoptotic, they also expose PtdSer on
the outer membrane. This phenomenon of apoptotic mimicry was first described in virally
infected cells as a means to dampen antiviral immune responses in the host [17]. PtdSer
expression of cancer cells similarly dampens immune responses by interacting with TAM
on antigen-presenting cells [18]. Furthermore, the co-expression of TAM, ligand(s) and
PtdSer on cancer cells allows for autocrine signaling through the receptors, i.e., typical
oncogenic signaling pathways like MEK/ERK, PI3K/AKT and JAK/STAT. In cancer cells,
additional oncogenic pathways are associated with TAM receptor signaling. Anti-apoptosis
and survival are promoted through activation of the NF-KB pathway and signaling via BCL-
2 and ACK1 [10,19,20]. In regards to metastasis, TAM signaling regulates migration and
invasion through promotion of proteins such as RHO and FAK1 [21] as well as MMP9 [22].
Axl additionally upregulates Snail and Slug, which induces epithelial-to-mesenchymal
transition (EMT) [23] (see Figure 1).

Expression of TAM is associated with a worse disease outcome in a range of cancer
diagnoses, both solid and hematological (reviewed in [4]), which has prompted the de-
velopment of strategies to block or inhibit TAM signaling in cancer cells [24]. While most
aspects of Tyro3 are understudied, data are accumulating concerning the complex biology
of MerTK and Axl in cells, tissues, the immune system and cancer. In this review, we
highlight the key roles of MerTK and Axl as both oncogenes and immune system regulators.
We discuss the current standing and future prospects of MerTK and Axl inhibition in the
treatment of cancer and the balancing act that must be maintained to limit any potential
detrimental effects on immune cells.
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Figure 1. Activation of Tyro3, Axl and MerTK (TAM) receptors on cancer cells results in downstream oncogenic signaling.
First, JAK/STAT, MEK/ERK, p38 and PI3K/AKT promote cell growth and proliferation in tumors. Second, cell survival and
anti-apoptosis is induced through NF-κβ and BCL-2 pathways. Third, RHO and FAK1 signaling promote metastasis and
migration. Lastly, epithelial-to-mesenchymal transition (EMT) is promoted through the SNAIL/SLUG signaling pathway.

2. MerTK

2.1. Targeting MerTK in Cancer

A wide range of cancers have been demonstrated to express high levels of MerTK,
in both blood malignancies and solid cancers [24], resulting in gathering interest in the
targeting of MerTK for cancer treatment. MerTK was first identified on a B lymphoblast
library [25], and later characterization of acute myeloid leukemia (AML) and acute lym-
phocytic leukemia (ALL) showed expression in more than 80% of patient samples [15].
Importantly, numerous studies in various cancer diseases have been able to show that
expression of MerTK is associated with a worse outcome [24]. Cancer cells that express
high levels of TAM receptors, including MerTK, also express the ligands Gas6 and/or
Pros1, as well as PtdSer on the outer membrane [26]. As a consequence, cancer cells express
all the prerequisites to MerTK autosignaling, which has been demonstrated to assist in
formation of metastases, chemoresistance and proliferation [4].

These findings have led to the development of MerTK-targeting therapies in the form
of small molecule inhibitors as well as blocking antibodies. Preclinical studies have shown
that MerTK inhibitors can be effective in certain MerTK-sensitive tumors. MerTK/FLT3-
specific small molecule inhibitors UNC2025, MRX2843 and UNC1666 were shown to have
significant effect on tumor growth of AML, ALL and melanoma in cell lines, murine models
and primary patient tumor samples [27–30].

Apart from cancer-intrinsic features, MerTK signaling on tumor cells has been shown
to also increase expression of PD-L1 [31], potentially limiting cytotoxic T cell antitumoral
responses. Obviously, this phenomenon is associated with therapeutic implications, since
the main breakthrough in cancer immunotherapy is treatment based on breach of the
PD-L1/PD-1 axis between cancer cells and cytotoxic T cells. In addition, it has been demon-
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strated that MerTK signaling in APC promotes tolerogenic signaling and thus limits the
ability of the APC to activate T cells [32]. Due to apoptotic mimicry, cancer cells seduce
macrophages to silent phagocytosis via MerTK signaling instead of triggering an inflam-
matory response. Therefore, it is postulated that MerTK inhibition can be used to both
control tumor growth directly and convert an immunosuppressive tumor microenviron-
ment into an antitumoral microenvironment more prone to response to immunotherapy.
To this end, Cook et al. demonstrated that MerTK knockout in a murine breast cancer
model both reduced tumor growth and increased CD8 T cell infiltration [33]. Similarly,
Tormoen et al. revealed that MerTK knockout in colorectal cancer and pancreatic ductal
adenocarcinoma was responsible for control of tumor growth mediated by CD8 T cells
and macrophages [34]. However, independent of any tumor model, Shao et al. showed
that B cells in MerTK knockout mouse maintained normal activation, proliferation and
antigen processing; however, their ability to activate T cells was decreased. The authors
suggest this could be due to a reduced ability to effectively present antigen to CD4 T cells,
illustrating that research on nontumoral effects of MerTK inhibition is required [35].

In recent years, the antitumor efficacy of small molecule inhibitors and MerTK-specific
monoclonal antibodies (mAb) was demonstrated in a range of tumor models. In contrast
to the previously mentioned studies that utilized MerTK knockout mouse models [33–35],
MerTK inhibition alone was not always sufficient to impact on tumor outgrowth. It is,
thus, highly important to point out that all the following studies required combination
therapy involving αPD-1 treatment to facilitate antitumoral effects. Yokoyama et al. and
Zhou et al. both studied PD-1 blockade and MerTK inhibition in the colorectal cancer
mouse model, MC38. They demonstrated improved antitumor response, with increased
Ki67+ CD8+ T cell infiltration and inflammatory cytokine profiles, when PD-1 blockade
was used in conjunction with the MerTK small molecule inhibitor RDX106 or a MerTK
monoclonal antibody [36,37]. In a lung xenograft carcinoma model, Caetano et al. showed
that treatment involving αMerTK mAb and αPD-1 increased tumor infiltration of CD8
and NK cells. CD8+ CD103+ T cells were pointed out as a key phenotype that conveyed
antitumoral effect [38]. A pan-TAM inhibitor, BMS 777607, was used by Kasikara et al. in a
triple negative breast cancer model and it was revealed that this combination with PD-1
blockade again increased CD8 T cell infiltration, inflammatory cytokine profiles and, in
this case, increased infiltration of Th1 type CD4 T cells [39]. The necessity of a combination
therapy with anti-PD-1 is potentially due to the fact that PD-1 expression was increased
on CD8+ T cells [36,37] and in the case of Kasikara et al., PD-L1 and PD-1 expression was
increased in the tumor environment. It can therefore be posited that PD-1 blockade was
required to unleash antitumor T cell response in these studies [39].

MerTK inhibition in murine tumor models has also revealed how macrophages and
myeloid-derived suppressor cells (MDSCs) are affected in the context of an immune-driven
antitumor response. A key mechanism is the ability of MerTK inhibition to switch M2
to M1 type macrophages and their relevant proinflammatory cytokine milieu [40]. Using
MerTK inhibitor MRX2843, Lee-Sherrick et al. and Su et al. demonstrated in leukemia
and glioblastoma models, respectively, that MerTK inhibition played a role in altering
macrophage phenotype [41,42]. A switch from CD206+ M2-like macrophages to M1-like
macrophages was reported with reduced PD-L1 expression, in conjunction with increased
inflammatory cytokines and reduced regulatory T cell numbers. Holtzhausen et al. revealed
that tumor-associated MDSCs express TAM receptors and that TAM inhibitor UNC4241, in
conjunction with αPD-1, reduced tumor growth in melanoma models [43]. The MDSC’s
suppressive capacity was functionally reduced and infiltration of CD8 T cells was increased.
Du et al. utilized a broad spectrum TAM inhibitor to demonstrate that in lung and breast
cancer models, MDSCs and M2-like macrophages were reduced along with reduced anti-
inflammatory Arg-1 and IL-4 in the tumor-microenvironment [44]. However, they did
show that PD-L1 and PD-1 were increased and therefore combination therapy with αPD-1
was required to sufficiently reduce tumor growth.
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2.2. The Function of MerTK on T Cells

The wealth of evidence from combination therapy involving MerTK inhibition in
murine models suggests this route of treatment is beneficial for CD8 T cell-mediated
antitumoral responses. This is somewhat controversial as recent papers have demonstrated
that MERTK is expressed by activated T cells [45]. Initially, MerTK expression on mouse
splenocytes or human T cells was found to be absent following two-day stimulation with
PMA/PHA [46,47]. However, Cabezón et al. clarified that human CD4+ T cells expressed
MerTK three days after activation when using αCD3/CD28 [32]. This was supported by a
paper from Peeters et al., who moreover exposed MerTK expression on human CD8+ T
cells to have a late costimulatory role [9]. Inhibition of MerTK signaling by the inhibitor
UNC2025 or by siRNA resulted in decreased release of interferon (IFN)-γ and had a
negative impact on proliferation of human CD8+ T cells. This costimulatory role was
contrary to its previously described role as a negative regulator of the innate immune
response [6] and APC activation [32]. Thus, MerTK signaling has shown ambivalent roles
depending on cell subset, species origin and type of T cell stimulation, which further
complicates the idea of therapeutic targeting.

As previously mentioned, an interplay between MerTK and PD-1 has been suggested,
mainly based on murine studies using combination therapies with αPD-1 [36–39]. This
was further confirmed by unpublished data from our group. Flow cytometric staining of
activated human T cells indicated co-expression of MerTK and PD-1, as MerTK positive
cells showed significantly higher levels of PD-1 expression compared to MerTK negative
cells. Additionally, the expression kinetics of both molecules seem to go hand in hand
over several days. PD-1 is known to be expressed by activated T cells and to be dependent
on TCR signaling. PD-1 is furthermore used as a marker of tumor-reactive T cells among
tumor-infiltrating lymphocytes (TIL) [48]. Based on our previously described costimulatory
role of MerTK and this well-known role of PD-1, the MerTK and PD1+ double positive T
cells seem to have a tumor-reactive phenotype. If PD-1 is decreased upon MerTK inhibition,
as described by Lee-Sherick et al. [41], it might thus result in less activated, less tumor-
reactive T cells. While this might not pose a problem in short-term assays, as we have
seen in most mouse model studies, it should perhaps be considered in the more long-term
clinical setting.

MerTK signaling seems to have a regulatory role in T cell memory responses. Obser-
vations from Peeters et al. showed a significantly higher level of MerTK expression on
the TCM CD8+ subset [9]. This was further supported by data indicating that expression
kinetics of MerTK follow the fraction of the central memory T cell (TCM) subset. Moreover,
upon restimulation of the T cells, the percentage of MerTK-expressing cells increased signif-
icantly. Additional analysis of the TCM subset upon restimulation revealed a higher fraction
of TCM within the MerTK-expressing cells (unpublished data). It, therefore, seems that
MerTK signaling supports the formation of a central memory response. Thus, generation of
long-term memory T cell responses could be jeopardized by MerTK inhibition. Importantly,
it remains understudied if mouse T cells express MerTK upon activation. Surely, if this is
not the case, this important role of MerTK in human T cells would not be illuminated in
mouse tumor models.

2.3. MerTK in the Crossfire of Cancer Cells and T Cells

Due to the direct effect MerTK inhibitors have on their respective tumor targets,
research into potential off-target effects on other cell types is scarce so far. Evidence
suggests higher concentrations of inhibitors, i.e., >500 nM, impact colony formation of
cord blood cells [27–29]. Since we know that T cells express MerTK and that it plays a
role in costimulation and memory formation, further research needs to be undertaken to
assess direct effects of new and potent MerTK-specific inhibitors. Two studies have briefly
assessed the effect on CD8 T cells, suggesting no direct effect on CD8 T cell proliferation
when their respective inhibitors were used [36,43]. However, the concentration tested was
not stated or very low. Concentration is key in this respect, given that a balance needs to be
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struck between a direct tumor effect versus any detrimental effect on MerTK+ T cells. Since
both cancer cells and immune cells express MerTK, it is important to investigate the role of
MerTK signaling in the tumor context. It is firmly established that MERTK inhibition on
cancer cells inhibits survival signaling pathways. Moreover, MerTK inhibition on APCs
would block efferocytosis and render the cells more capable in priming T cell responses. On
the other hand, blocking MERTK signaling on T cells would render the T cell less capable
of cytokine production, proliferation and killing.

To answer this question of how MerTK inhibition may affect MerTK+ T cells in an
antitumor cell response, we studied MerTK signaling in melanoma TILs by examining the
impact of Pros1 [9]. Melanoma TILs are used for adoptive cell therapy (ACT) at our research
center and TIL expansion represents a crucial step in the process since failure to grow cells
obviously jeopardizes patient treatment. Clearance of Pros1 by an αPros1 antibody during
TIL expansion resulted in a significant decrease in fold expansion rate. Similarly, we
studied if addition of increasing Pros1 concentrations would impact the cytotoxicity of
expanded TILs against an autologous melanoma cell line. These data indicated a trend,
albeit non-significant, that higher Pros1 levels corresponded with enhanced killing activity
of the T cells.

MerTK activation initiates a signaling cascade in cancer cells that classically promotes
cancer cell survival, and in T cells provides a costimulatory signal. In the TME, this sets the
stage for competition for Pros1 between cancer cells and T cells, and this balance may affect
aspects of immune microenvironment resolution. In co-culture studies with the breast
cancer cell line MDA-MB.231, which expresses high levels of MerTK, we could show that
low concentrations of Pros1 resulted in an enhanced inhibition of T cell activation by the
cancer cells. This competitive effect was abrogated when an excess amount of Pros1 was
present in the co-culture media [9]. Cancer cell lines express a higher level of TAM receptors
than activated T cells, which explains a higher Pros1 consumption by MDA-MB.231 cells
compared to activated T cells. This shows how TAM expression by cancer cells, or any cell
of the TME, could set the stage for ligand competition and Pros1 starving of T cells. One
strategy to overcome this ligand competition could be to equip T cells with a constitutively
active MerTK construct [49], thereby increasing MerTK signaling and rendering the T cell
insensitive to Pros1 starvation.

3. Axl

3.1. Axl Drives Cancer Cell Survival, EMT and Chemoresistance

In recent years, Axl has been investigated to a great extent for its role as an oncogene
and driver of cancer cell survival. It was this very role that led to the discovery of Axl in
the first place; the gene was isolated from two patients with chronic myelogenous leukemia
(CML) and shown to cause neoplastic transformation in NIH3T3 cells [50]. Following
this discovery, a myriad of articles have been published to unravel Axl’s involvement in
cancer cell survival and metastasis in many cancer types (as reviewed in [51]). Downstream
signaling of Axl resembles many other receptor tyrosine kinase signaling pathways and
their specific activation seems to be dependent on cell and tissue type [51]. In general,
Axl mediates both tumor-proliferating and anti-apoptotic functions, which synergize in
promoting cancer cell survival. In addition, Axl signaling has more specialized features in
cancer cells, two of which will be highlighted in the following.

First, Axl has repeatedly been shown to be involved in epithelial-to-mesenchymal
transition (EMT), thus being a crucial player in enabling cancer cell metastasis [52]. Axl has
been pointed out both as an upstream regulator [23] and a downstream effector [53] of EMT.
Asiedu et al. showed that vector-based overexpression of Axl in human breast epithelial
cells resulted in downregulation of the epithelial marker E-cadherin and a concurrent up-
regulation of mesenchymal markers N-cadherin, Snail and Slug [23]. This EMT phenotype
was suppressed when silencing Axl with shRNA or when blocking the NFκB pathway with
proteasome inhibitor MG132. This elegantly demonstrated the role of Axl in inducing EMT,
in part at least via activating NFκB. A recent study supported these results, as the ectopic
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expression of Axl in human gastric cancer cell lines also downregulated E-cadherin and
upregulated the mesenchymal marker vimentin [54]. In both studies [23,54], inactivation
of Axl in in vivo models slowed tumor outgrowth. As Axl is not only implicated as an
inducer but also an effector of EMT, this strongly points towards a positive feedback loop
to sustain the EMT phenotype of tumor cells. The induction of Axl by the EMT program
has been observed in different tumor types, such as breast cancer [53,55], skin cancer [56],
esophageal cancer [57] and ovarian cancer [58]. Axl signaling was shown to facilitate cancer
cell invasion in esophageal cancer by increasing extracellular acidification by upregulation
of lactate transporters. The increased extracellular pH, in turn, led to a peripheral distri-
bution of lysosomes and enhanced lysosomal exocytosis and secretion of cathepsin B, a
protease involved in extracellular matrix degradation. This paved the way for cancer cell
migration from the primary site [57].

Second, expression of Axl plays a role in mediating chemoresistance, which is a major
challenge in providing long-lasting treatment to cancer patients. Some cancers are more
prone to chemoresistance than others and increased frequency of chemoresistance often
goes hand in hand with a poorer prognosis. This, for instance, is the case for ovarian
cancer, in which resistance to the first-line platinum-based chemotherapeutics is very
common [13,59]. The chemoresistance against platins in ovarian cancer has been shown
to be mediated by Axl by different mechanisms. Axl signaling was found to hamper
intracellular accumulation of carboplatin in ovarian cancer cell line POV71-hTERT, thus
keeping intracellular carboplatin concentrations at suboptimal levels [13]. Axl blockade in
POV71-hTERT cells revealed an upregulation of multidrug resistance gene P-glycoprotein
expression. P-glycoprotein is an ATP-dependent efflux pump, which could potentially
export carboplatin from the cell. Therefore, this could indicate a pretarget resistance
mechanism, as per classification of platinum resistance mechanisms by Galluzzi et al. [60].
Additionally, Axl has been implied in an off-target resistance mechanism against cisplatin:
Axl seems to increase aerobic glycolysis of ovarian cancer cells, also known as the Warburg
effect [59]. Specifically, Axl was shown to phosphorylate the pyruvate kinase isoform
PKM2 at tyrosine 105, which favors ATP production by aerobic glycolysis over the Krebs
cycle. This altered metabolism, with its increased energy production and biosynthesis, was
suggested to compensate for the lethal cisplatin signaling. The diversity of chemoresistance
mechanisms induced by Axl illustrates the key role that Axl plays in platinum resistance.
Apart from ovarian cancer and platinum, Axl mediates chemoresistance in a range of other
cancers and drugs. Just to name a few, Axl was shown to cause resistance of astrocytoma
cell line A172 to carboplatin [61], resistance of FLT3-internal tandem duplication AML to
quizartinib [62] or resistance of EGFR-mutated lung cancer to osimertinib [63].

Taken together, this shows that Axl signaling has a variety of beneficial effects on
cancer cells that could be exploited therapeutically.

3.2. Targeting Axl on Cancer Cells and Its Implications

The strong oncogenic properties of Axl expression and signaling have led to the
development of Axl inhibitors; one of the best known to date is bemcentinib (formerly
BGB324 or R428). It has been shown to block proliferation and growth signaling [16] as
well as tumor metastasis [52]. Furthermore, Axl inhibition enhances apoptosis mediated
by chemotherapeutic drugs [64]. Due to the success of Axl inhibitors in preclinical models,
some treatment prospects have been advanced into clinical testing. The lead candidate
is bemcentinib, being tested in as much as ten clinical phase I/II studies registered on
ClinicalTrials.gov (accessed on 28/10/2020). The clinical trials cover a wide range of tumor
diagnoses, from brain cancer over triple-negative breast cancer to acute myeloid leukemia.
Bemcentinib is being tested as a single-treatment agent as well as in combination with, e.g.,
chemotherapy, targeted therapy and immune checkpoint blockade. To date, only one study
is registered as completed. TP-0903 is another candidate in clinical testing, comprising
four registered in-patient trials. To our knowledge, only preliminary clinical data has been
made available for these trials, showing some promising responses.

187



Cancers 2021, 13, 1195

Besides merely being a treatment target, Axl has often been implied as a prognostic fac-
tor for cancer patients. High Axl expression is usually associated with a worse outcome [65].
These associations are mostly based on cancer gene signatures, allowing for determination
of expression of Axl RNA. Axl RNA expression, however, has been shown to not directly
correlate to Axl protein expression [66], which is necessary for functionality of the receptor.
In their murine studies, Zagórska and colleagues demonstrated that Axl mRNA copy
number is very similar in DCs and bone marrow-derived macrophages. Despite this, Axl
protein expression is high on DCs, but low on bone marrow-derived macrophages, sug-
gesting that post-transcriptional or post-translational mechanisms regulate Axl expression.
Therefore, it should be considered that PCR-based evidence for high Axl expression on
cancer cells does not necessarily translate into high expression of Axl protein.

Nevertheless, whether Axl is expressed on cancer cells or not, emerging evidence
suggests that Axl inhibitors could affect cancer cells regardless of Axl expression. In a study
by Chen et al., Axl inhibitor bemcentinib induced cancer cell apoptosis in cell lines, in
which Axl was knocked down by a siRNA approach. They demonstrated that bemcentinib
blocks Axl phosphorylation short-term and induced Axl upregulation, while still causing
increased apoptosis—this increased apoptosis was observed even in Axl knockdown cell
lines [67]. This was traced down to protonation of bemcentinib following accumulation
in the lysosomes, which altered lysosomal pH. In turn, the altered pH disturbed lysoso-
mal degradation leading to vacuolization, and eventually triggered cell death. This is
underlined by R428′s molecular structure, which resembles other lysomotropic agents that
induce vacuolization. An important consideration is that the entrapment of bemcentinib
in lysosomes could explain the merely transient effect as an Axl inhibitor. Furthermore,
Chen et al. showed that bemcentinib initiated autophagy, possibly as a feedback signal
to compensate for the disrupted autophagic protein processing in the lysosomes, which,
however, aggravates the problem. Increased autophagic flux was also observed upon treat-
ment of renal cancer cells with bemcentinib [64]. These results, though, stand in contrast
to a study by Lotsberg et al. [68], which showed that bemcentinib abrogates autophagy
in non-small cell lung cancer (NSCLC) and thus induces immunogenic cell death. These
differences could be related to different cancer cell lines studied, but also illustrate very
well that the mechanism(s) of small molecule Axl inhibitors are not entirely clarified yet.

Upregulation of Axl caused by a small molecule Axl inhibitor as described by Chen et al.
was later confirmed in another study with Axl TKI BMS777607 [69]. The authors found that
Axl phosphorylation upon Gas6 stimulation is necessary for the protein to be ubiquitiny-
lated, internalized and degraded by the lysosomal pathway. However, blocking receptor
activation with a tyrosine kinase inhibitor also blocks this required phosphorylation, which
leads to an accumulation of an inactive Axl receptor on the cell surface. Phosphorylation of
this receptor can still take place, even after days, which causes severe consequences in the
tumor microenvironment. In sections of tumors where the drug gradient might fall below
inhibitory concentrations, accumulated Axl receptors may start to signal again, reversing
any desired effect of treatment.

3.3. Axl Plays a Role in Immune Homeostasis

Axl can be expressed by various immune cells, which implies that targeting of Axl in
cancer therapy may also have an impact on the immune system.

In DCs, Axl signaling plays a major role in terminating immune responses at the end
of an infection [6]. TLR activation on DCs upregulates Axl expression via STAT1 signaling.
Upon activation, Axl hijacks the IFNAR-STAT1 signaling cassette to induce SOCS1 and
SOCS3. These molecules then suppress TLR signaling, terminating DC priming of T cells.
Blocking this pathway could avoid the negative feedback mechanism, allowing continued
immune responses.

Macrophages are another cell type in the myeloid compartment that expresses Axl.
TAM receptor expression on macrophages is crucial in the process of efferocytosis, the
immune-quiescent phagocytosis of apoptotic cells. While MerTK surely takes the lead role
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in this process [70], nuclear receptor signaling following efferocytosis is suggested to also
upregulate Axl transcription in macrophages [71]. Blockade of Axl, or TAM receptors in
general, can thus hinder efferocytosis [72]. Consequently, phagocytosis of (dying) tumor
cells would trigger an inflammatory response, which could attract more immune cells to
the crime scene. In the tumor context, Axl is also suggested to play a role in polarization
of tumor-associated macrophages (as reviewed in [73]). There is conflicting evidence on
Axl’s involvement; while Axl inhibition with R428 decreased M2-associated factors (IL-10
and TGF-β) in mineral trioxide aggregate-treated THP-1 cells [74], blocking Axl with a
monoclonal antibody in an MDA-MB231 xenograft model decreased M1-associated factors
(IL-6, TNF-α, G-CSF) [75].

Furthermore, Axl signaling has been implied in optimal NK cell differentiation [76,77].
It should be considered that Axl inhibition could therefore hamper differentiation from
immature NK cells into cytotoxic NK cells. Similar to DCs, Axl could possibly also be
implicated in the negative regulation of NK cells [78]. Upon stimulation with interleukin-15,
NK cells were shown to have reduced IFN-γ secretion if pretreated with type I interferons.
This went hand in hand with an upregulation of Axl on NK cells, leading to the suggestion
that Axl might be the mediator of diminished IFN-γ secretion. However, this mechanism
remains to be fully investigated.

3.4. Axl Inhibition and the Effect on the Immune Response against Cancer

The previous sections have illustrated that Axl plays a role both in tumor biology and
in the immune system. In an era during which the immune system’s ability to control
tumor growth is increasingly harnessed by immunotherapies, it is worth investigating
which role Axl plays in this interaction between cancer and immune cells.

Besides its direct effects on cancer cell survival and invasion, blocking of Axl signaling
has other antitumor effects, which render the tumor more susceptible to immune cell
killing. Recently, Axl targeting was discovered to have a positive impact on the expression
of ICAM-1 and ULBP-1 on lung carcinoma [79]. ICAM-1 is an adhesion molecule implicated
in lymphocyte tissue migration and stabilization of cell–cell junctions, whereas ULBP-1 is
a ligand for NKG2D, an activating NK receptor. By upregulation of these molecules, the
lung carcinoma cell line clones displayed increased sensitivity to NK- and T cell-mediated
killing. Likewise, Woo et al. found that R428 could enhance the effect of TRAIL-mediated
killing [64]. TRAIL is a death receptor ligand, which is expressed by various immune
cells. In their study, apoptosis induced by recombinant TRAIL was increased by R428 in a
variety of cancer cell lines. They demonstrated that R428 induced upregulation of miR-708,
which inhibits c-FLIP expression. Additionally, R428 triggered proteasomal degradation of
survivin. Both c-FLIP and survivin are anti-apoptotic proteins, which explains why their
downregulation allows increased apoptosis.

Apart from targeting tumor cells, Axl inhibition also has direct effects on the immune
system, which could aid the immune cells in destructing the cancer cells. Specifically,
the role of Axl in terminating immune responses should be discussed. Both in DCs and
in NK cells, Axl has been implied in negative feedback loops and breaking these loops
could restore essential immune responses in the tumor microenvironment. This concept is
emphasized by a study by Guo et al., in which they could show that Axl inhibition (both by
bemcentenib and SGI-7079) reprogrammed the tumor microenvironment in two different
mouse tumor models [80]. They found that Axl inhibition caused a reduction of mono-
cytes/macrophages and granulocytes in the tumor, but an accumulation of CD103+cDCs.
These cDCs also expressed higher amounts of activation markers CD40 and CD86. Con-
comitantly, this led to increased infiltration of activated proliferating T cells (Ki67 and CD69
positive) to the tumor. This could suggest that the activated DCs induced a heightened T
cell response, which was also underlined by higher Th1-associated gene expression in the
tumor. However, this adaptive immune response was counteracted by PD-L1 upregulation
on the tumor cells. This went hand in hand with an induction of PD-1 expression on the
tumor-infiltrating T cells, which suggested a formation of an adaptive immune resistance.
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PD-1 blockade could reverse this acquired resistance, to the degree that a third of mice
treated with αPD-1 mAb and an Axl inhibitor were cured and resistant to rechallenge.

Similarly, in mice, TAM receptor signaling was suggested to attenuate NK cell re-
sponses via ubiquitin ligase Cbl-b. Hence, inhibition of TAM receptors, including Axl,
could enhance NK cell function, shown by a decreased metastatic load in mice models [7,81].
Moreover, blockade of Axl ligand Gas6 signaling was also shown to activate NK cells,
which further underlined this mechanism in murine tumors [82]. However, expression of
Axl on mature human NK cells is debated: mRNA expression of Axl was shown to disap-
pear on day 10 of NK cell differentiation from CD34+ human pluripotent stem cells [76].
On the contrary, a study on NK cells isolated from peripheral blood mononuclear cells
found that a fraction of NK cells expressed Axl (approx. 1%) and that this expression was
tripled by IFN-β stimulation [78]. Still, this raises questions about the functional relevance
of Axl on human NK cells, and thus the effect of Axl inhibitors.

4. Conclusions

Thirty years after their characterization, TAM receptors are now recognized as impor-
tant molecules in a range of normal physiological functions, e.g., efferocytosis, tissue repair,
innate immune regulation and costimulation on T cells. TAM receptors also play important
roles in cancer biology, which has prompted investigations on inhibition of mainly Axl and
MerTK as a therapeutic strategy. To this end, various small molecule inhibitors have been
developed, alongside a smaller number of blocking antibodies. In vitro inhibition of both
MerTK and Axl has a negative impact on cancer cell survival, with enhanced apoptosis and
diminished proliferation (see Figures 2 and 3 for MerTK and Axl inhibition, respectively).
Blocking of Axl also impedes EMT and reverses chemoresistance. The favorable attributes
of TAM inhibition could also be translated in vivo, since blocking TAM receptors prevented
tumor outgrowth in several murine studies. In these studies, increased inflammatory tumor
cell killing was observed when Axl or MerTK signaling was abrogated by small molecule in-
hibitors, blocking antibodies or gene knockout. The heightened immune response is mainly
ascribed to an increased CD8 T cell infiltration. MerTK inhibition is also associated with M1
macrophage polarization and a reduced number of MDSCs (see Figure 2). Axl inhibition, in
contrast, is suggested to block negative feedback loops in DCs and NK cells (see Figure 3).
Despite inducing an inflammatory tumor microenvironment, TAM inhibition leads to an
adaptive resistance to immune cell killing by upregulating molecules of the PD-1/PD-L1
axis. Therefore, combining TAM inhibition with anti-PD-1 blockade seems necessary and
has proven efficacious in mouse models. Still, the desired effect of TAM inhibition, even
as combination therapy, may come into conflict with undesirable effects on the immune
system: Axl signaling plays a role in NK cell differentiation and MerTK signaling provides
costimulation to T cells. Indeed, our research has demonstrated direct adverse effects of
MerTK inhibition on T cells, including reduced proliferation and cytokine production (see
Figure 2). Furthermore, MerTK-positive T cells that are restimulated generate a significantly
increased central memory pool. Upon use of MerTK inhibitors, this mechanism may be
disrupted, favoring short-lived effector T cell responses over generation of memory pools.
While this may result in effective treatment in the short term, an insufficient adaptive T
cell memory pool may fail to prevent relapse in the long term. Further study is required to
fully interrogate the duality between beneficial and detrimental effects of MerTK and Axl
inhibition in cancer treatment and its consequences for the immune system.

Clinical trials are ongoing to investigate the therapeutic potential of Axl and MerTK
small molecule inhibitors in cancer and data from these trials will provide valuable insights
into the precise mechanism of action. Preclinical data have shown that Axl small molecule
inhibitors likely affect cellular degradation pathways, even independent of Axl expression.
This illustrates the need for careful monitoring of early clinical data to harness merely
the beneficial effects of TAM small molecule inhibitors. In the future, this will possibly
prepare the platform for intelligent combination treatments with conventional therapies,
including immunotherapy.
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Figure 2. MerTK inhibition affects cancer cells, macrophages and T cells. In cancer cells, inhibition of MerTK signaling leads
to reduced proliferation, survival and invasion. It also hampers upregulation of PD-L1 in cancer cells. In macrophages,
MerTK inhibition increases IL-12 production, toll-like receptors (TLR) signaling and PD-L1 expression, while decreasing
IL-10 production. MerTK blockade in T cells results in reduced cytokine production, cytotoxicity, proliferation and memory
formation. It also induces expression of PD-1, thus, anti-PD-1 treatment should be considered in combination with
MerTK inhibition.

Figure 3. Cont.
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Figure 3. Axl inhibition influences both cancer and immune cells. (A) Blockade of Axl signaling in natural killer (NK) cells
enhances effector function but has also been implied to disturb NK cell differentiation. (B) In macrophages, Axl inhibition
leads to reduced efferocytosis and could also impact polarization. (C) Axl inhibition in dendritic cells (DCs) blocks SOCS1/3
signaling and upregulates CD40 and CD86. This results in increased T cell responses, which might need to be unleashed
by PD-1 blockade. (D) Inhibition of Axl signaling in cancer cells diminishes survival signals, EMT as well as impedes
chemoresistance. It also induces upregulation of ICAM-1, ULBP1 and PD-L1, while it downregulates c-FLIP and survivin
and thus enhances apoptosis.
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Simple Summary: Natural Killer (NK) cells are innate lymphocytes that play an important role
in the immune response against cancer. Their activity is controlled by a balance of inhibitory and
activating receptors, which in cancer can be skewed to favor their suppression in support of immune
escape. It is therefore imperative to find ways to optimize their antitumor functionality. In this
review, we explore and discuss how their activity influences, or even mediates, the efficacy of various
anti-cancer therapies and, vice versa, how their activity can be affected by these therapies. Knowledge
of the mechanisms underlying these observations could provide rationales for combining anti-cancer
treatments with strategies enhancing NK cell function in order to improve their therapeutic efficacy.

Abstract: Natural Killer (NK) cells are innate immune cells with the unique ability to recognize and
kill virus-infected and cancer cells without prior immune sensitization. Due to their expression of the
Fc receptor CD16, effector NK cells can kill tumor cells through antibody-dependent cytotoxicity,
making them relevant players in antibody-based cancer therapies. The role of NK cells in other
approved and experimental anti-cancer therapies is more elusive. Here, we review the possible role
of NK cells in the efficacy of various anti-tumor therapies, including radiotherapy, chemotherapy,
and immunotherapy, as well as the impact of these therapies on NK cell function.

Keywords: NK cells; radiotherapy; local ablation therapies; checkpoint inhibitors; chemotherapy;
protein kinase inhibitors; oncolytic virus; cancer; anti-cancer therapies

1. Introduction

Natural killer (NK) cells are large granular lymphocytes, part of the innate immune
system, and are characterized by the expression of CD56, the absence of CD3 [1], and
the ability to kill virus-infected and tumor cells without prior immune sensitization [2].
Classically, NK cells can be divided into two main subsets with distinct properties: the
CD56dim effector NK cells with high cytotoxic capacity and the CD56bright NK cells, which
exert mainly a regulatory function [3]. NK cell activity is controlled by a balance of
inhibitory and activating receptors (Figure 1) [1]. Killer cell immunoglobulin-like receptors
(KIR) and the natural killer receptor (NKG) 2A are examples of inhibitory receptors that are
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important to suppress non-specific cytotoxic activity and killing of healthy cells. They bind
to multiple human leukocyte antigens (HLA), which can be downregulated by tumor and
virus-infected cells to escape T cell recognition leading to increased NK cell recognition. In
addition, NK cells can express other inhibitory receptors recognizing non-MHC molecules,
such as the Lectin-like Transcript-1 (LLT-1), which binds to NKR-P1A. The activating
receptors, such as natural killer group 2 member (NKG2)D/C/E, and natural cytotoxicity
receptors (NCRs), such as NKp30, NKp46, and NKp44, recognize specific ligands, like
MHC class I polypeptide–related sequence A/B (MICA/B), UL16 binding protein 1-6
(ULBP1-6), and heparan sulfate proteoglycan (HSPG), that are overexpressed by infected
and malignant cells [1,2]. When the balance of these receptors is skewed towards activation,
either due to a lack of inhibitory signals or the dominance of activating signals, NK cells
are triggered to release cytotoxic granules and cytotoxic effector proteins like granzymes
and perforin in order to kill the target cell [4,5]. NK cells can also induce apoptosis via
Fas ligand and tumor necrosis factor (TNF)–related apoptosis-inducing ligand (TRAIL),
which bind to the Fas receptor and the death receptor 5 (DR5) expressed on target cells [4].
Moreover, thanks to the expression of CD16 (Fc receptor: FcRγIII), NK cells can also kill
through antibody-dependent cell-mediated cytotoxicity (ADCC) [6].

 

Figure 1. Overview of major natural killer (NK) cell activating and inhibitory receptors and their
corresponding ligands expressed on tumor cells. KIR: killer cell immunoglobulin-like receptors; NKG:
natural killer receptor; TRAIL: tumor necrosis factor-related apoptosis-inducing ligand; NCR: natural
cytotoxicity receptors; HLA: human leukocyte antigen; MICA: MHC class I polypeptide–related
sequence; PVR: poliovirus receptor; DR5: death receptor 5; DNAM1: DNAX Accessory Molecule-1,
ULBP1-6: UL16 binding protein 1-6, LLT-1: lectin-like Transcript-1.
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Cancer is a leading cause of death worldwide, and the number of new patients
diagnosed with cancer is still rising globally [7]. In Europe, 20% of deaths are caused
by cancer [8]. Although multiple therapeutic approaches are currently available, cancer
remains a clinical challenge, and therefore new insights into this disease are necessary.
NK cells are known to play a pivotal role in cancer. Patients with higher NK cell activity
were found to have a better prognosis [9,10], and thanks to their ability to kill circulating
cancer stem cells, which have high metastatic potential, NK cells play an essential role in
the prevention of metastasis [11]. While the role of NK cells in monoclonal antibody-based
therapies is well established [12], less is known on the function that NK cells have in
other anti-cancer therapies. This review will focus on the effects that various anti-cancer
therapies have on NK cells and the possible role that NK cells play in these therapies. An
overview of clinical observations is presented in Supplementary Table S1.

2. Radiotherapy

Radiotherapy is an anti-cancer strategy based on the administration of ionizing radia-
tion, which induces DNA damage and cell death, and that is currently included in more
than 50% of all anti-cancer treatments [13,14]. Radiotherapy affects NK cells both directly
and indirectly (Figure 2).

 

Figure 2. Direct and indirect effects of radiotherapy, chemotherapy, and protein kinase inhibitors on NK cell activity. Radiotherapy
(A) and chemotherapy (B) cause cell damage, often leading to NK cell impairment, whereas protein kinase inhibitors (C) target
specific signaling pathways resulting in either increased or decreased NK cell activity depending on the pathway involved.
These treatments can also induce the modulation of various NK cell ligands on tumor cells and the release of damage-associated
molecular patterns (DAMPs), indirectly affecting NK cell functions. Red arrows: inhibitory effects; green arrows: stimulatory
effects; blue arrows: indirect effects, modulating the tumor cell’s susceptibility to NK-mediated cytolysis. ULBP1-6: UL16 binding
protein 1-6; MICA: MHC class I polypeptide–related sequence; TRAIL: tumor necrosis factor-related apoptosis-inducing ligand;
HLA: human leukocyte antigen; PD-(L)1: programmed cell death protein (ligand) 1, NKG: natural killer receptor; NCR: natural
cytotoxicity receptors; BRAF: B-rapidly accelerated fibrosarcoma; GSK-3β: Glycogen synthase kinase-3β; JAK: Janus kinase.
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The viability of ex vivo irradiated NK cells from healthy donors was shown to be
reduced, and this decrease was directly correlated with a higher single radiation dose
and the length of the post-irradiation measurement interval [15–17]. For instance, the
mean percentage of dead NK cells after the administration of 1 Gy ranged from 1.3%
to 20.7% after 2 and 42 h, respectively, whereas at the same time points, a dose of 10
Gy induced the death of 2.7% to 67.5% NK cells [15]. At low radiation doses (<0.1 Gy),
ex vivo irradiated NK cells from healthy donors actually demonstrated higher levels of
cytotoxicity compared to non-irradiated NK cells. Moreover, higher expression of TNFα
and interferon-γ (IFNγ) was observed. Interestingly, the addition of a specific P38 inhibitor
hampered the positive effect of low dose radiation on NK cell cytotoxicity, suggesting that
the p38-mitogen-activated protein kinase (MAPK) pathway might mediate this effect [18].
In another study, occasionally higher NK cell cytotoxicity was found when ex vivo NK
cells from healthy donors were irradiated with a single dose between 1–10 Gy compared
to non-irradiated cells [15]. In addition, the administration of a total dose of 10 Gy in two
fractions was observed to enhance ex vivo healthy donor NK cell cytotoxicity compared to
the non-fractionated dose [17]. In contrast, a reduction in cytotoxicity was reported when
ex vivo isolated NK cells from healthy donors were treated with higher radiation doses
(>20 Gy) [15,17].

Multiple studies focusing on patients with cancer undergoing radiotherapy also un-
veiled reductions in the absolute number of various peripheral blood (PB) lymphocyte sub-
sets, including NK cells [19–25], and impaired NK cell activity compared to pre-treatment
levels [26,27], suggesting that radiotherapy directly decreases both NK cell viability and
function in a dose-dependent manner.

The indirect effects of radiotherapy on NK cells can be divided into three categories:
the modulation of activating and inhibitory NK ligands, the release of damage-associated
molecular patterns (DAMPs), and the enhancement of NK cell migration to the tumor.
Upon radiotherapy, many cell types, including tumor cells, modulate the expression of NK
cell ligands with a crucial impact on the sensitization to NK cell responses. Cancer cells from
various solid tumor types were discovered to upregulate MICA/B and ULPB1–3 [28–31],
whereas they downregulated the KIR2D ligands HLA-ABC and HLA-G [32–35], suggesting
a higher sensitivity to NK cell-mediated cytotoxicity. Moreover, multiple irradiated cancer
cell lines showed an increased expression of the intracellular adhesion molecule 1 (ICAM1),
which was described to enhance NK cell-mediated killing by increasing cell-to-cell adhe-
sion, and the Fas receptor, possibly indicating higher susceptibility to NK cell-mediated
apoptosis [32,33,36]. Of note, also cancer stem cells (CSC), which represent a small radio-
resistant population, were found not only to upregulate the Fas receptor in an irradiation
dose-dependent manner but also to upregulate MICA/B, suggesting higher sensitization
to NK cell killing [37]. On the other hand, other irradiated cancer cell lines demonstrated
to be more resistant to NK cell cytotoxicity by the downregulation of MICA/B, ULPB 1–3,
or the upregulation of HLA-ABC [33,38]. It is important to note that different tumor cell
lines were used to analyze these effects and that the discrepancies in the responses could be
due to cell line specific properties. Indeed, a study analyzing expression levels of various
proteins related to NK cell sensitivity (e.g., of Fas, HLA-ABC) on human colon, lung, and
prostate cancer cell lines upon irradiation found heterogeneous responses [33]. Moreover,
variation in the expression of NKG2D ligands (NKG2D-L; e.g., MICA/B, ULBP1-3) might
be due to the upregulation of matrix-bound metalloproteinases (MMPs) by cancer cells,
which can shed NKG2D-L from the tumor cell surface leading to decreased membrane
expression, consequently reducing NK cell recognition and activation [31].

Radiotherapy can also induce the release of DAMPs by tumor cells, such as heat shock
proteins (Hsp), which are a family of stress-inducible factors with anti-apoptotic function
regularly expressed by tumor cells [39]. Higher levels of Hsp70 are produced in response to
cellular stress, which can be caused by radiotherapy [40,41]. In addition to the intracellular
anti-apoptotic function, the release of Hps70, or its expression on the cell surface, can
function as a DAMP triggering anti-tumor immune responses. In particular, membrane-
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bound Hsp70 (mHsp70) can elicit NK cell activation and tumor cell killing through binding
to NKG2A/C/E and the co-receptor CD94 [42,43]. However, the expression of HLA-
E by tumor cells can hinder this mechanism, significantly reducing Hsp70-dependent
activation [44]. Radiotherapy and genotoxic stress can also induce the release of other
DAMPs such as adenosine triphosphate (ATP), which can be bound and processed into
adenosine (ADO) by multiple cells in the tumor microenvironment (TME) (e.g., tumor cells,
regulatory T cells (Treg), and CD8+ T cells) through their expression of CD39 and/or CD73.
ADO is a highly immunosuppressive factor that impairs the function of multiple immune
cells through the binding with its receptor, which is also expressed by NK cells [45,46].

Finally, radiotherapy enhanced NK cell migration to tumor cells in vitro. Multiple
irradiated breast cancer cell lines were shown to increase their in vitro production of
CXCL16, a CXCR6 ligand, leading to higher NK cell trans-well migration [47]. In conclusion,
radiotherapy directly impaired NK cell viability and activity in a dose-dependent manner
while modulating tumor cell sensitivity to NK cell-mediated cytotoxicity and the TME,
potentially both promoting and impairing NK cell function, depending on dose and tumor
heterogeneity, suggesting that combining radiotherapy with strategies to maintain NK cell
viability and activity could be beneficial.

3. Local Ablation Therapies

Local ablation therapies are minimally invasive therapeutic approaches, whereby tu-
mor cell death is caused by locally applied heat, cold, ultrasound, microwaves, irreversible
electroporation, high-frequency electromagnetic currents, or chemicals. Here, we will focus
on the effects of thermal ablation therapies on NK cells because, to our knowledge, the
effects of other approaches on NK cells have not been investigated.

3.1. Radiofrequency Ablation

Radiofrequency ablation (RFA) is a technique based on alternating electromagnetic
currents, which, by inducing ionic agitation, create local heat and, consequently, induce
tumor necrosis [48,49]. RFA was found to positively affect NK cell frequency and activation.
Multiple tumor-bearing animal models (i.e., mouse, rabbit, and rat) exhibited higher levels
of peripheral blood (pb)NK cells after treatment with RFA [50,51]. Moreover, tumor-bearing
rats treated with RFA had higher levels of intratumoral NK cells compared to untreated
rats [52]. The effects of RFA on NK cell activation were studied in a rabbit model where
higher ex vivo production of IFNγ and TNFα by NK cells was found after treatment as well
as higher ex vivo cytotoxic activity compared to NK cells from non-treated rabbits, which
was dependent on the expression of NKG2D [51].

In humans, no differences in pbNK cell percentages were measured after RFA com-
pared to baseline in patients with renal cell carcinoma [53]. In contrast, patients with
hepatocellular carcinoma (HCC) showed higher levels of pbNK cells after RFA treat-
ment [54,55]. This increment was described to be mostly due to elevated levels of CD56dim

pbNK cells, which were accompanied by increases in the expression of various NK cell-
activating receptors (NKG2D, CD16, NKp30, and NKp46), a reduction in the expression
of the inhibitory receptor NKG2A and higher in vitro NK cell cytotoxicity, ADCC, and
IFNγ production compared to baseline, suggesting that RFA enhances NK cell activation.
Interestingly, elevated levels of IFNγ release and NK cell cytotoxicity at 4 weeks after RFA
were associated with longer disease-free survival [54]. However, in a cohort of 80 patients
with HCC, a reduction in the percentage of NKp30+ pbNK cells occurred one day after RFA
treatment, which normalized after one month. In this study, higher frequency of NKp30+

NK cells 1 day after RFA correlated to lower tumor recurrence, whereas a delayed increase
of total NK cells and higher percentages of CD56bright NK cells at 1 month after RFA were
associated with more tumor recurrence in patients with HCC [56], suggesting that NK cell
dynamics play an important role in response to this therapy.
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3.2. Microwave Ablation Therapy

Microwave ablation therapy (MWA) is a treatment whereby, similarly to RFA, electro-
magnetic energy is used to increase intratumoral temperature and, consequently, induce
tumor necrosis. MWA is different as it uses frequencies ≥ 900 kHz, whereas this is lower
for RFA treatments (400–500 kHz) [57]. The effects of MWA on NK cells have been studied
in two mouse tumor models where higher levels of NK cells were found in PB as well
as infiltrating in MWA-treated tumors. Moreover, MWA was shown to induce NK cell
activation, which was dependent on intratumoral macrophage-derived interleukin(IL)-15.
In the same study, NK cell depletion, but not CD4+ or CD8+ T cell depletion, significantly
decreased overall survival and metastatic control, suggesting that NK cells played a pivotal
role in response to MWA [58].

In humans, higher levels of tumor-infiltrating NK cells were described in patients
with HCC treated with MWA. Interestingly, in this study, MWA also triggered (though to
a lesser extent) NK cell infiltration in distant (non-MWA treated) lesions suggesting that
the treatment could have induced an abscopal effect [59]. The frequency of pbNK cells
has also been studied in patients with HCC, but no significant differences were shown
before and after treatment [60]. In contrast, MWA-treated patients with early-stage breast
cancer exhibited higher levels of pbNK cells compared to untreated controls [58]. NK
cell activity has been studied in patients with prostate cancer (PC) treated with MWA,
where higher levels of ex vivo NK cell cytotoxicity were described compared to baseline
levels. Interestingly, MWA-treated patients with severely symptomatic benign prostatic
hyperplasia exhibited no increases [61], suggesting that specifically tumor-related factors
enhanced NK cell effector function. Finally, in patients with HCC or prostate cancer, higher
in vitro NK cell cytotoxicity and intratumoral NK cell frequency after MWA treatment have
both been correlated to therapeutic response [59,61], suggesting that in humans, NK cells
also play an important role in response to this therapy.

3.3. High Intensity Focused Ultrasound Ablation

High intensity focused ultrasound ablation (HIFU) is a relatively new hyperthermia
technique, whereby ultrasound waves induce the oscillation of water molecules to increase
the intratumoral temperature (≥60 ◦C) and consequently, induce cell damage [48]. HIFU
therapy has been shown to be an effective treatment approach in multiple solid cancers
(e.g., liver, breast, and pancreatic cancer) [62]. The frequency of pbNK cells after HIFU
has been studied in patients with various solid malignancies and patients with uterine
fibroids and exhibited no difference compared to pre-treatment levels [63,64]. However,
higher levels of pbNK cells, assessed using an enzyme-linked immunosorbent assay, were
observed after HIFU treatment in patients with primary liver cancer [65]. NK cell tumor
infiltration after HIFU was studied in patients with breast cancer, where higher infiltration
of CD57+ cells was described after treatment [66]. However, CD57 can also be expressed
by, e.g., senescent T cells, making this analysis non-specific for NK cells [67].

In conclusion, in animal models, both RFA and MWA seem to positively affect NK cell
activity and frequency, both intratumorally and peripherally, whereas more discrepancies
can be found in human studies, possibly due to differences in analyzed tumor types. The
frequency of NK cells has also been studied after HIFU; however, the impact of this therapy
on NK cells is less clear. Finally, NK cells seem to play a positive role in determining
treatment response to both MWA and RFA. However, due to the small amount of available
data, more studies are needed to further clarify and confirm these results.

4. Checkpoint Inhibitors

4.1. PD-1-PD-L1 Axis

Programmed cell death protein 1 (PD-1) and its ligand (PD-L1) are known for their
role in controlling T cell activation, and multiple antibodies targeting this pathway are
currently approved for clinical use [68]. Recent studies found that NK cells also play a
pivotal part in determining the efficacy of these therapies in both a direct and indirect
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manner. PD-1+ NK cells have been described in patients with multiple cancer types both
in PB and, in higher percentages, in the TME [69–74]. Multiple studies using both mouse
models and human NK cells showed that PD-1+ NK cells became impaired upon binding to
PD-L1 [70,71,73–75], whereas PD-1-PD-L1 blockade at least partially reversed this impair-
ment [68,70,72,73] (Figure 3). Interestingly, it was found that PD-1-PD-L1 blockade could
also indirectly influence NK cells by decreasing the expansion of PD-L1-induced Tregs,
which could reduce both NK cell function and survival via the release of TGFβ and the
seizing of IL-2 [73,76]. In multiple mouse models, NK cells played a key role in the efficacy
of PD-1-PD-L1 blockade in both effector T cell-resistant (i.e., MHC-Ilo) tumors, where the
effects of the therapies were NK cell-dependent, and T cell-sensitive tumors (MHC-Ihi),
where the depletion of either CD8+ T cells or NK cells led to similar increases in tumor
growth suggesting that also in T cell sensitive tumors, NK cells play a role in the efficacy
of PD-1-PD-L1 blockade [75]. In keeping with this notion, no response to PD-1 blockade
was found after NK cell depletion in mice lacking T cells [72]. Enhanced in vitro NK cell-
mediated ADCC was observed by applying the checkpoint inhibitor avelumab, an IgG1
monoclonal antibody (mAb) targeting PD-L1 [77,78]. NK cells also play an indirect role in
the efficacy of PD-1-PD-L1 blockade. Via the production of chemokines (CCL5, XCL1) and
the cytokine fms-related tyrosine kinase 3 ligand (FLT3-L), NK cells can enhance the migra-
tion and maintain the survival of type-1 conventional dendritic cells (DC), a rare CD141+ DC
population, which demonstrated to be particularly efficient in antigen cross-presentation
and to be required for an effective anti-PD-1-response [79]. Moreover, high levels of IFNγ,
produced also by activated NK cells, induced the expression of PD-L1 on tumor cells [73,76],
which could sensitize PD-L1− tumor to PD-1-PD-L1 checkpoint inhibitor therapies.

Other anti-cancer therapies may be more effective when combined with PD-1-PD-L1
blockade, partially as a result of its activating effects on NK cells. For example, cetuximab-
activated NK cells were found to express PD-1 and to induce the expression of PD-L1 on
tumor cells upon IFNγ release [73]. Similarly, some chemotherapeutic agents induced
PD-1 on NK cells, and higher expression levels of PD-L1 on tumor cells were described
after exposure to both chemotherapy and radiotherapy, suggesting that combining these
therapies with PD-1-PD-L1 blockade might enhance NK cell activity [38,80,81].

In conclusion, PD-1 is an important regulator of NK cell function, and its blockade
was shown to enhance NK cell activity leading to increased tumor control. Moreover, NK
cells were shown to play a role in response to PD-1-PD-L1 based therapies against tumors
both sensitive and resistant to T cell-mediated cytotoxicity.
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Figure 3. Effects of immune checkpoint inhibitor therapies on NK cells. NK cells can express
various immune checkpoints such as PD-1, TIM3, TIGIT, CD96, which, upon binding to their ligands,
impair NK cell function (A). Antibodies targeting these immune checkpoints were shown to restore
NK cell activity (B). CTLA-4 is not expressed by human NK cells; however, anti-CTLA-4 therapy
positively affects NK cell activity by reducing Treg-mediated suppression. A selection of immune
checkpoint ligands is shown in the figure. TIGIT: T cell immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domain; PD-(L)1: programmed cell death protein (ligand) 1; TIM3:
T-cell immunoglobulin- and mucin-domain-containing molecule-3; CTLA-4: cytotoxic T-lymphocyte-
associated protein 4.

4.2. CTLA-4

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is a T cell immune check-
point receptor abundantly expressed by Tregs and, upon stimulation, by cytotoxic T cells.
Antibodies targeting CTLA-4 are currently used as a therapy against multiple solid tu-
mors [82–84]. Limited knowledge is available on the role of NK cells in CTLA-4-based
therapies. Although it was shown that mouse NK cells could express membrane CTLA-4
upon stimulation with IL-2 [85], this has not been confirmed in humans [86]. In mice,
anti-CTLA-4 was described to positively affect intratumoral NK cell frequency [87,88]. In
humans, higher levels of intratumoral NK cells have been correlated with response to
anti-CTLA-4 [89,90]. Moreover, in patients with malignant mesothelioma, a perturbation
of the PB CD56bright/dim ratio was observed compared to healthy donors, which nor-
malized in favor of the CD56dim effector NK cells after treatment with tremelimumab, an
IgG2 anti-CTLA-4 mAb [91]. Interestingly, in patients with melanoma, lower levels of
CD56dim NK cells were also found, which increased after treatment with ipilimumab, the
first approved anti-CTLA-4 mAb [92]. These data suggest that CTLA-4 blockade influences
NK cell dynamics. One factor that could play a role in these observations is the reduction
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of Tregs upon anti-CTLA-4 therapy, which can reduce Treg-mediated NK cell impairment
and thereby increase NK cell activity [93] (Figure 3). A treatment-induced reduction of
tumor load might also positively influence the frequency and function of NK cells. Finally,
anti-CTLA-4 treatment could also stimulate NK cell ADCC. A recent study showed that in
mice, anti-CTLA-4 antibodies can trigger NK cell activation and cytotoxicity against Tregs
in an FcR-dependent matter [89]. However, ipilimumab, an IgG1 triggering CD16, induced
ADCC against Tregs by monocytes and pro-inflammatory macrophages but not by intratu-
moral NK cells [93–95], whereas tremelimumab was shown to trigger ADCC by classical
monocytes expressing CD32a, the main IgG2 receptor [96]. Nevertheless, it was shown that
pbNK cells could induce a selective reduction of FOXp3+ Treg when TILs, derived from
patients with head and neck cancer, were co-cultured with isolated NK cells in the presence
of ipilimumab [93]. Furthermore, ipilimumab induced ADCC by pbNK cells from healthy
volunteers against CTLA-4+ melanoma cells [97]. Of note, no NK cell-mediated ADCC was
found against other CTLA-4+ T cells [93,97], suggesting that other tumor-specific factors
might play a role in the selectivity of this process. In conclusion, anti-CTLA-4 indirectly
influenced NK cell activity, possibly through the (relative) reduction of Tregs and tumor
load. Moreover, ipilimumab induced ADCC in vitro by pbNK but not by intratumoral NK
cells, possibly due to differences in functionality.

4.3. TIM3

The immunoregulatory protein T-cell immunoglobulin- and mucin-domain-containing
molecule-3 (TIM3) is an immune checkpoint receptor originally identified on T cells, which,
upon binding with its cognate ligands (e.g., Galactin-9, phosphatidylserine,) inhibits T cell
activity [68]. TIM3 has been described on pbNK cells both from healthy donors and, at
higher levels, from patients with cancer and on intratumoral NK cells [74,98–101]. Purified
TIM3+ NK cells, both from HCC-bearing mice and patients with melanoma, were found to
be functionally impaired against tumor cells expressing TIM3 ligands. In both cases, NK
cell activity was restored with anti-TIM3 antibodies, which also led to enhanced NK cell
proliferation [98,102] (Figure 3). These data were confirmed in two T-cell deficient murine
models where anti-TIM3 antibody therapy led to prolonged overall survival and tumor
control in an NK cell-dependent manner [102,103]. However, surprisingly, the production
of IFNγ by TIM3+ NK92 cells, a human NK cell line, was also found enhanced upon
binding to its ligand galectin-9 [104]. Interestingly, NK cells exhibited TIM3 upregulation
in response to different stimuli (e.g., various cytokines such as IL-2, IL-15, IL-12, IL-18,
and antibody stimulation), but the initial priming factor responsible for the induction
of TIM3 was described to primarily influence the function of TIM3+ NK cells, possibly
explaining some apparent discrepancies in the literature. For example, both IL-12/IL-18
and CD16-stimulation with IgG1 Fc multimers were shown to induce TIM3 expression on
NK cells but solely the former led to enhanced IFNγ production [105]. In conclusion, TIM3
was able to regulate NK cell activity both positively and negatively, suggesting that other
factors might differentially influence the functionality of NK cells through TIM3 induction.
Clearly, detailed analysis is required to unravel these potentially opposing effects further.

4.4. TIGIT-CD96

TIGIT (T cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif
domain) and CD96 are two inhibitory receptors that are expressed by NK cells and T
cells and bind to the poliovirus receptor (PVR and CD155) and nectin (CD112), which
are expressed by antigen-presenting cells and, upon cellular stress, by malignant and
virus-infected cells [106,107]. These receptors are described in the same paragraph as they
both bind the ligands of DNAX Accessory Molecule-1 (DNAM1), an NK cell activating
receptor, thus potentially outcompeting its stimulatory effects. TIGIT+ NK cells have been
found in PBMC, both from healthy donors and patients with cancer [74,108,109] and in
the TME [74,110]. It was shown both in vitro and in vivo that TIGIT could impair NK cell
activity upon binding with its ligands and that NK cell function could be restored by
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blocking TIGIT [106,108,110,111] (Figure 3). The role of NK cells in TIGIT blockade-based
therapies was analyzed in multiple mouse models where the efficacy of TIGIT blockade
was dependent on both direct NK cell activation and on NK cell-dependent secondary
T cell activation. Upon NK cell depletion, CD8+ T cells expressed less CD107a, IFNγ,
or TNFα, suggesting that NK cells support CD8+ T cell function and/or prevent their
exhaustion. Moreover, in NK cell-deficient mice, the therapeutic effect of TIGIT blockade
was abolished even in the presence of TIGIT+CD8+ T cells, suggesting that, in this setting,
NK cells support CD8+ T cell function [110].

CD96+ NK cells were found in PB of both healthy donors and patients with can-
cer and in the TME [109,112]. The effects of CD96 on NK cell activity were studied ex
vivo using mouse NK cells wherein IFNγ production by NK cells was impaired in the
presence of a stimulating CD155-Fc antibody construct, whereas the addition of an anti-
CD96 mAb or the use of CD96−/− NK cells could reverse this effect (Figure 3). Moreover,
CD96 had higher in vitro affinity for CD155 as compared to DNAM1/CD226, an NK
cell activating receptor that recognizes the same ligands, suggesting that CD96 could
hinder DNAM1-dependent NK cell activation [113]. The contribution of NK cells to
the efficacy of CD96 blockade was studied in multiple mouse models, where an an-
tagonistic anti-CD96 improved metastasis control in an NK cell and IFNγ dependent
manner [107,112,114,115]. Interestingly, the effects of anti-CD96 were found to also be
dependent on the presence of DNAM1, suggesting that CD96 is a critical regulator of
DNAM1-dependent NK cell activation, likely through the aforementioned competition for
binding to ligands [107,113,115]. Finally, in mice, the combination of anti-CD96 mAb with
other immune checkpoint inhibitors (i.e., CTLA-4 and PD-1) or chemotherapy (e.g., dox-
orubicin and gemcitabine) demonstrated to be beneficial, suggesting a supportive role for
CD96 blockade in combination with other anti-cancer therapies [107,114]. In line with the
murine results, CD96+ healthy donor NK cells showed lower levels of activation compared
to CD96− NK cells. In the same study, CD96+ NK cells were co-cultured with a CD155
expressing cell line, and higher levels of cytotoxicity were found in the presence of a CD96
blocking mAb [112], indicating that also in humans, CD96 could play an important role in
the regulation of NK cell activity. In conclusion, both TIGIT and CD96 were demonstrated
to negatively regulate NK cell activity, and preventing the binding of these receptors with
their ligands could benefit NK cell-mediated anti-tumor functions.

4.5. LAG3

Lymphocyte activation gene-3 (LAG3) is an immune checkpoint receptor that has
been described to be expressed on both activated T cells and NK cells [116]. However, yet
little is known about its role on NK cells. In one human study, the presence of anti-LAG3
blocking mAbs or a recombinant soluble form of LAG3 did not influence LAG3+ NK cell
cytotoxicity against multiple tumor cell lines, suggesting that in humans, LAG3 may not
have a major influence on NK cell activity [117].

In conclusion, multiple immune checkpoints contribute to the regulation of NK cell
activity. PD-1, TIGIT, and CD96 can negatively affect NK cell function, and targeting
these receptors with immune checkpoint inhibitors was found to enhance the anti-tumor
response both in vitro and in vivo. In contrast, TIM3 was described to potentially both
enhance and inhibit NK cell function, suggesting that other factors play a role in this
pathway, urging the need for further studies. CTLA-4 blockade was observed to indirectly
influence NK cells by reducing Treg and tumor-related immune suppression, but the
potential ADCC effect by NK cells and its possible role in anti-CTLA-efficacy is still unclear.
Finally, although LAG3 can be expressed by NK cells, its role on NK cell activity seems to
be limited.

5. Chemotherapy

Experimental and clinical studies have shown that some chemotherapeutic agents may
influence anti-cancer immune responses by directly modulating NK cell
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function [118–121]. Moreover, in response to cytotoxic agents, stressed or dying tumor
cells up-regulate the expression of death receptors and different NK cell ligands on tu-
mor cells and release DAMPs, which indirectly influence the immune response in the
TME [118,119,122] Figure 2). Below different classes of chemotherapeutic agents, according
to their mechanism of action, will be discussed in relation to their effects on NK cells and
the possible involvement of NK cells in their efficacy.

5.1. Alkylating and Alkylating-Like Agents

Alkylating agents are chemotherapeutic drugs characterized by the ability to transfer
alkyl-group to DNA bases leading to DNA damage and cell cycle arrest [123]. These
compounds were shown to also directly affect NK cell function. In vitro, a reduction of NK
cell cytotoxicity was reported upon exposure to chlorambucil [124]. Similarly, ifosfamide
decreased in vitro NK cell activity in a dose-dependent manner through the reduction of
intracellular glutathione [125–127]. Interestingly, cyclophosphamide indirectly enhanced
ex vivo NK cell activity when administered in low doses in patients with end-stage cancer
by inducing a selective depletion of Treg. However, this effect was lost when the dose of
cyclophosphamide was increased, causing pan-lymphopenia [128].

Platinum drugs are chemotherapeutic agents that can form covalent bonds between
the DNA and the platinum component, leading to DNA damage. These compounds are
also known as alkylating-like agents due to the similarity in the mechanism of action [123].
Oxaliplatin and carboplatin had minimal impact on in vitro NK cell activity against the
cell line K562 [124], whereas the exposure to single-dose oxaliplatin was observed to
upregulate multiple NK cell-activating ligands (NKG2D, DNAM1, and TRAIL ligands)
on ovarian cancer cells leading to increased NK cell-mediated lysis [129]. In contrast, no
changes in the expression of NK cell ligands were found when multiple neuroblastoma
and breast cancer cell lines were exposed to single-dose cisplatin [129,130]. It is noticeable
that oxaliplatin, but not cisplatin, was shown to induce immunologic cell death, possibly
explaining such apparent discrepancies [131]. Moreover, different responses to cisplatin
have been described using other tumor cell lines, suggesting that the effects might also be
dependent on the tumor cell type. For example, it was reported that single and repeated
in vitro exposure of non-small cell lung cancer (NSCLC) cell lines to cisplatin lead to
the upregulation of MICA/B through the regulation of ataxia-telangiectasia mutated
(ATM), ataxia-telangiectasia, and Rad3-related (ATR) signaling pathways, as well as other
NKG2D-L (ULBP1, ULBP2/5/6, ULBP3, and ULPB4), resulting in increased NK cell
activity [132,133]. Similarly, HCC cell lines exhibited higher levels of ULBP2 upon exposure
to low doses of cisplatin, which was also observed to enhance tumor control in HCC-
bearing mice when combined with allogeneic NK cells [134]. In contrast, in patients with
NSCLC, treated with more than two cycles of cisplatin-based chemotherapy followed by
surgery, MICA/B and ULBP 2/3/4 were shown to be downregulated in 5/10 patients after
treatment [133]. A possible explanation for this discrepancy is that the in vivo upregulation
of these ligands by a subpopulation of tumor cells might have induced a selective NK cell
response resulting in a general reduction in the expression. Cisplatin was also found to
enhance the in vitro expression of B7-H6, a ligand of the activating NKp30 NK cell receptor,
on tumor cells, making them more sensitive to NK cell lysis [135]. Finally, both alkylating
and platinum agents were shown to induce the release of DAMPs, such as the high-mobility
group box 1 protein (HMGB1), which can activate the innate immune system [131,136],
and ATP, which, as mentioned, can be enzymatically converted to ADO leading to immune
suppression [137].

5.2. Microtubule Targeting Agents

Microtubule targeting agents (MTAs) are a group of chemical compounds with the
ability to interfere with the function of microtubules leading to cell death [138]. In vitro, mul-
tiple MTAs were described to substantially reduce NK cell cytotoxicity in a dose-dependent
manner [124]. Similarly, patients with NSCLC treated with paclitaxel exhibited lower levels
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of ex vivo NK cell cytotoxicity [139]. These findings can be explained considering that NK
cell activity was shown to be dependent on microtubule and microfilament integrity [140].
Moreover, a decrease in pbNK cells occurred in patients with various advanced cancers
treated with docetaxel. Interestingly, this decrease was not shown in patients treated with
paclitaxel alone [139,140] or in combination with carboplatin [141]. The reasons for this
discrepancy are currently unclear and, as reductions in pbNK frequency were also observed
following docetaxel treatment, this effect is probably not related to the chemotherapeutic
class. MTAs were described to also influence NK cell activity indirectly. In vitro, cytocha-
lasin D, nocodazole, and docetaxel induced the expression of several NKG2D and DNAM1
ligands on tumor cells leading to increased sensitivity to NK cell-mediated killing [142,143].
Interestingly, docetaxel enhanced NKG2D expression on NK cells in patients with breast
cancer, suggesting a higher lytic ability [143].

5.3. Antimetabolites

Antimetabolites are small molecules related to nucleotide metabolites with the ability
to interfere with DNA replication [123,144]. Multiple antimetabolite agents (e.g., methotrex-
ate and fluorouracil) were described to have minimal or no effects on in vitro NK cell
function except for the purine antagonist cladribine [124]. However, some antimetabolites
indirectly affect NK cell function. Melphalan triggered the DNA damage response pathway
of various multiple myeloma (MM) cell lines, which stimulated the in vitro up-regulation of
MICA/B and PVR through the ATM-ATR pathway [145,146]. Also, 5- fluorouracil induced
the in vitro expression of B7-H6 on tumor cells, making them more susceptible to NK cell
killing [135].

5.4. Anthracyclines

Anthracyclines are a group of chemotherapeutic drugs extracted from Streptomyces
species plural that function through multiple mechanisms of action, including interacting
with the enzyme topoisomerase-II, interfering with DNA replication, and inducing the
release of reactive oxygen species [147]. Daunorubicin, epirubicin, and doxorubicin were
shown to have minimal effects on in vitro NK cell activity against K562 [124]. On the
other hand, similarly to the antimetabolite melphalan, doxorubicin enhanced the in vitro
expression of MICA/B and PVR on various MM cell lines through the ATM-ATR signal-
ing [145,146]. In line with this, epirubicin induced higher levels of MICA/B, ULBP1/2,
and Fas on breast cancer cell lines resulting in higher in vitro NK cell-mediated oncoly-
sis [148]. In contrast, no changes in MICA/B were found on other tumor cell lines (renal
cell carcinoma (RCC), melanoma, and bladder cancer) treated with doxorubicin. In this
setting, higher levels of TRAIL and increased sensitivity to NK cell-mediated lysis were
detected [149], suggesting differences in the NK cell response based on tumor type.

5.5. Other Anti-Cancer Agents

Histone deacetylases inhibitors (HDACi) are epigenetic regulators used for the treat-
ment of hematological malignancies [150]. These agents demonstrated to inhibit NK cell
activity. The in vitro exposure of NK cells to the HDACi valproic acid (VPA) and suberoy-
lanilide hydroxamic acid decreased NK cell degranulation and cytotoxicity [151,152]. More-
over, in patients with cutaneous T-cell lymphoma treated with romidepsin, lower levels
of K562-induced NK cell degranulation were observed compared to pretreatment lev-
els [153]. HDACi were also found to modulate the expression of various ligands on the
surface of tumor cells. In particular, HDACi upregulated NKG2D-L, such as MICA/B and
ULBP1, on multiple tumor cell lines, both from hematological and solid tumors and on
patient-derived acute myeloid leukemia (AML) cells, leading to increased sensitivity to NK
cell-mediated cytotoxicity [154–157]. Similarly, VPA enhanced NK92-mediated tumor con-
trol in a pancreatic-mouse model by upregulating MICA/B [155]. HDACi were also shown
to downregulate B7-H6 leading to the reduction of NK cell degranulation also against cell
lines upregulating NKG2D-L in response to HDCAi, suggesting that this might limit NK
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cell response efficacy induced by HDACi [158]. Finally, various HDACi were described to
induce the expression of TRAIL receptors on various malignant cell types [159–161].

Proteasome inhibitors are anti-cancer agents targeting the ubiquitin-proteasome path-
way [162]. Bortezomib, a proteasome inhibitor approved for relapsed and refractory
MM [162], was found to negatively impact NK cell activity in vitro in a dose-dependent
manner [124]. Interestingly, at a low dose, bortezomib enhanced the expression of MICA/B
on hepatocellular lines without negatively affecting NK cell activity [163]. Similar results
were observed with MM cell lines and patient-derived malignant plasma cells in which
higher levels of PVR and Nectin-2 upon in vitro exposure to low-dose bortezomib were
found [145,164]. However, no changes in the expression of NKG2D-L have been described
on other MM and various RCC cell lines cultured with low-dose bortezomib [165,166],
suggesting differences in response to bortezomib. Finally, bortezomib enhanced the ex-
pression of DR5, a TRAIL ligand, on various tumor cells, increasing NK cell-mediated
cytotoxicity [166–168].

5.6. Combination Therapies

Apart from single class effects, chemotherapeutic agents are often given in com-
bination to maximize the anti-tumor effects. The effects of adjunctive chemotherapeu-
tic treatments on pbNK cells frequency have been analyzed in various patient groups
showing reductions in pbNK cell frequency after chemotherapy in patients with NSCLC
(cisplatin/nedaplatin and pemetrexed), triple-negative breast cancer (epirubicin and cy-
clophosphamide), colorectal cancer (5-fluorouracil, oxaliplatin, and leucovorin) [169–171].
Combination therapies were also found to impact NK cell activity. Two studies analyzing
the effects of chemotherapy (5-fluorouracil, cyclophosphamide combined with adriamycin
or methotrexate) in patients with breast cancer reported a reduction in ex vivo NK cell-
mediated cytotoxicity compared to pretreatment [172,173]. Similarly, a decline in NK cell
activity was observed in patients with various stages of breast cancer treated with different
chemotherapy regimens [174]. In contrast, a study analyzing patients with advanced ovar-
ian cancer, treated with paclitaxel and carboplatin, found no change in NK cell activity after
chemotherapy [141]. Interestingly, studies comparing different chemotherapy regimens
in patients with cancer reported that the effects of the agents on NK cell frequency and
activity differed based on both disease type and intensity of the therapy [174,175], possibly
explaining the apparently conflicting reports on NK cell responses.

In conclusion, despite differences between the various chemotherapeutic agents, the
exposure of NK cells to chemotherapy overall seems to reduce their activity while it
increases the sensitivity of tumor cells to NK cell killing, suggesting that strategies to
maintain NK cell activity during chemotherapy might be beneficial.

6. Protein Kinase Inhibitors

Protein kinase inhibitors are a group of agents that exert their function by blocking
the activity of one or more protein kinases [176,177], enzymes that play a vital role in the
regulation of important cellular pathways [178,179]. The dysregulation of protein kinases
leads to multiple pathological conditions, including cancer [180–182]. Some protein kinase
inhibitors have both a direct and indirect effect on NK cell activity (Figure 2).

6.1. Src-Kinase Inhibitors

Multiple protein tyrosine kinases of the Src-family were found to be involved in NK
cell activity [183]. Dasatinib, a second-generation broad Src-kinase inhibitor used for the
treatment of chronic myeloid leukemia (CML), reduced in vitro NK cell functions in a
dose-dependent manner [184]. In contrast, NK cells isolated from patients with leukemia
treated with dasatinib showed higher levels of ex vivo degranulation and cytotoxicity
compared to either pretreatment measurement or untreated controls, suggesting differential
effects of in vitro versus in vivo exposure [185,186]. Moreover, higher levels of ex vivo
NK cytotoxicity were found in the patients with a complete cytogenetic response [186],
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which might be related to the eradication of the tumor and, consequently, of the tumor-
related immune suppression. In contrast, findings on imatinib, another broad Src-kinase
inhibitor approved for the treatment of various cancer types, are less clear. While one study
described higher levels of ex vivo NK cell degranulation after 3 months of therapy [187],
others found no changes in NK cell activity compared to either baseline or untreated
controls both immediately after administration (2 h) and after long term therapy (median:
936 days; range: 28–2448) [185,186]. This discrepancy could, at least partially, be explained
by the different time points at which NK cell activity was analyzed. Interestingly, in
patients with CML treated for at least 3 years with imatinib and with a sustained molecular
response, higher levels of effector NK cells at imatinib discontinuation correlated to better
relapse-free survival, suggesting that NK cells have a role in tumor control after therapy
discontinuation [188,189].

6.2. BRAF Inhibitors

As a part of the MAPK pathway, which regulates cell proliferation, survival, and
metastasis [190], B-rapidly accelerated fibrosarcoma (BRAF)/MAPK has a significant role
in cancer development [191]. Currently, there are three BRAF inhibitors (BRAFi) approved
for clinical use in the treatment of advanced melanoma: vemurafenib, dabrafenib, and
encorafenib [192,193]. The in vitro exposure to vemurafenib was shown to enhance ERK1/2
phosphorylation, CD69 expression and induce higher levels of IL-2 dependent IFNγ pro-
duction in NK cells suggesting that BRAFi can directly enhance NK cell function. Moreover,
in a mouse model, NK cells played a critical role in the antimetastatic function of vemu-
rafenib in a perforin-dependent manner, which was enhanced by the combination with
IL-2 [194]. In contrast, vemurafenib indirectly hampered NK cell activity by modulating
the expression of various NK cell ligands on the surface of tumor cells. In particular,
vemurafenib downregulated expression of the activating MICA and ULBP2 ligands while
it upregulated expression of the inhibitory HLA-E and HLA-ABC receptors [195,196]. In-
terestingly, in melanoma cell lines, the downregulation of MICA and ULBP2/5/6 induced
by vemurafenib was counterbalanced by the addition of HDACi, potent NKG2D ligand in-
ducers, to the in vitro culture, leading to enhanced NK cell activity [196]. This suggests that
the combination with HDACi could increase the efficacy of BRAFi in an NK cell-dependent
manner. Finally, different melanoma cell lines with acquired resistance to vemurafenib
and dabrafenib were described to modulate the expression of various NK cell ligands (e.g.,
MICA/B and HLA-ABC), resulting in higher sensitivity to NK cell lysis compared to the
parental cell lines, suggesting patients gaining such resistance might benefit from strategies
to enhance NK cell activity [197,198].

6.3. GSK-3β Inhibitors

Glycogen synthase kinase-3β (GSK-3β) is a Serine/Threonine kinase that plays a
pivotal role in many cellular processes. Although multiple GSK-3β inhibitors are currently
under preclinical and clinical evaluation, no compound has yet been approved for cancer
treatment [199]. In NK cells, active GSK-3β has been associated with functional impairment
and in line treatment with GSK-3β inhibitors increased in vitro cytotoxicity mediated by
NK cells derived from both healthy donors and patients with cancer [200,201]. GSK-3β was
shown to be inhibited via ERK or AKT signaling upon binding of NKG2D to its ligands,
leading to activation of NK cells, confirming the negative regulatory role of GSK-3β in
NK cell function [202]. Moreover, in MM cell lines treated with a GSK-3β inhibitor, higher
expression levels of MICA were found, which was further augmented in combination with
chemotherapeutics, and significantly improved NK cell cytotoxic activity through NKG2D
recognition, suggesting that also indirect effects of GSK-3beta therapy can affect NK cell
activity [203].
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6.4. Other Protein Kinase Inhibitors

Sunitinib and sorafenib are two multi-target small-molecule tyrosine kinase inhibitors
(TKI) used for the treatment of multiple cancers [192]. In vitro, exposure of NK cells to
pharmacological levels of sorafenib, but not sunitinib, suppressed NK cell cytotoxicity and
IFNγ production by reducing the levels of IL-2-induced ERK1/2 phosphorylation [204].
Interestingly, NK cell activity and ERK1/2 phosphorylation were enhanced when NK
cells were exposed to a lower dose of sorafenib, indicating a dose-dependent effect [205].
Sunitinib and sorafenib indirectly enhanced in vitro NK cell activity against tumor cell lines
by inducing the expression of NKG2D ligands on tumor cells through the noncanonical
NF-κβ signaling pathway [206,207].

Janus kinase (JAK) and signal transducer and activator of transcription proteins
(STATs) are part of a signaling pathway that mediates cellular response to cytokines and
growth factors. This pathway was found to be critical for NK cell development and activa-
tion [208]. Ruxolitinib, the first JAK 1/2/(3) inhibitor approved for clinical use, was shown
to directly inhibit NK cell function and maturation [209]. In contrast, other JAK inhibitors
were found to indirectly enhance NK cell activity in vitro by impeding downregulation
of NKG2D ligands and inducing upregulation of PD-L1 in NSCLC and PC cell lines, by
IFNγ and IL-6 respectively, leading to enhanced NK cell-mediated killing [133,210]. It is
currently unclear which of these contrasting effects prevails in vivo, thus determining the
NK cell response.

Casitas B-lymphoma (Cbl)-b is an E3 protein ubiquitin-ligase expressed by all leuko-
cytes that negatively regulate immune activation. Multiple drugs targeting one or more
members of this family have currently been approved for clinical use for various can-
cer types (e.g., NSCLC, CML, and AML) [211]. On NK cells, Cbl-b was shown to target
members of the TAM receptor family (Tyro3, Axl, and Mer), interfering with NK cell func-
tion [212]. In agreement with these findings, the administration of an experimental TAM
inhibitor in multiple mouse tumor models led to the release of IFNγ and NK cell-dependent
tumor control [213].

In conclusion, multiple protein kinases directly reduce NK cell activity, and the
inhibition of these pathways through protein kinases inhibitors is mostly beneficial except
for the JAK kinase inhibitors, which were shown to negatively impact NK cell functions.
Moreover, several protein kinase inhibitors were observed to modulate the expression
of various NK cell ligands on the surface of tumor cells, thus indirectly regulating NK
cell activity.

7. Oncolytic Viruses

Oncolytic virus (OV) immunotherapy is a therapeutic approach that exploits native
or genetically engineered viruses to selectively replicate in tumor cells leading to cell
lysis and immune activation through the release of neoantigens, pathogen-associated
molecular patterns, DAMPs, and various cytokines (e.g., type-I IFN, TNFα, IFNγ, and
IL-12) [214,215]. Currently, multiple oncolytic viruses are under clinical evaluation. In
2005, the use of Oncorine, an engineered adenovirus, was approved in China for the treat-
ment of nasopharyngeal carcinoma. Moreover, the FDA approved the use of Talimogene
laherparepvec, an engineered oncolytic herpes simplex virus (oHSV), for the treatment
of advanced melanoma [216]. Although to our knowledge, the role of NK cells in ap-
proved OV therapies has not been analyzed, in multiple experimental OV therapies, NK
cells were described to play a dual role, both enhancing and limiting their therapeutic
efficacy (Figure 4).
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Figure 4. A dual role of NK cells in oncolytic virus therapies. Due to their ability to recognize and
kill virus-infected cells, NK cells can cause a premature elimination of the virus, limiting its efficacy
(A). However, thanks to this ability, NK cells can also enhance the clinical response by eliminating
tumor cells in later stages of oncolytic virus (OV) therapy (B).

In support of the former, it was described that OVs enhance specific NK cell anti-
tumor activity against various tumor cell lines. This increase was shown to be related
to higher expression of NCR ligands or the downregulation of MHC-I [217–221]. In
mice, multiple OVs induced mobilization, tumor recruitment, and activation of NK
cells [222]. Moreover, in tumor bearing-mice, the treatment with an oHSV or an oncolytic
Vesicular Stomatitis Virus (oVSV) was hampered when NK cells, or CD8+ T cells, were
depleted [223,224]. Interestingly, the preoperative administration of oncolytic parapoxvirus
ovis could counteract surgery-induced suppression of NK cells, leading to higher metastatic
control in tumor-bearing mice [225].

However, NK cells can also act as antagonists of OV therapy thanks to their ability
to recognize virus-infected cells, which can often lead to the premature elimination of
virus-infected tumor cell, thus interfering in the further viral spread and sequential waves
of oncolysis, thus reducing the actual efficacy of this therapy [214]. In HCC-bearing rats
treated with oVSV, NK cell depletion or strategies to hamper NK cell tumor-migration
were found to increase OV efficacy [226]. Similarly, a novel oHSV, encoding E-cadherin, an
adhesion molecule, and a ligand for killer cell lectin-like receptor G1, an inhibitory receptor
expressed by NK and T cells, increased survival in glioblastoma-bearing mice by facilitating
the cell-to-cell infection and preventing NK cell-mediated killing [227]. Moreover, in other
glioblastoma-mouse models, it was shown that NK cell depletion or the combination with
HDACi, which impaired NK cell anti-viral activity, enhanced the efficacy of oHSV [228,229].
In conclusion, NK cells exert both agonist and antagonistic effects in OV-based therapies.
Interestingly, the ability of these therapies to enhance NK cell function might play a positive
role when combined, with the appropriate timing, with other anti-cancer therapies that
modulate NK cell activity and the TME. In line with this hypothesis, a study analyzing
the optimal NK cell response dynamics during OV-bortezomib therapy showed that a
temporary NK cell-depletion before virus therapy followed by NK cell adjuvant therapy
administered after OV-bortezomib therapy might maximize the therapeutic benefits [230].

8. Conclusions

In this review, we have discussed how different anti-cancer therapies affect and are
affected by NK cells. All considered treatments were found to impact NK cell function,
while less is known on the contribution of NK cells to the efficacy of these treatments.
Conventional anti-cancer therapies, such as radiotherapy and chemotherapy, which induce
non-specific cell damage, were demonstrated to impact the viability and the function of
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both NK and tumor cells. The latter, upon genotoxic stress, was described to enhance the
expression of NK cell ligands and to release DAMPs leading to both enhanced and impaired
NK activity. Immune checkpoint and protein kinases inhibitors were mostly found to
release NK cell activity by targeting specific receptors or pathways involved in dampening
NK cell function. Moreover, protein kinase inhibitors also indirectly affected NK cells
by modulating the expression of NK cell ligands on the surface of tumor cells. Results
from animal studies suggest that NK cells contribute to the efficacy of some checkpoint
inhibitors (i.e., PD-1-PD-L1, TIM3, TIGIT, and CD96) and protein kinase inhibitors (i.e.,
BRAFi). The findings on local ablation therapies are less clear due to the limited amount of
available data and discrepancies in results. Therefore, no firm conclusions can be drawn.
However, NK cell dynamics were correlated with efficacy in patients treated with MWA
and RFA, suggesting that NK cells play a role in response to these treatments. Finally, NK
cells were described to play a dual role in OV therapies, being activated by the therapy,
on the one hand, thus contributing to tumor kill, but recognizing virus-infected cells,
leading to the premature clearance of the OV, on the other hand. In mouse studies, NK cell
depletion or strategies to hamper their function were both found to abolish and enhance
the efficacy of OVs. In this setting, the timing of NK cell activation might be relevant
in determining a more positive or negative effect. A better understanding of NK cell
function in anti-cancer therapies could lead to a rationale for combining these treatments
with strategies to modulate NK cell activity and thereby increase therapeutic efficacy. For
example, bispecific antibodies or Fc-optimized mAb can represent useful strategies to
enhance NK cell recognition and activation to specific targets [6]. Similarly, OVs might
also induce specific NK cell effector function when combined, at the right time, with
therapies that impair NK cell activity. NK cell allogeneic transfer could also represent a
useful approach to increase NK cell numbers and tumor recognition, particularly in the
setting of KIR or HLA mismatch [6]. The development of chimeric antigen receptor (CAR)-
NK cells might further enhance the tumor specificity of allogeneic NK cells leading to
promising future combination therapies. In conclusion, NK cells play a pivotal role against
cancer and multiple anti-cancer therapies through various mechanisms have an impact
on their function. The understanding of the underlying mechanisms opens opportunities
to enhance NK cell activity and has the potential to increase the anti-cancer efficacy of
these therapies.
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Simple Summary: Inflammation has been acknowledged as one of the causes of increased cancer
risk. Among the pro-inflammatory mediators, tumor necrosis factor alpha (TNFα) has been identified
as an important player in cancer progression and metastasis. On the other hand, TNFα has a central
role in promoting innate and adaptive immune responses. These apparently controversial effects are
now starting to be uncovered through different studies on TNFα isoforms and distinct mechanisms
of action of TNFα receptors. The use of immunotherapies for cancer treatment such as monoclonal
antibodies against cancer cells or immune checkpoints and adoptive cell therapy, are beginning
to broaden our understanding of TNFα’s actions and its potential therapeutic role. This work
describes TNFα participation as a source of treatment resistance and its implication in side effects to
immunotherapy, as well as its participation in different cancer types, where TNFα can be a suitable
target to improve therapy outcome.

Abstract: Tumor necrosis factor alpha (TNFα) is a pleiotropic cytokine known to have contradictory
roles in oncoimmunology. Indeed, TNFα has a central role in the onset of the immune response,
inducing both activation and the effector function of macrophages, dendritic cells, natural killer
(NK) cells, and B and T lymphocytes. Within the tumor microenvironment, however, TNFα is
one of the main mediators of cancer-related inflammation. It is involved in the recruitment and
differentiation of immune suppressor cells, leading to evasion of tumor immune surveillance. These
characteristics turn TNFα into an attractive target to overcome therapy resistance and tackle cancer.
This review focuses on the diverse molecular mechanisms that place TNFα as a source of resistance
to immunotherapy such as monoclonal antibodies against cancer cells or immune checkpoints and
adoptive cell therapy. We also expose the benefits of TNFα blocking strategies in combination with
immunotherapy to improve the antitumor effect and prevent or treat adverse immune-related effects.

Keywords: TNFα; immunotherapy; adoptive cell therapy; monoclonal antibody; immune checkpoint
inhibitor; cancer

1. Introduction

It is well known that tumor necrosis factor alpha (TNFα) participates as a proinflam-
matory cytokine, increasing the risk of several cancers, such as colorectal, esophageal,
pancreatic, liver, and breast cancer [1]. However, another layer of complexity in TNFα
functions was added with the emergence of immunotherapy. In this review we highlight
recent data pointing out TNFα participation in the effectiveness of monoclonal antibodies
(mAbs) targeting cancer cells, immune checkpoint inhibitors, and adoptive cell therapy
(ACT), as well as its involvement in the adverse immune effects of immunotherapy.

Cancers 2021, 13, 564. https://doi.org/10.3390/cancers13030564 https://www.mdpi.com/journal/cancers225
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2. TNFα Overview

TNFα was identified in 1975 as a molecule capable of causing tumor necrosis at high
concentration [2–4]. Many studies on TNFα showed that it is a pleiotropic proinflammatory
cytokine involved in a wide variety of cellular processes and, moreover, has contradictory
effects ranging from cell proliferation to cell death. First, it was described that TNFα was
involved in immune system regulation and was mainly secreted by cells such as monocytes,
macrophages, natural killer (NK) cells, T lymphocytes, mast cells, and neutrophils, but
later several works showed that it is also produced by non-immune cells like endothelial
cells, adipocytes, neurons, fibroblasts, and smooth muscle, among others [5–9].

The human TNFα gene consists of a single copy located in chromosome 6 near the
major histocompatibility complex genes [10]. It comprises four exons and three introns.
The first exon contains the leader peptide sequence and the last ones the information for the
protein. TNFα transcription is stimulated by NF-κB [11], AP-1, c-Jun, and Nuclear Factor
of Activated T-cells (NFAT) [6]. TNFα is present in either of two forms: transmembrane
(tmTNFα) or soluble TNFα (sTNFα). tmTNFα is classified as a type II membrane protein,
like many of the TNF-related ligands; it has a molecular weight of 26 kDa and forms a
homotrimer that can also act as a receptor. TNFα can regulate several pathological and
physiological processes beyond the immune system. The duality of many members of
the TNF superfamily, as ligand and receptor, gives rise to the particular phenomenon of
reverse signaling [12]: when acting as a receptor, tmTNFα can signal outside-to-inside
back to the tmTNFα expressing cell. This mechanism has been mostly described in the
regulation of the immune system but has not yet been completely characterized. On the
other hand, sTNFα of 17 kDa is generated through proteolytic cleavage of tmTNFα by the
TNFα Converting Enzyme (TACE/ADAM17) [13]. The active mature sTNFα also forms a
homotrimer of 52 kDa that exerts a powerful autocrine, paracrine, and endocrine effect [14].

There are two membrane receptors for TNFα, also classified as type I membrane
proteins, TNFα receptor 1 (TNFR1/CD120a, 55 kDa) and 2 (TNFR2/CD120b, 75 kDa) [15],
and tm- and sTNFα can bind to them. Both isoforms of TNFα trigger receptor trimerization
and subsequent recruitment of scaffold proteins to the cytoplasmic domain to induce
different signaling pathways depending on the receptor involved, the type of TNFα that
activated the receptor, the cell type, and the cellular context [16]. Pleiotropic effects of TNFα
can be due not only to its two forms but also to the low homology of the ligand binding
domain and no homology in the intracellular domain of the receptors, which have no
enzymatic activity and therefore have to recruit scaffold proteins to unleash the signaling
cascade [16]. Another particularity of the TNFα pathway, which explains its contradictory
and varied effects, is that both TNFR1 and TNFR2 have soluble forms that are cleaved
by TACE/ADAM17. The function of soluble receptors is to regulate TNFα availability
and protect this cytokine from degradation to accomplish a sustained signal [17,18]. Most
nucleated cells of the body express TNFR1, which can be activated by both forms of
TNFα [19]. On the contrary, TNFR2 is expressed mainly in immune cells and in limited cell
types like neurons, oligodendrocytes, astrocytes, and endothelial cells, among others, and
can only be fully activated by tmTNFα [20,21].

Regarding the signaling of each receptor, TNFR1 has a cytoplasmic death domain,
which can recruit TNFR1-Associated Death Domain (TRADD) protein and TNF Receptor-
Associated Factor 2 (TRAF2), which can form two complexes: complex I, which stimulates
cell survival and proliferation through JNK, NF-κB, AP-1, and MAPK pathways [22], and
complex II, which, on the contrary, recruits Fas-Associated protein with Dead Domain
(FADD) and pro-caspases that constitute a death-inducing signaling complex [23], which
ends in apoptosis [24]. Which of these pathways prevails is determined by the signaling
molecules of the scaffold, signal strength, and crosstalk with other pathways [25]. TNFR2,
instead, lacks the death domain and mainly regulates cell activation, migration, and
proliferation [26]. Nonetheless, TNFR2 can also bind TRAF2 through TRAF1, concluding
in the activation of both the canonical and non-canonical NF-κB pathway like TNFR1, but
activation is slower and more sustained [27,28]. It has also been reported that TNFR2 can
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activate the abovementioned TNFR1 pathways through recruitment of Receptor Interacting
Protein 1 (RIP-1) and TRADD via TRAF2, resulting in apoptosis.

Briefly, the convoluted pathway of TNFα involves a transmembrane and a soluble
form, as well as two distinct receptors, which also exist in a soluble form. The combination
of these elements activates distinct and unique signaling pathways that account for the
pleiotropic effects of this cytokine. To add to the complexity, the pathways stimulated by
each receptor can converge depending on different factors such as the adaptor proteins,
TNFα concentration, cell type, and cellular context.

3. TNFα and the Immune System

Regulation of the innate immune system is the main role of TNFα, and it has been re-
viewed extensively throughout time. In particular, it is a major protagonist in immunity against
intracellular organisms [29–32], has been intensively studied in Mycobacterium infection [33],
and is responsible for the proliferation of thymocytes [34]. TNFα is also the main player in the
initiation of inflammatory reactions characterizing the onset of the immune response.

Neither the TNFα nor TNFRs knockout model is lethal, but lymphoid organs and the
immune response are affected. TNFα and its receptors are essential for the regulation of pro-
and anti-inflammatory processes [30], the formation of Peyer’s patches [35], and the adaptive
B cell immune response [36], since it is involved in the generation of B cell follicles and germinal
centers, and consequently, they affect the humoral immune response, among others.

TNFα also has contradictory effects in the immune system, since it can act as an im-
munosuppressor or an immunostimulant [2,37]. TNFα activates macrophages that produce
more TNFα, generating a feed-forward loop, and is essential in guiding proliferation and
proper effector function of several cell populations of the immune system, such as T, B, NK,
and dendritic cells (DC). TNFα immunosuppressor effects encompass the regulation of sup-
pressor cell populations like regulatory T and B cells (Tregs and Bregs, respectively) [38–40]
and myeloid-derived suppressor cells (MDSCs) [41,42].

The central role of TNFα as an immunostimulant is to initiate the inflammatory
response of the innate immune system and stimulate the Th1 profile. When a pathogen
enters the organism, TNFα expression is induced. The elevated level of TNFα induces a
chemokine/cytokine signaling cascade which, at the site of injury, induces certain adhesion
molecule expression on the endothelial cells and immune cells, which allow neutrophil
extravasation and the recruitment of macrophages and lymphocytes. It is noteworthy that
TNFα generates a positive autocrine feedback loop that activates NF-κB, which increases
GM-CSF, IL-8, and TNFα itself [43].

As stated before, TNFR2 is mainly expressed in immune cells, and when TNFα binds
to it, TRAF1, 2, and 3 are recruited together with cIAP1/2 to activate canonical and non-
canonical NF-κB and PI3K-Akt pathways, which consequently guides cell proliferation and
survival. TNFR2 expression is higher in Tregs with respect to the rest of the T cell population,
and in humans, this set of Tregs also expresses higher levels of cytotoxic T lymphocyte
antigen 4 (CTLA-4), a well-known immunomodulator. TNFR2 has also been found to be
involved in the suppressive activity of Tregs, but the mechanisms behind this process remain
to be elucidated. Tregs also produce TNFα in certain inflammatory pathologies, and their
function depends on the context, indicating that TNFα could be an attractive target to treat
these inflammatory diseases. This proves once again the pleiotropic activity of TNFα, since
it can promote the inhibition of Treg function in co-culture conditions with effector T lym-
phocytes but can also stimulate their immunosuppressive role, promoting Treg proliferation
and survival, depending on the context [44–46]. Unstimulated CD4+ T lymphocytes increase
MDSC accumulation [47] through tmTNFα via TNFR2 [48] and through 17-β-estradiol [49],
and enhance their immunosuppressive activity through Nos2 [42].

4. TNFα in Cancer

TNFα has a plethora of functions and implications, and this also applies to cancer
cells. TNFα has been described as having contradictory effects on almost every type of can-
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cer. In high concentrations, TNFα is able to eliminate methylcolanthrene (MCA)-induced
sarcomas, as first described by Carswell [2], and approximately 28% of cancers are sen-
sitive to sTNFα [50]. TNFα antitumor mechanisms are varied and include the following:
mediating cellular apoptosis extensively reviewed by Rath et al. [51]; directing tumor-
associated macrophages (TAMs) to the M1 profile (antitumoral phenotype) [52]; guiding
neutrophils and monocytes to tumor sites [53,54], activating macrophages and inhibiting
monocyte differentiation to immunosuppressive phenotypes [55]; and inducing disruption
of tumor vasculature [56,57]. Despite the above, TNFα expression at low levels can be
pro-tumorigenic, an effect broadly reviewed by Balkwill [37,58].

There has been a large amount of evidence linking pro-inflammatory cytokines to
cancer and the association with poor prognosis (reviewed by Mantovani) [59]. TNFα is
one of the major pro-inflammatory cytokines of the immune system and has been found
in several human cancers, such as breast [60], gastric [61], pancreatic [62], ovarian [63,64],
endometrial [65], prostate [45], bladder [66], colorectal [67], oral [68], and liver [69]. It has
also been detected in leukemias and lymphomas. Even so, there has been disagreement in
considering TNFα expression as a biomarker, since the cytokine is increased in numerous
other pathologies as well.

The distinct and opposing effects of TNFα in cancer depend on cytokine concentration
and s- TNFα or tm- TNFα isoforms, distinct caspase activation, varied expression of adap-
tor proteins, different expression levels of members of the Bcl-2 family, among others [70].
TNFα acts as a pro-tumoral cytokine involved in different processes, such as cell prolifera-
tion, tumor progression, migration, epithelial-to-mesenchymal transition (EMT), angiogen-
esis and metastasis in several cancer types. The pro- and anti-tumorigenic/tumoral effects
of TNFα are shown in Table 1 for different types of cancers.

Concerning breast cancer, our group has extensively reviewed TNFα impact/role on
the different subtypes [71]. Regarding TNFα involvement in resistance to therapy, we have
described TNFα involvement in trastuzumab resistance in HER2+ breast and gastric cancer. In
the case of gastric cancer, the HER2 expressing gastric cancer cell line sensitive to trastuzumab
NCI-N87 becomes refractory to the antibody after TNFα exposure [72]. In pancreatic cancer,
blocking TNFα strategies proved to be effective in animal models [62] and in patients [73].

In melanoma, TNFα induces cell invasion [74] and aggressiveness [75], extravascular
migration of cancer cells [76] and impairs CD8 T lymphocytes accumulation in the TME [77],
moreover blocking TNFα prevents metastasis formation in the lungs in pre-clinical mod-
els [78]. TNFα is also overexpressed in oral squamous cell carcinoma (OSCC) [79], promotes
the sphere-forming abilities of its cells maintaining a cancer stem cell-like phenotype [80],
and increases proliferation in leukemia stem cells [81]. Interestingly, TNFα at low doses
increases CD20 expression in B chronic lymphocytic leukemia, which can take advantage
of the proven anti-CD20 therapy [82].

There are reports pointing to TNFα having no effect in endometrial cancer [83,84]. On
the other hand, elevated pre-diagnostic concentrations of TNFα and its soluble receptors
and the activation of TNFα-related pathways have been related to higher risk and poorer
survival in endometrial cancer [85], prostate cancer [86] where could induce a shift to an
untreatable phenotype [87]. In OSCC correlates with progression [88,89] and with relapse
in children with B-lineage acute lymphoblastic leukemia (ALL) [90], but not with response
to treatment [91] and in patients with non-Hodgkin’s lymphoma [92] and diffuse large
B cell lymphoma, TNFα is useful to differentiate risk groups [93]. In the latter TNFR1
expression in the tumor is also a good biomarker for prognosis [94].

Regarding TNFα as a potential biomarker, it was shown that TNFα polymorphisms
in the gene promoter or coding region are associated with a risk of progression in patients
with gastric lesions [95,96], with worse prognosis in prostate cancer patients [97], with
tumor stage in bladder cancer [98], with risk of recurrence in hepatocellular carcinoma [99]
and with higher risk in non-Hodgkin’s lymphoma [100], T cell lymphoma [101], and gastric
B cell lymphoma [102]. In ovarian cancer, TNFα gene polymorphisms are associated with
pathogenesis but remains to be validated [103].
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Comprehensively, the data presented in this section point to the central role of TNFα in
cancer initiation, progression, and metastasis, despite its potential to activate cell death when
present in high concentrations. A plethora of accumulated evidence highlights TNFα as a
pro-tumoral cytokine, which stresses its appeal as a potential target to treat different cancers.

5. Immunotherapy Overview

The concept of using immune response specificity to target cancer cells has been
investigated for a long time and has given rise to different strategies. So-called passive
immunotherapy is based on the administration of antibodies or adoptive cell therapy,
including chimeric antigen receptor (CAR)-T cells. Active immunotherapy, on the other
hand, relies on several approaches, including the use of cancer vaccines, which can, for
example, enhance antigen uptake and presentation, and the administration of antibodies
that release the brakes of the immune response, known as immune checkpoint inhibitors.
TNFα participation in these immunotherapies, either by hampering their success or medi-
ating side effects, is discussed below and summarized in Table 2. For cancer vaccines, we
refer to several recent reviews [162–164].

Table 2. Impact of anti-TNFα drugs in cancer immunotherapies.

IT Target/Cell Type Drug Name Anti-TNFa Effect on Cancer Side Effects of IT Ref.

Monoclonal
antibodies

HER2 Trastuzumab Etanercept
Overcomes

trastuzumab
resistance in HER2+

breast cancer
NT [72]

INB03
Overcomes

trastuzumab
resistance in HER2+

breast cancer
- [165]

CD20 Rituximab Etanercept

Improves
disease-related
symptoms and
increases OS in

chronic lymphocytic
leukemia patients

NT [166,167]

PD-1 anti-PD-1 Anti-TNFR1
or anti-TNFa

Prevents T
lymphocytes

exhaustion and death
by anti PD-1
treatment in
melanoma

Prevents
immune-related

adverse effect
[168]

Pembrolizumab Infliximab NT
Treatement of

immune-related
adverse effects

[169–171]

PD-1+ CTLA-4 anti-PD-1 + anti CTL-4 Etanercept

Improves antitumor
effect of anti PD-1+

anti CTL-4 antibodies
in colon cancer

Prevents
immune-related

adverse effect
[172]

CTLA-4 Ipilimumab Infliximab NT
Treatement of

immune-related
adverse effects

[169,170,
173,174]

PD-L1
Atezolizumab,

duvalumab and
avelumab

Infliximab NT
Treatement of

immune-related
adverse effects

[170]

CAR-T cells CD19 - Etanercept NT
Treatment of systemic

inflammatory response
syndrome

[175]

IT: immunotherapy; OS: overall survival; NT: not tested; TNFα: Tumor necrosis factor alpha; TNFR1: TNFα receptor 1; PD-1: programmed
cell death protein 1; PD-L1: PD-ligand 1; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; CAR-T cells: chimeric antigen receptor T cell.

5.1. Monoclonal Antibodies

The mAbs, widely used to treat cancer and inflammatory diseases, are either chimeric,
humanized, or fully human mAbs [176–178]. In this section, we outline the different cancer
therapies based on mAbs targeting cancer cells and, in the following section, the mAbs
directed to immune checkpoints, highlighting the implications of combining them with
TNFα blocking agents.
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Anti-TNFα Drugs

The first attempts to target TNFα were made decades ago, with the understanding that
this cytokine was the major mediator of inflammation and its deregulation was implicated
in a variety of autoimmune diseases, such as rheumatoid arthritis (RA), multiple sclero-
sis, psoriasis, Crohn’s disease, scleroderma, systemic lupus erythematosus, ankylosing
spondylitis, and diabetes. The pro-inflammatory effects of TNFα are mediated mainly
by the activation of the NF-κB pathway, which, in turn, promotes the transcription of
inflammatory proteins, generating a positive feedback loop.

In several models of experimental metastasis in mice, both endogenous and exoge-
nous administration of TNFα increased the development and number of metastatic le-
sions [179–181]. Additionally, TNFα is known to be a major inducer of chemokines [182]
such as CCL2 and IL-6 in the TME, thus increasing monocyte and macrophage infiltra-
tion [183] as well as tumor growth and angiogenesis [184], respectively. On the other hand,
increasing evidence has been accumulating about the positive impact of TNFα-blocking
strategies in cancer treatment. Balkwill and collaborators demonstrated that neutralization
of TNFα during early stages of skin carcinogenesis is sufficient to inhibit tumor formation
and set the basis of the rationale of anti-TNFα therapy for cancer treatment [185]. Given
the mentioned effects of TNFα, several blocking agents have been developed against it
for use in the clinical setting. In this review, we will address the well-known etanercept,
infliximab, and adalimumab and the new blocking agent, INB03.

Etanercept is a fusion protein that consists of two extracellular portions of human
TNFR2 linked to the Fc portion of human immunoglobulin 1 (IgG1) [19] and exerts its
anti-inflammatory properties by competitively binding sTNFα and tmTNFα, preventing
their interaction with their receptors and therefore inhibiting the activation of important
inflammatory pathways. Its use in cancer is limited and certainly poorly explored. Kai Sha and
collaborators proved that a TNFα–CCL2 paracrine loop is induced in response to androgen
deprivation therapy with enzalutamide in prostate cancer patients and might account for some
forms of prostate cancer therapy resistance. Moreover, they showed that TNFα inhibition
with etanercept in castration-resistant prostate cancer cells blocked enzalutamide-induced
CCL2 protein secretion and mRNA expression. These data suggest that TNFα blockade
would be a suitable therapy combined with androgen deprivation therapy in prostate cancer
patients with primary tumors prior to the onset of castration-resistant prostate cancer and
metastasis [186]. Almost two decades ago, etanercept was evaluated in a phase II clinical
trial on patients with advanced metastatic breast cancer [187] who had shown incomplete or
partial response, and a decrease in TNFα and CCL2 concentration in plasma samples was
shown. A phase I trial assessing the clinical benefit of infliximab in patients with advanced
cancer also reported no objective responses (either complete or partial). However, several
patients achieved disease stabilization, which correlated with undetectable TNFα, CCL2,
and IL-6 plasma levels [188]. These trials highlighted the need to further explore the use of
TNFα-blocking agents in combination with radiotherapy and chemotherapy for advanced
cancer treatment, yet scarce progress has been made in this direction.

Another TNFα blocking agent is the chimeric human-murine mAb infliximab, initially
approved by the FDA in 1999 to treat patients with Crohn’s disease who failed to respond
to conventional therapy. Its structure consists of human constant regions and murine
variable regions that specifically bind to human TNFα [189]. Like etanercept, this mAb
binds both sTNFα and tmTNFα molecules and interferes with their activity. Moreover, the
drug lyses cells bearing tmTNFα. However, infliximab contains 25% murine sequences in
its structure, leading to the secretion of human anti-infliximab antibodies, which generates
adverse reactions or a gradually increasing lack of efficacy [190].

The beneficial use of mAbs against TNFα has also been demonstrated in ovarian cancer
xenografts; treatment of tumor-bearing mice with infliximab twice a week for 4 weeks resulted
in reduced tumor burden, a significantly decreased proportion of infiltrating macrophages,
and a marked reduction of IL-6 in the TME [191]. The authors suggested that targeting
predominant cytokines like TNFα in the TME would be more useful in combination with
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conventional chemotherapy regimens or treatments that target malignant cells directly, and
better tolerated as well, than simply addressing tumor cells with targeted therapy.

Another way in which this pro-inflammatory cytokine can orchestrate the TME in
ovarian cancer was described by Charles and collaborators, who demonstrated that TNFα
is able to bind to TNFR1 and maintain the production of IL-17 in CD4+ leukocytes [116].
This sustained TNFR1-dependent IL-17 production and secretion leads to recruitment
of the myeloid cell population to the TME and increased tumor growth [116]. These
data were confirmed after blocking TNFα with infliximab in a mouse model of ovarian
cancer and were also consistent with clinical results; patients with advanced ovarian cancer
treated with infliximab exhibited substantially reduced plasma and ascitic levels of IL-17.
Additionally, the authors found an association between high activation of TNFα signaling
and expression of genes related to Th17 cell activation and expansion [116]. Unfortunately,
some tumor types showed no benefit from the combination regime of the gold standard
with TNFα blocking agents. Such is the case with advanced renal cell carcinoma (RCC),
where phase I and II clinical trials demonstrated that the combined administration of
sorafenib and infliximab, whose acceptable safety and tolerability were duly reported, was
not more efficient than sorafenib alone [192]. In line with these data, recent results indicate
that TNFα pathway activation would play a crucial role in resistance to tyrosine kinase
inhibitors (TKIs) in patients with clear RCC [193]. Moreover, the authors suggest that
TNFR1 could be a predictive biomarker for patient responsiveness to TKI treatment since it
is augmented in TKI-resistant RCC tumors. In addition, the potential antitumor activity
of infliximab has been reported in advanced RCC patients who progressed on cytokine
therapy [194,195]. Therefore, a combination using infliximab or other TNFα inhibitors still
holds promise as a therapeutic strategy for patients with RCC.

Adalimumab is a fully human recombinant mAb that binds and neutralizes both
TNFα isoforms. Moreover, this mAb also induces apoptosis in immune cells bearing TNFα
receptors. It was first approved by the FDA in 2008 for psoriasis treatment, but it is currently
used in many other inflammatory diseases, such as RA, ankylosing spondylitis, Crohn’s
disease, ulcerative colitis and certain types of uveitis [196]. Its role in clinical oncology is not
certain, but there is evidence that proves its efficacy in inhibiting TNFα tumor-promoting
properties. In colorectal cancer cells, treatment with adalimumab hindered the induction of
the Metastasis-Associated in Colon Cancer 1 (MACC1), a crucial oncogene that promotes
cell proliferation, motility, and survival, increasing metastasis in preclinical models [197].
The authors proved that the expression of MACC1 in inflamed tissues from ulcerative colitis
and Crohn’s disease patients is upregulated by TNFα through NF-κB signaling pathway,
via TNFR1, which lead to an increase in cell migration. These effects were abolished using
anti-TNFR1 antibodies or adalimumab, suggesting a potential role of this mAb in MACC1
driven colorectal tumors. Moreover, adalimumab has demonstrated a high efficacy to delay
the acquisition of the senescence associated secretory phenotype (SASP) in endothelial
cells, which is strictly related to inflammation and cancer progression [198]. Treatment of
HUVEC cells with adalimumab generated a decrease in the release of the SASP marker
IL-6, together with an upregulation of eNOS, indicating an enhanced endothelial function.
Interestingly, TNFα inhibition by adalimumab in senescent endothelial cells diminished
the tumor-promoting and pro-metastatic properties of their conditioned medium since
the authors observed a decreased migration rate and mammospheres formation of MCF-7
breast cancer cells in the presence of such senescent secretome. These data highlight the
potential role of adalimumab in restraining the SASP and delaying the consequent age-
related diseases onset and progression in patients with a chronic inflammation background.

Etanercept, infliximab and adalimumab are based on the structure and function of
mAbs, but there are other approaches to neutralize this cytokine. An example is INB03, a
dominant-negative TNFα biologic that selectively neutralizes sTNFα without affecting the
tmTNFα variant [199]. INB03 consists of a sTNFα mutant that forms inactive heterotrimers
with the native cytokine. This differential blockade of TNFα isoforms is critical for activat-
ing the immune system in cancer patients, since it is known that the tmTNFα–TNFR2 inter-
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action is necessary for the crosstalk between DC and NK cells, which does not depend on
the sTNFα-TNFR1 axis [200–202]. This crosstalk acts as an immunomodulatory mechanism
inducing an increase in Th1-type cytokines and promotes antitumor response [203]. There
is evidence, including results from our own team, that confirms the pivotal role of sTNFα
in the recruitment and expansion of MDSCs in the tumor bed, generating immunosup-
pression and favoring tumor progression [71,165,200]. Sobo-Vujanovic and collaborators
proved that selectively blocking sTNFα with INB03 reduced tumor incidence and growth
rate in mice with chemically induced carcinogenesis, compared to MCA-injected mice
treated with etanercept or with vehicle [200]. Moreover, the authors demonstrated that
wild-type mice and TNFR2 knockout mice treated with MCA exhibited significantly higher
tumor incidence and poorer survival than TNFR1 knockout mice. These results suggest
that sTNFα is the one that drives tumor progression and is critical for MCA-induced
carcinogenesis, while tmTNFα is dispensable for tumor growth but has a pivotal role
in immune system activation and promotion of its antitumor activity. In addition, they
propose that tmTNFα could have a protective role in cancer and should therefore not be
inhibited during treatment regimens [200]. These data place INB03 as the most appealing
treatment option to block TNFα and avoid compromising the immune system in order to
mount an antitumor response.

5.2. Monoclonal Antibodies Targeting Cancer Cells
5.2.1. HER2

HER2 tyrosine kinase receptor is overexpressed in 13–20% of human breast cancer
cases and in 60% of metastases to bone and is associated with poor outcome. Additionally,
it is amplified in 80% and 12% of urinary bladder and ovarian tumors, respectively, as well
as in pancreatic adenocarcinoma and gastric cancer [204,205]. Moreover, when small-cell
lung cancer (SCLC) cells acquire chemoresistance, HER2 is frequently upregulated and
acts as a biomarker of poor prognosis in advanced cases [206–208]. As it constitutes an
interesting target for directed therapy, several mAbs have been developed against it.

Trastuzumab is a humanized mAb that recognizes the fourth domain of the extracellu-
lar region of HER2 [177] and was approved in 1998 by the FDA as the first mAb for solid
tumors, particularly for breast cancer treatment. We have also demonstrated that block-
ade of tmTNFα and sTNFα with etanercept downregulates the membrane glycoprotein
mucin 4 (MUC4) expression and overcomes trastuzumab de novo or acquired resistance
in HER2+MUC4+ breast cancer cells and xenografts. Moreover, we disclosed that it is
sTNFα and not tmTNFα that drives MUC4 expression; we observed that HER2+MUC4+
breast cancer cells and tumors were also sensitized to trastuzumab in combination with
INB03 [165]. TNFα blockade overcomes trastuzumab resistance in HER2+ breast can-
cer tumors not only by downregulating MUC4 expression, but also by transforming the
TME to a less immunosuppressive state, characterized by increased NK cell activation
and degranulation, a higher M1/M2 ratio, and decreased MDSC infiltration [71]. Tumor
heterogeneity poses an immense challenge, which is why current therapeutic research is
intended to develop several strategies to tackle HER2. sTNFα is certainly an interesting
target for HER2+ breast cancer, and its combination with HER2 blocking agents should be
further investigated to offer better treatment for patients.

T-DM1 is an antibody–drug conjugate (ADC) that combines trastuzumab with may-
tansine, a cytotoxic agent that inhibits microtubule polymerizationT-DM1 has also shown
efficacy in women with progressive disease as second-line HER2-targeted therapy for
metastatic breast cancer [209]. Results from our team demonstrate that TNFα expression
and secretion by tumor cells is implicated in the resistance of HER2+ breast cancer cells to
T-DM1 therapy by the upregulation of MUC4 [72].

5.2.2. EGFR/HER1

It is common knowledge that chemokines play a substantial role in cancer progres-
sion and metastasis, as they regulate cell migration in and out of the TME, among other

233



Cancers 2021, 13, 564

cellular processes that promote metastasis formation [210,211]. TNFα has been impli-
cated in the transactivation of EGFR signaling to promote survival of colon epithelial
cells [212]. It has been demonstrated that TNFα signaling, through its receptors, stim-
ulates EGFR phosphorylation and promotes cellular proliferation, migration, and sur-
vival [213,214], and both TNFα and EGF can induce expression and secretion of cyclooxyge-
nase 2 (COX-2), a prostaglandin synthase implicated in several biologic responses through
prostaglandins [215,216]. Chronically elevated COX-2 levels correlate with increased risk
for colorectal adenocarcinomas, and the use of chronic nonsteroidal anti-inflammatory
drugs and administration of TNFα blocking antibodies have been associated with a de-
creased risk of developing colorectal cancer [217,218]. In this respect, it has been demon-
strated that the induction of COX-2 expression by TNFα in gastrointestinal epithelial cells
is dependent on TNFα-induced EGFR transactivation, promoting cell survival and prolifer-
ation. Furthermore, it has been elucidated that COX-2 expression is driven by the TNFR1
signaling pathway and not by TNFR2, by means of an EGFR-, Src-, and MAPK-dependent
mechanism. These results add to accumulating evidence in favor of a critical role of sTNFα
in colorectal cancer, which should be addressed by TNFα-blocking agents [191].

Interestingly, it has recently been demonstrated that in several ovarian cancer cell
lines, cytokines like CCL20, CXCL1-3, and CXCL8 are the primary cytokines induced by
EGFR activation or TNFα, through the NF-κB and PI3K-Akt signaling pathways [219],
indicating that TNFα could be a suitable target in ovarian cancer. We speculate that
it would be beneficial for patients with EGFR+ ovarian tumors that secrete TNFα to
consider a combination regime of anti-EGFR mAb, like cetuximab, and TNFα blocking
agents. Considering all the above, it seems that TNFα is the driving force of the increased
expression of pro-inflammatory cytokines in several cancer types and that it promotes this
increase by transactivating the EGFR molecule and the consequent autocrine and paracrine
loop with its ligands, EGF and TGFα. These data suggest the potential use of TNFα
blocking agents in combination with anti-EGFR therapies to overcome resistance and target
the pro-inflammatory and tumor promoting TME for better outcomes for said patients.

5.2.3. CD20

It is known that TNFα inhibits CLL cell death by upregulating Bcl-2, among other anti-
apoptotic proteins, while it increases the proliferation of malignant cells [220]. In addition,
TNFα is one of the main cytokines released as part of the toxicity in CLL patients receiving
weekly treatment with rituximab [221,222].

Several clinical trials have been carried out to test the potential improvement of the
anti-CD20 mAb rituximab treatment in combination with TNFα blocking agents, such as
etanercept. Administration of etanercept has been shown to be safe in patients with CLL
and other hematologic malignancies, whose disease-related symptoms also improved [166].
Particularly, in a phase I/II clinical trial, Woyach and collaborators showed that 75% of
patients treated with rituximab in combination with etanercept exhibited a response, either
complete or partial (29%), or had stable disease (56%) and did not require further treatment
for 12 months after trial completion [167]. Moreover, the combination of rituximab and
etanercept showed increased OS in responder patients, suggesting an improved outcome
when compared to historical cytotoxic agent-based therapies. Furthermore, the addition of
anti-TNFα mAb mitigated the toxicity of rituximab treatment [167]. The authors claimed
that this combination regime would benefit fludarabine-refractory patients and people who
are not eligible for more aggressive therapy, such as chemoimmunotherapy or rituximab
alone, due to their high infusion toxicity.

Another fact that favors the study of TNFα in hematologic malignancies is that TNFα
concentration is higher in the serum of patients with progressive CLL compared to healthy
donors or patients with indolent disease [223]. Furthermore, it has been identified that
TNFα overproduction in progressive CLL patients and CLL mouse models induces a
decrease of plasmacytoid dendritic cells (pDCs), an immune cell population crucial for
antiviral immunity and antitumor responses. The reduction in number and functionality
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of pDCs causes impaired INFα production due to the decreased expression of FMS-like
tyrosine kinase 3 receptor (Flt3) and Toll-like receptor 9 (TLR9). This effect was reverted
when splenocytes from progressing CLL mice were treated with anti-TNFα mAbs, upon
which increased pDC numbers and restored Flt3 expression were observed [223]. Similar
results, along with reduced splenic tumor burden and increased splenic pDCs, were
obtained by injection of anti-TNFα mAbs in mice with progressive CLL compared to control
mice. In addition, anti-TNFα therapy promoted an increase in serum IFNα production
and augmented CD8+ T lymphocytes [223]. Blocking TNFα may be a potential strategy
for immune reactivation in CLL patients. These results confirm the role of TNFα in CLL
and the importance of addressing this pro-inflammatory cytokine as a therapeutic target
in combination regimes with targeted therapies such as rituximab or standard cytotoxic
agents like chemotherapy.

5.3. Monoclonal Antibodies against Immune Checkpoints

One of the shutdown mechanisms that are triggered after T lymphocyte activation
operates through checkpoint inhibitors. The most well-known checkpoints in the context of
cancer immunotherapy are CTLA-4 and programmed cell death protein 1 (PD-1, CD279),
which are transmembrane molecules expressed by T lymphocytes after their activation.
CTLA-4 binds to CD80 (B7-1) and CD86 (B7-2) expressed in DC, and PD-1 interacts with
PD-ligand 1 (PD-L1, CD274) present in T lymphocytes, B lymphocytes, APCs, and tissues
with immunological tolerance such as placenta and pancreatic islets, and with PD-L2
(CD273), expressed in APCs, thus mediating T lymphocytesinhibition [224–228]. Both im-
mune checkpoints are hijacked by cancer cells, which promote CTLA-4 induction in T lym-
phocytes and induce PD-L1 expression in tumor cells as a mechanism of immune evasion.
Thus, the interest in preventing CTLA-4/CD80/86 and PD-1/PD-L1 interactions derived in
the development of antibodies against them as T cell-targeted immunomodulators [229,230]
whose action is based on reinvigoration of the antitumor immune response. The impressive
clinical benefit of this strategy, obtained first in melanoma patients [231], triggered a large
number of clinical trials for the treatment of almost all types of cancer (Table S1).

There is plenty of evidence that TNFα upregulates PD-L1 expression in several cancer
types. In prostate cancer cell lines HCT116 and LNCaP, TNFα increase PD-L1 mRNA
and protein expression. In the case of LNCaP cells [232], the pathways involved in PD-L1
upregulation, dependent on ERK1/2 activation in HCT116 and in Akt and NF-κB. In
ovarian cancer cell lines HO8910 and SKOV3, it was demonstrated that TAMs or cytokines
released from them, like IFN-γ, TNFα, IL-10, and IL-6, are responsible for the upregulation
of PD-L1 expression in the surface of these cells, but no modification in its mRNA was
observed. The increase in PD-L1 levels produced by IFN-γ and TNFα was due to the
activation of PI-3K and ERK1/2 pathways, respectively. In a preclinical model, treatment
with anti-PD-1 or anti-PD-L1 was able to inhibit SKOV3 tumor growth [233] and was
associated with decreased PD-1+ CD8+ T lymphocytes infiltration. A study demonstrated
a progressive increase in PD-L1 levels ranging from immature bone marrow monocytes in
tumor to circulating monocytes and to tumor tissue macrophages, the latter exhibiting the
highest expression.

TNFα has been identified as the cytokine present in tumor-conditioned medium
from B16 melanoma cells and 4T1 breast cancer cells that causes upregulation of PD-L1 in
monocytes. In addition, tumor cells secrete versican, which stimulates TNFα production
by monocytes via activation of TLR2 [234]. The role of adipocytes in PD-L1 expression
was also addressed. Using an obese mouse model, it was demonstrated that B16-F10
melanomas and Hep-G2 hepatomas grew faster in the treated mice than in control animals,
which was correlated with PD-L1 expression in cancer cells. Conditioned medium of
adipocytes was able to increase PD-L1 levels due to the presence of TNFα and IL-6, both
regulating the NF-κB and STAT3 pathways (Figure 1) [235].
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Figure 1. Tumor necrosis factor alpha (TNFα) modulates programmed death ligand 1 (PD-L1) expression transcriptionally
and post-transcriptionally. TNFα, acting through TNFα receptor 1 (TNFR1), activates extracellular signal-regulated kinase
(ERK) and phosphatidylinositol-3-kinase (PI-3K/AKT) pathways and nuclear factor kappa B (NF-κB) and signal transducer
and activator of transcription 3 (STAT3) transcription factors that promote PD-L1 gene transcription. In addition, NF-κB
also induces transcription of the deubiquitinase COP9 signalosome 5 (CSN5), which promotes PD-L1 protein stability.
Ub: ubiquitin, sTNFα: soluble TNFα.

In addition, PD-L1 expression induced by TNFαwas also proved in gastric cancer, where
mast cell infiltration was directly related to its progression and reduced overall survival. A
direct correlation was demonstrated between PD-L1+ mast cells and TNFα in gastric cancer
specimens. TNFα secreted from gastric cancer cells induces PD-L1 expression in mast cells
via activation of the NF-κB signaling pathway [236]. It was recently demonstrated that PD-L1
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expression in gastric cancer was dependent on TNFα and IL-6 produced by infiltrating
macrophages. These cytokines promote PD-L1 expression through the activation of NF-κB
and STAT3 signaling [237]. Similar findings were observed in pancreatic cancer, where TNFα
was the macrophage-secreted cytokine responsible for upregulation of PD-L1 in pancreatic
ductal adenocarcinoma cells. In pancreatic cancer specimens, PD-L1 expression in tumor
cells directly correlated with macrophage infiltration and poor survival [115].

PD-L1 expression can also be regulated at the posttranscriptional level. Seminal
work by Hung’s lab demonstrated that TNFα can increase PD-L1 expression in breast
cancer cells by posttranscriptional regulation. TNFα stabilizes PD-L1 protein by inducing
the expression of the deubiquitinating enzyme COP9 signalosome 5 (CSN5) via NF-κB
activation. This PD-L1 stabilization by TNFα also affects dendritic and T lymphocytes,
inducing an immunosuppressive response (Figure 1) [238].

5.4. TNFα in Resistance to Anti-PD-1/PD-L1 and Anti-CTLA-4 Therapies

Several antibodies were designed to interfere with the PD-1/PD-L1 interaction and
have been approved by the FDA for the treatment of different types of cancer at different
stages (Table S1). These are the anti-PD-1 antibodies nivolumab, pembrolizumab, cemi-
plimab, and sintinimab and the anti-PD-L1 antibodies atezolizumab, durvalumab, and
avelumab. In addition, CTLA-4 was effectively targeted by ipilimumab. Nivolumab, cemi-
plimab, sintinimab, avelumab, and ipilimumab are human monoclonal antibodies, while
pembrolizumab, atezolizumab, and durvalumab are humanized monoclonal antibodies.
The impressive clinical impact of these antibodies in the oncology arena was recognized by
the 2018 Nobel Prize in Physiology or Medicine awarded to Dr. James Allison (MD Ander-
son Cancer Center at the University of Texas, Houston, TX, USA) and Dr. Tasuku Honjo
(Kyoto University, Kyoto, Japan), for their contributions to the research on CTLA-4 and
PD-1, respectively [239]. However, some patients exhibit resistance to anti-immune check-
point treatment, depending on their cancer type and stage. Here, we highlight TNFα
involvement in treatment failure based on immune checkpoint blockade.

In a preclinical melanoma model, TNFα, acting through TNFR1, impaired the infil-
tration of CD8+T lymphocytes into the TME and promoted their activation-induced cell
death, facilitating tumor growth [77]. In addition, TNFR1 blockade improved the efficacy
of anti-PD-1 treatment. Preventing TNFα upregulation of PD-L1 and TIM-3 expression by
CD8+ tumor infiltrating lymphocytes (TILs) causes reinvigoration of the antitumor immune
response, consequently overcoming anti-PD-1 resistance (Figure 2). These findings were
validated using TCGA melanoma data, where a direct correlation was observed between
TNFα and an immune escape signature, particularly with genes encoding PD-L1, PD-L2,
and TIM-3 [168].

In an experimental melanoma, it was determined that anti-CTLA-4 treatment in-
creased the production of TNFα associated with T lymphocytes infiltration, which in turn
upregulated Ezh2, silencing tumor cell immunogenicity and antigen presentation. The in-
hibition of Ezh2 improved the effectiveness of anti-CTLA-4 and IL-2 immunotherapy [240].

The metabolic status of the tumor also conditions the efficacy of PD-L1 antibodies.
In NSCLC, it was found that TNFα-induced aerobic glycolysis of TAMs was associated
with tumor hypoxia in preclinical and clinical settings. TAM depletion facilitates the
upregulation of PD-L1 in tumor cells, which can then be effectively targeted by anti-PD-L1
antibodies [241]. In addition, NSCLC patients with increased IFN-γ, TNFα, IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-8, IL-10, and IL-12 serum levels at diagnosis and at 3 months post initiation
of anti-PD-1 treatment exhibited longer OS [242]. Determination of these cytokines was
proposed as a biomarker of patient selection for anti-PD-1 treatment.
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Figure 2. TNFα induces anti-immune checkpoint therapy resistance acting on CD8+ T lymphocytes.
TNFα, produced by either tumor cells or macrophages from the tumor microenvironment, induces
activation-induced cell death (AICD) and exhaustion of CD8+ T lymphocytes, impairing the effectiveness
of anti-immune checkpoint therapy. TIM3: T-cell immunoglobulin and mucin-domain containing-3.

5.5. TNFα Involvement in the Adverse Effects of Immune Checkpoint Inhibitors

Releasing the brakes of the immune system through immune checkpoint blockade can
trigger nonspecific immunologic activation that resembles autoimmune disease. These sec-
ondary effects, known as immune-related adverse effects (irAEs), can compromise the liver
and skin (rash, pruritus, and vitiligo) and the endocrine (hypophysitis, hypothyroidism,
and thyroiditis) and gastrointestinal (diarrhea and colitis) systems, among others [243].
About 50% of patients treated with anti-immune checkpoint therapy experienced some
form of irAE and 20% suffered grade 3 or 4 toxicity, limiting the implementation of this treat-
ment [244–246]. irAEs sometimes lead to discontinuation of treatment or administration of
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corticosteroids or other immunosuppressive agents or TNFα antagonists [169–171,173,174].
The combination of anti-CTLA-4 and anti-PD-1 or PD-L1 antibodies is now more frequently
used because of its increased clinical benefit compared to monotherapy regimens [247], but
it also increases the severity of irAEs.

While in several cancers, such as lung and bladder cancer, there is an association
between clinical benefit and irAEs, in melanoma the results are contradictory. In melanoma,
the presence of irAEs does not guarantee tumor response, whereas the absence of side
effects can be accompanied by clinical benefit [248,249]. In this respect, Perez-Ruiz et al.,
using melanoma and colon carcinoma models, demonstrated that the combined administra-
tion of anti-CTLA-4 and anti-PD-1 antibodies with anti-TNFα or etanercept reduced colitis
and hepatitis in mice [172]. Importantly, they also showed that TNFα blockade enhanced
the antitumor effect of immune checkpoint inhibitor treatment in melanoma and colon
cancer, revealing that TNFα mediates irAEs [172]. This is an important piece of evidence
indicating that preventing irAEs with TNF blocking agents allows the antitumor effect of
immune checkpoint blockade.

Another work analyzed the effect of anti-TNFα treatment concomitant with or after anti-
CTL-4 administration on irAEs and the antitumor effect. Results showed that although the
antitumor effect on breast and colon cancer models of anti-CD40 decreased, the most suitable
combination was simultaneous rather than delayed treatment with anti-TNFα administration.
In this way, irAEs were prevented [250]. In the clinical setting, a recent report on patients
from the Dutch Melanoma Treatment Registry showed that those treated with ipilimumab
and anti-PD1 with severe irAEs had longer survival. However, treatment with infliximab
blunted this clinical benefit [251]. Using large cohorts of 225,090 and 188,420 patients with
Crohn’s disease or ulcerative colitis, respectively, it was demonstrated that those treated with
anti-TNFα agents were less likely to develop colorectal cancer. Further studies in different
cancer types are needed to define the clinical benefit of TNFα blockade in terms of dose and
administration in patients undergoing anti-immune checkpoint treatment [252].

5.6. Adoptive Cell Therapies

The development of ACTs has increased greatly in the last four years. Hundreds of
new cell therapies have been added since 2017, quadrupling in 2020. Even in the current
year, despite the COVID-19 pandemic, the number of cellular therapies has outgrown that
of all existing types of immunotherapy [253].

In recent years, many advances have been made in immunotherapy for ALL [254].
ACTs have been developed with CAR-T cells, which consist of genetically modified
T lymphocytes obtained from patients themselves, resulting in cells that combine an extra-
cellular antigen-binding domain with one or more intracellular T lymphocytes signaling
domains, leading to the activation of T lymphocytes and finally the elimination of lym-
phoblasts. In other words, these modified T lymphocytes are redirected to target specific
antigens on the surface of lymphoblasts [255–257]. The CD19 antigen is a transmembrane
protein expressed in all cells of the B lineage and is thus an attractive target for CAR-T cell
therapy toward ALL B lymphoblasts [258,259]. Indeed, in 2017 the FDA approved an
anti-CD19 CAR-T called CTL019 for the treatment of B cell ALL that is refractory to treat-
ment or for second or later relapse of patients up to 25 years of age. The future of ACTs
with CAR-T cells for B cell ALL is promising. Currently, various groups are working
on addressing different targets such as CD22 for patients with CD19 negative relapses,
optimizing the dose of CAR-T cells, and standardizing the management of neurological
toxicity and systemic inflammatory response syndrome (SIRS) [254].

SIRS is the most common toxicity associated with CAR-T cell therapies. SIRS is gener-
ated due to the release of proinflammatory cytokines such as IL-6, IL-10, and IFN-γ (and
possibly TNF-α and IL-1α) after the activation of CAR-T cells. SIRS causes symptoms that
range from myalgia, fever, and flu-like symptoms to capillary leak, vascular collapse, pul-
monary edema, coagulopathy, and multiple organ failure [260]. Another highly unwanted
possible adverse effect of CAR-T cell infusion is anaphylactic shock [261]. Treatment of
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SIRS still remains challenging, and management is not well established. Corticosteroids
have been used to treat severe SIRS with some success, but such treatment may interfere
with the efficacy of CAR-T cell therapy itself [262]. Other anti-inflammatory agents have
also been proposed, such as the IL-1 receptor antagonist anakinra or etanercept [175].

A barrier to ACTs in solid tumors is the formation of abnormal blood vessels, which
hinders tumor infiltration of T lymphocytes [263]. Hypoxia can lead to the formation
of new, tortuous, and leaky vessels, thus generating irregular blood flow and increased
interstitial tumor pressure. Furthermore, endothelial cells fail to express leukocyte adhesion
molecules correctly, an event known as endothelial anergy [264]. Therefore, crossing
the abnormal endothelial barrier and interstitium in solid tumors is a major obstacle
for cells of the immune system and CAR-T cell therapy [265]. This may also explain
the resistance of some solid tumors to immune checkpoint inhibitors [266,267]. It has
been shown that minimizing the amount of TNFα targeting the vascular endothelium
with Cys-Asn-Gly-Arg-Cys-Gly-TNFα (NGR-TNF), a fusion protein targeting the tumor
vasculature [147], can activate the endothelial cells and enhance tumor infiltration by
cytotoxic T lymphocytes [268]. This approach has also been shown to enhance ACT with
TCR redirected T lymphocytes [269]. Based on this, Elia et al. proposed using low doses of
TNFα directed toward the tumor vasculature in association with ACT, which may represent
a novel strategy to improve the infiltration of T cells in solid tumors and overcome the
resistance to CAR-T cells and anti-immune checkpoint inhibitor therapy [263].

Anti-cancer ACT with tumor-specific cytotoxic T lymphocytes has been well docu-
mented in animal models, where infusion of modified T lymphocytes into mice resulted
in tumor eradication [270–272]. The results of Ye et al. show that cytotoxic T lympho-
cytes transfected with adenovirus genetically modified to express TNFα, cytotoxicity, and
survival of lymphocytes were improved [273]. Furthermore, ACT induces long-term anti-
tumor immunity by generating memory T lymphocytes after ACT. Therefore, cytotoxic
T lymphocytes designed to secrete TNFα may be useful when designing strategies for ACT
in solid tumors [273].

Induction of antitumor immunity by DC vaccines correlates with their maturation
stage. TNFα appears to have profound effects on DC function, as it contributes to activa-
tion [274], maturation [275], subsequent migration and accumulation in lymph nodes [276],
and significantly reduces inhibition of these processes mediated by IL-10 [277]. Based
on this, and the previously mentioned characteristics of TNFα as an antitumor cytokine,
Liu et al. proposed the use of combination immunotherapy [278]. Gene therapy with
adenoviruses expressing TNFα and DC vaccines genetically modified to overexpress TNFα
were used to treat well-established tumors in animal models. The modified DCs stimu-
lated cytotoxic T lymphocytes in vitro and in vivo and produced more efficient antitumor
immune responses than wild-type DCs [278].

Lymphodepletion is a preconditioning strategy carried out by high-dose chemother-
apy and is commonly used to increase the clinical efficacy of adoptive T cell therapy.
Suppression of the host’s immune system ensures that the transferred immune cells will be
capable of surviving and proliferating, since they would otherwise be suppressed or de-
prived of key cytokines for their functioning [279]. However, as might be expected, this type
of treatment can become highly toxic to patients, causing severe cytopenias [280,281]. In
contrast, oncolytic adenoviruses are safer and, when engineered to express IL-2 and TNFα,
can achieve lymphodepletion-like antitumor immunomodulatory effects [282]. When pro-
duced from these adenoviruses, IL-2 and TNFα can recruit NK and T lymphocytes into the
tumor bed [283]. Studies in patients and mice revealed that toxicity was minimal. These
findings demonstrate that ACT can be facilitated by adenoviruses that encode cytokines,
thus avoiding lymphodepletion and its consequences [282].

In the case of melanoma, ACT with cytotoxic T lymphocytes that target melanocytic
antigens can achieve remission in patients with metastatic melanomas, but tumors often re-
lapse [284,285]. Landsberg et al. demonstrated that melanoma cells can resist ACT through
a reversible dedifferentiation process in response to the inflammatory microenvironment in-
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duced by T lymphocytes [286]. TNFα secreted by macrophages induces dedifferentiation of
human melanoma cells, leading to impaired recognition by cytotoxic T lymphocytes specific
for melanocytic antigens. These results demonstrate that an inflammatory microenviron-
ment is responsible for the phenotypic plasticity of melanoma cells, contributing to tumor
relapse after initially successful T lymphocyte immunotherapy [286]. This inflammation-
induced dedifferentiation mechanism from tumor cells to precursor cells was also shown
in a case report of a 60-year-old male patient with metastatic melanoma who received
specific ACT against the melanocytic antigen MART-1 and developed resistance to therapy
in association with a dedifferentiated tumor phenotype lacking conventional melanocytic
antigens [287]. In vitro assays showed that TNFα treatment led to dedifferentiation of
tumor cells. The dedifferentiation process was proved to be reversible upon removal of
inflammatory media from cultures. The RNA of different melanoma cell lines treated
with TNFα was also sequenced, and it was seen that the pathways of dedifferentiation
induced by inflammation may overlap with those of innate resistance to anti-PD-1 gene
signature [288], which includes genes related to EMT transition, hypoxia, and angiogene-
sis, and suggests that dedifferentiation may reflect a more invasive phenotype. The data
exposed here highlight the need to deepen studies of the underlying mechanisms of ACT
resistance in humans [287].

6. Clinical Implications

The administration of anti-TNFα drugs was originally limited to inflammatory and
autoimmune pathologies, where they proved to be beneficial for patients [289]. Neverthe-
less, about 40% of patients did not respond to anti-TNFα treatment [290]. The different
anti-TNFα biologics show no differences in the treatment of inflammatory pathologies such
as RA and spondyloarthritis [291]. Regarding treatment effectiveness, it has been shown
that polymorphisms in the TNFα promoter or the gene region can predict response to TNFα
inhibition therapy. Meta-analyses showed that TNFα -308 G and -238 G alleles predicted
good response to anti-TNFα therapy, and this prediction was more powerful for etaner-
cept than for infliximab in patients with spondyloarthritis [292] or refractory sarcoidosis.
Regarding patients with psoriatic arthritis, another study found that the polymorphism in
+489 A exhibited a trend of association with better response to etanercept [293].

One of the main concerns of anti-TNFα treatment is the increased risk of infection
upon therapy administration, a matter extensively studied in patients with inflammatory
diseases. In these patients, TNFα-blocking therapies are administered alone or in combi-
nation with disease-modifying anti-rheumatic drugs (DMARDs) [294–296]. Concerning
opportunistic intracellular bacterial infections, tuberculosis (TB) is one of the most studied,
since TNFα is responsible for the recruitment and effector function of neutrophils and
lymphocytes to battle the infection [297,298]. It was shown that TNFα or TNFR1 knockout
mice, as well as those treated with TNFα inhibitors, cannot fight TB infection [299]. There
are controversial studies about the adverse effects of TNFα inhibitor administration [300].
While several works show no correlation between adverse effects and TNFα inhibitor treat-
ment [301–303], a substantial number show the opposite [304–307]. These works underline
the importance of appropriate TB screening before TNFα inhibitor administration. Similar
results were found for L. monocytogenes infection [304]. Something similar also occurs
in viral and fungal infections. While there are reports that show no correlation between
herpes zoster infection and TNFα blockage [308], others show the opposite [304,309,310].
Other detrimental effects of TNFα inhibitors were described regarding the nervous system,
with headache as the most common event. Other serious neurological events [311,312]
were also reported: multiple sclerosis [313], central and peripheral demyelinating events,
vasculitis, and transverse myelitis, among others [314–316]. Regarding cardiac disease, it
was demonstrated that anti-TNFα therapy is injurious [317]. Surprisingly, TNFα inhibi-
tion can cause de novo disease or reactivation of inflammatory disease, such as psoriasis,
arthritis, colitis, uveitis, etc. [318].
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Given the mentioned pivotal role of TNFα in the immune system, another important
concern regarding its blockade is related to cancer development. Numerous studies
have addressed this issue in patients with inflammatory diseases. At present, there is
increasing evidence that TNFα inhibition does not correlate with an augmented incidence
of cancer [319–321], but there are a few reports that show the opposite [322], including two
reports that indicate an elevated risk of hematological malignancies and nonmelanoma skin
cancers in patients with RA [298,323]. It is noteworthy that these studies also claim that
an increased risk of lymphoma is associated with RA regardless of the anti-TNFα therapy,
which inhibits any conclusion regarding the treatment. Instead, more recent studies show
that, plausibly, the underlying inflammation caused by the pathology is more likely to
promote the development of malignancy than the therapy itself [321,324]. Moreover, they
claim the treatment can have positive implications in preventing cancer. There is a study on
inflammatory bowel disease in patients with a prior history of cancer showing that TNFα
inhibition poses a mild risk of acquiring cancer. This report poses a conundrum, since it
is an established fact that former cancer patients have a higher probability of developing
new cancers, once again highlighting that the results cannot be ascribed to the anti-TNFα
therapy. These data indicate that TNFα-blocking treatments should not be administered to
patients with cancer in their clinical history [325].

There are limited reports in the field of cancer and TNFα inhibitors. Only one phase
II clinical trial studied the effect of etanercept in breast cancer patients, and the results
showed that there was no objective response to treatment, which could, however, be due
to the advanced tumor stage of the cohort [187]. Polymorphisms in the TNFα gene have
also been studied related to cancer incidence. In breast cancer, it was reported that the
TNFα -308 G>A allele is associated with higher expression of TNFα, but no predisposition
for any breast cancer subtype was found, although this polymorphism is associated with an
increased risk of metastasis in triple-negative breast cancer [326]. Another study showed
that the same polymorphism was correlated with vascular invasion in breast cancer [327],
while another group found a possible association between the -308 G>A polymorphism and
lower OS in cancer patients [328]. However, these polymorphisms could be meaningful
regarding responsiveness to anti-TNFα therapy. The matter remains to be explored in
cohorts of patients with malignancies receiving anti-TNFα treatment.

Various reports have acknowledged the pro-tumorigenic role of TNFR1, which indi-
cates that hindering sTNFα action could be a potential new strategy to tackle cancer [37,329].
In this regard, it has been shown that targeting sTNFα prevents skin carcinogenesis [203]
and overcomes trastuzumab resistance in HER2+ breast cancer [72].

Besides targeting TNFα, another interesting approach is the development of therapies
directed to TNFRs. One of the strategies is based on the fact that soluble TNFRs (sTNFR) are
immunosuppressive because they impede TNF-α activity. Therefore, a selective apheresis
to remove sTNFRs from systemic circulation can release TNFα and reactivate an effective
antitumor immune response. In the beginnings, the apheresis column contained anti-TNFR
and antiIL-2R antibodies and the treatment was effective in reducing patient’s tumor
burden [330]. Now an improvement was achieved using single-chain TNFα as bait [331]
and this strategy has shown to be effective in the treatment of canine cancers [332]. On
the other hand, TNFR2 is expressed in Tregs and particularly in a subset that present the
most immunosuppressive characteristics [333]. Tregs in general have been a potential
target for cancer therapy [334], but delivery to the TME has been challenging [335]. TNFR2
induces activation of NF-κB and PI3K/Akt pathways, which finalizes in cell proliferation,
augmenting the number of Tregs [336], positioning TNFR2 as an attractive target. In addi-
tion, MDSCs also express TNFR2 in mice, and their inhibition diminished metastasis in
a liver cancer model [337]. Furthermore, TNFR2 expression has been proved in different
cancers, such as RCC [338], colorectal cancer [339], Hodgkin’s lymphoma [340], multiple
myeloma [341], and ovarian cancer [342]. Interestingly, several studies show that tumors
can escape immune checkpoint inhibitor therapy by upregulating TNFR2 expression in
Tregs [343]. Moreover, TNFα/TNFR2 axis supports angiogenesis promoting VEGF secre-
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tion and neovascularization via endothelial colony forming cells [344]. Recently, it has been
demonstrated that endothelial progenitor cells secrete immunosuppressive cytokines in a
TNFR2-dependent manner and inhibit T lymphocytes proliferation [345]. All this evidence
points to the need to develop TNFR2-targeted therapy to diminish tumor-infiltrating Tregs,
to impair MDSCs differentiation and endothelial cell neovascularization and to directly
attack TNFR2-expressing tumor cells. In this respect, Vanamee et al. postulated that TNFR2
inhibitors could be safer than immune checkpoint inhibitors for cancer treatment, given the
restricted expression of the receptor [346]. TNFR2 antagonistic antibodies were successfully
tested in the OVCAR3 preclinical model and proved to be effective in killing Tregs from
ascites and ovarian cells [347]. Finally, an IgG2 antibody targeting TNFR2 proved to be
effective in killing cancer cells in direct correlation to their TNFR2 expression density. It
was also shown that this antibody modified the TME eliminating Tregs while preserving
viability of effector T cells [348]. Therefore, a new horizon of specific treatment targeting
immunosuppressive cells is open with anti-TNFR2 strategies.

7. Conclusions

The clinical relevance of TNFα to either fostering or hindering the success of im-
munotherapy has not yet been fully elucidated. In practice, however, the clinical appli-
cation of anti-TNFα drugs to prevent irAEs produced by immune checkpoint inhibitors
and ACTs has provided interesting results, showing that neutralizing this cytokine has
potential antitumor benefit. In addition, several clinical trials have demonstrated the im-
portance of TNFα blockade in prostate and renal cancer and in hematologic malignancies,
as it promotes higher OS. Furthermore, there is plenty of preclinical evidence showing
that TNFα is able to induce immunotherapy resistance. For example, TNFα can induce
PD-L1 overexpression in a large variety of tumors, rendering an immunosuppressive
TME, impairing inhibition of immune checkpoints, and inducing resistance to targeted
therapies [72,165–168,172,232–238]. All of the above therefore suggest that the use of TNFα
inhibitors should be considered as a novel strategy in cancer treatment, particularly in
combination with the gold standard therapy for each particular cancer.

On the other hand, due to its potent antitumor activity, the production of TNFα by
DC and cytotoxic T lymphocytes is important in ACT. In addition, the administration of
a fusion protein of TNFα targeting tumor vessels can rescue their normal permeability
and promote tumor infiltration by cytotoxic T lymphocytes, enhancing the effectiveness of
immune checkpoint inhibitors.

In conclusion, the administration of TNFα-blocking agents emerges as a promising
option in the oncology arena, but their combination with other therapies in specific tumor
types needs to be further studied to attain optimal clinical results.
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Simple Summary: Chimeric antigen receptors (CAR) are engineered molecules expressed on the
cell surface that can recognise specific proteins and deliver an activation signal to the cells. Human
T lymphocytes equipped with CAR, also called CAR-T cells, can target and kill tumour cells. This
technology has been successfully used in treating some of the blood cancers in the last decade.
Although the majority of research interest in CAR technology has been focused on CAR-T cells to
date, the CAR design has also been used in other types of immune cells to fight against cancers. In
this review, we discuss recent advances in CAR design beyond that used in conventional CAR-T cells
and their novel indications to develop more potent CAR-based therapy for cancers.

Abstract: Chimeric antigen receptors (CAR) are genetically engineered receptors that can recognise
specific antigens and subsequently activate downstream signalling. Human T cells engineered to
express a CAR, also known as CAR-T cells, can target a specific tumour antigen on the cell surface
to mediate a cytotoxic response against the tumour. CAR-T cell therapy has achieved remarkable
success in treating hematologic malignancies, but not in solid tumours. Currently, extensive research
is being carried out to make CAR-T cells a therapy for solid tumours. To date, most of the research
interest in the field has focused on cytotoxic T lymphocytes as the carrier of CAR products. However,
in addition to T cells, the CAR design can be introduced in other immune cells, such as natural
killer (NK)/NKT cells, γδ T cells, mucosal-associated invariant T (MAIT) cells, dendritic cells (DC),
macrophages, regulatory T cells (Treg), B cells, etc. Some of the CAR-engineered immune cells,
such as CAR- γδ T and CAR-NK/NK-T cells, are directly involved in the anti-tumour response,
demonstrated in preclinical studies and/or clinical trials. CAR-Tregs showed promising therapeutic
potential in treating autoimmune diseases. In particular, B cells engineered with chimeric receptors
can be used as a platform for long-term delivery of therapeutic proteins, such as recombinant
antibodies or protein replacement, in an antigen-specific manner. CAR technology is one of the most
powerful engineering platforms in immunotherapy, especially for the treatment of cancers. In this
review, we will discuss the recent application of the CAR design in non-CAR-T cells and future
opportunities in immunotherapy.

Keywords: chimeric antigen receptor; immune cell; endodomain; combination therapy

1. Introduction

Adoptive cell transfer was first introduced by Steven Rosenberg in 1986 to treat cancer
patients with their own immune cells [1]. In 1992, Michel Sadelain began to genetically
engineer primary T cells against cancer [2]. In the following year, the first-generation
chimeric antigen receptor T (CAR-T) cells were developed by Zelig Eshhar [3], although
they did not persist in vivo and were not effective against cancer cells. Chimeric antigen
receptors are synthetic receptors that ligate to a surface antigen and transduce the target
recognition into a signalling cascade. The molecular architecture of this chimeric fusion
protein comprises (1) a single-chain variable fragment (scFv) extracellular domain targeting
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a protein, lipid or glycan, (2) a hinge region and transmembrane domain as a membrane
anchor, and (3) intracellular signalling domains [4,5].

In 2002, the second-generation of CAR-T cells was developed and proved to be
effective in vitro [6] and in 2003, Dr Sadelain demonstrated that the CD19-targeted CAR-
T cells could kill leukemia cells in a mouse model [7], which had an enormous impact
in the future development of CAR-T therapy. Since then, CAR technology has been
developed for several generations, and many innovative constructs have been introduced
to improve clinical efficacy. To date, the most commonly used design in the clinic is the
second-generation CAR, with either a CD28 or 4-1BB endodomain, displaying significant
anti-tumour efficacy, whilst more toxicity was observed with the third generation CAR
that contains both endodomains [8]. Nonetheless, this may not happen with other CAR-
based cellular therapies. By converting the antigen engagement into an antibody-based
binding, CARs overcome potential immune escape associated with major histocompatibility
complex (MHC)-downregulation and loss of co-stimulation. This endows CAR-T cells with
intrinsic anti-tumour advantages over the endogenous T cells.

To date, CAR-T therapy has shown unprecedented success in B cell malignancies,
and most patients have long-lasting complete remission [9,10]. However, antigen loss
and treatment-related toxicity—cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity (ICANS)—are issues that need to be resolved [11,12]. In
addition to B cell malignancies, extensive research has been done to explore the application
of CAR-T therapy in solid tumours. However, to date, the anti-tumour efficacy is poor.
To increase efficacy in treating solid tumours, CAR-T cells need to tackle several unique
obstacles: impaired homing and trafficking, low persistence, immunosuppressive tumour
microenvironment (TME) and antigen heterogeneity. To address these issues, innovative
T cell engineering strategies have been developed; these have been extensively reviewed
elsewhere [13–15]. Alternatively, promising proof-of-concept studies in conventional T
cells raise the prospect of developing CAR-based approaches in non-conventional T cells,
and other immune cell types to combat cancer or autoimmune diseases. In this review, we
discuss recent advances in CAR design beyond that used in conventional T cells and their
novel indications to develop more potent CAR-based cellular platforms in the clinic.

2. γδ T Cells

T cells that express heterodimeric T-cell receptors (TCRs) comprised of γ and δ chains
are characterised as ‘unconventional’ T cells [16]. These cells display features of innate
and adaptive immune systems. As the major circulating γδ T population, Vδ2/Vγ9 T cells
recognise phosphoantigens. Indeed, aminobiphosphonates (e.g., zoledronate) are broadly
used for their ex vivo expansion [17]. Other γδ T cell subsets account for rarer populations,
among which Vδ1 subsets confer residency in mucosal epithelia [18]. γδ T cells are crucial
players in tumour defence and distinguish stress-induced self-antigens in transformed
cells. Upon ligation with TCR and/or NK cell receptors, γδ T cells target tumour cells
through Th1-biased cytokines, antibody-dependent cellular cytotoxicity (ADCC), antigen
presentation, and cytotoxic activity via perforin-granzyme axis [19,20]. In contrast with
αβ T cells, their antigen sensing does not rely on MHC molecules; therefore, allogeneic γδ

T cells could be more readily used for adoptive transfer without unwanted side effects,
especially graft-versus-host disease (GvHD).

In preclinical studies, γδ T cells were engineered with CAR to generate CAR-γδ T
cells, which showed anti-tumour efficacy in leukemia models. Transduction of polyclonal
γδ T cells with a CD19-targeted CAR resulted in enriched IFN-γ and TNF-α responses and
systemically reduced leukemic burden in vivo [21]. A direct comparison with conventional
CD19-CAR-T cells demonstrated comparable killing in aggressive leukemia xenograft but
also superior cytotoxicity against leukemia cells with loss of CD19 [22]. These results
illustrate that the CAR can efficiently boost anti-tumour capacity in γδ T cells, while
retaining their innate cytotoxicity, providing great potential to counter antigen loss in
haematological cancers. In the context of solid tumours, GD2-targeting CAR γδ T cells had
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equivalent lysis of neuroblastoma cells as conventional CAR-T cells, and cross-presented
antigens to activate αβ T cells in vitro [23]. CAR-γδ T cells might act as professional
antigen-presentation cells to induce endogenous immunity, therefore coping with antigen
heterogeneity in solid tumours. However, in vivo efficacy has not yet been evaluated in
neuroblastoma or other solid tumour models, and thus requires further investigation.

CAR has also been explored in γδ T cells to minimise on-target/off-tumour toxic-
ity. One powerful approach is combinatorial antigen sensing which controls the CAR-T
cell response via a logic gate, commonly termed ‘AND-NOT’ gates. This gate provides
exquisite tuning of the T cell response and is dependent on the expression of two antigens
on the tumour cell surface. For example, γδ T cells recognised cognate antigen through γδ

TCR and ganglioside GD-2 through DAP10-CAR, which mimics NKG2D co-stimulation.
CAR-γδ T cells induced full activation only in the presence of dual antigens, resulting in
equivalent killing as CD28-CD3ζ-CAR T cells against neuroblastoma and Ewings sarcoma
cells [24]. This precise discrimination provides a safeguard for solid tumours that lack
tumour-specific antigens. Additionally, separating co-stimulatory signals can abrogate
tonic signalling, mirrored by potent effector functions and lower exhaustion marker ex-
pression [25]. This feature may prolong the in vivo persistence of the gene-modified T
cells. Notwithstanding, antigen loss could compromise their cytotoxicity and consequently
hinder long-term immunosurveillance. Alternatively, non-integrating transient expres-
sion of CAR in γδ T cells through mRNA electroporation has been reported to alleviate
long-term toxicity while maintaining comparable potency as CAR-T cells [26]. Moreover,
CAR without signalling domains can be used as a non-activating anchor to drive γδ T cell
residence in proximity with malignant cells and elicit an anti-tumour response through
intrinsic cytotoxicity [27]. Collectively, these examples are encouraging by leveraging
temporal and spatial control on CAR-γδ T cells to develop a safe platform and retain
effective anti-tumour activity.

Preclinical results have not yet demonstrated superior therapeutic efficacy, but more
residual disease was observed than CAR-αβ T cells in the long-term [22]. Poor in vivo
expansion and proliferation, at least in part, can be attributable to this, and are concerns
that must be considered in future clinical trials. Nonetheless, CAR-γδ T cells retained TCR
function and innate cytotoxicity, indicating promising effector function. It is not known
what percentage of transduced γδ T cells can conserve these functional capacities after
expansion in the GMP product, and this needs to be further characterised. Moreover, it
also remains unclear how CAR-γδ T cells will be applied in the allogeneic setting for ‘off-
the-shelf’ product. Hence, CAR-γδ T cells may not be sufficient as a stand-alone therapy.
They may be used in combination with CAR-αβ T cells to alleviate immune escape.

3. Regulatory T Cells

Regulatory T cells (Treg), a subset of conventional CD4+ T cells, harbour immunoreg-
ulatory properties and can be divided into two types: thymus-derived and peripheral-
induced Tregs [28]. Tregs can modulate effector T cells or antigen-presenting cells through
soluble anti-inflammatory mediators or cell-cell interactions [29,30]. In cancer, Treg cells
behave as negative regulators in the TME, and they are central players in inducing immune
tolerance to avoid tissue damage and autoimmune responses.

Synthetic biology and cell engineering has accelerated the application of CAR tech-
nology to Tregs. In preclinical studies, Tregs transduced with second-generation CARs
showed antigen-specific immunosuppression of T cell responses in GvHD, solid organ
transplantation, type 1 diabetes and colitis [31–33]. Interestingly, another study showed
that CAR-Tregs elicited bystander suppression of T cells with diverse specificities [34].
This may provide widespread protection against auto-/alloreactive responses in the local
environment. In other studies, CAR-Tregs were capable of inhibiting autoimmune anti-
body response and B cell activities [34,35]. Taken together, CAR-Tregs maintain natural
immunoregulatory properties and induce peripheral tolerance. Potential cross-talk with
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other immune cells as indirect suppressive mechanisms might also be beneficial in highly
inflammatory conditions, and thus merit further studies.

Although CAR-Tregs convey potent immunosuppression, some studies demonstrated
pro-inflammatory cytokines and antigen-specific cytotoxicity [35,36]. This may be a cause
for concern about safety and stability of CAR-Tregs to generate long-term suppression.
Optimising CAR-construct might be one strategy. Most studies report that the CD28 en-
dodomain imparts superior suppressive functions in Tregs and promotes longer persistence
than the 4-1BB signalling domain [37,38]. Additionally, it is not clear whether CAR-Tregs
are sufficient as a single regimen to generate a durable response. In addition, their effect
under established immunosuppressive therapies should be considered in different disease
models.

4. Mucosal Associated Invariant T Cells

Mucosal-associated invariant T cells (MAIT) are a subset of T cells that recognise
vitamin B2 metabolites (5-(2-oxoethylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and
structural analogues) as antigens presented on non-classical molecule MR-1 [39]. These
cells are highly abundant in human tissues such as the liver and can be up to 10% of CD8+ T
cells in the peripheral blood [40]. MAIT cell responses have been studied against bacterial,
fungal, and certain viral infections, as previously reviewed [41]. A few studies have
demonstrated that MAIT cells play a role in cancer, either protective or pathogenic [41].

MAIT cells have great potential as CAR-T cells because they are MR1-restricted and
also have a restricted TCR usage. MR1 is a highly conserved non-classical MHC Class
1B molecule [42]. This suggests that MAIT cells are unlikely to induce GvHD. Hence,
CAR-MAIT cells could be used as universal CAR-T cells and an ‘off-the-shelf’ therapy.

However, current strategies of isolating, expanding, and transferring MAIT cells back
into patients is challenging using current CAR-T GMP production approaches. MAIT cells
can be expanded ex vivo using the ligand 5-OP-RU in the presence of MR-1 expressing
APCs or TLR stimulation [43,44]. As MAIT cell numbers vary in individuals (5–10% of
T cells) in peripheral blood, the CAR-MAIT numbers obtained after expansion will also
be limited as compared to the ex vivo expansion of all T cells. PD-1 upregulation and
exhaustion phenotypes have been observed on MAIT cells in chronic viral hepatitis [45],
and this may also be the case with cancers. Therefore, a combination approach with
anti-PD1 may possibly overcome this hurdle.

5. Tissue-Resident Memory T Cells

Tissue-resident memory T cells (TRM) are long-lived non-circulating memory T cells
that persist in peripheral tissue at sites of previous antigen counter such as in infections or
cancer [46]. TRM cells provide long-term immune protection through enhanced effector
function against a known pathogen and recruitment of circulating T cells [46]. Due to
these properties, TRM cells are an attractive option as CAR- TRM cells. CAR-TRMs could
be generated against known cancer antigens. However, TRM differentiation is formed
from circulating precursor cells under the influence of tissue factors, including TGF-β [47].
Therefore, the CAR-T cell product would need to have these TRM precursor cells [48].
An alternate strategy is to generate CAR-T cells with an inducible system, where once
the CAR recognises the target antigen, this would in turn switch on or off genes that can
convert these cells to tissue-resident CAR-T cells. Some of the genes known to drive TRM
differentiation and maintenance include CD69, expression of transcription factors Blimp1,
Hobit, and Runx3, and downregulation of KLF2, as reviewed elsewhere [49].

6. Natural Killer Cells

Natural killer cells (NK) are professional killer cells from the innate lymphoid family
and have critical roles in cancer immunosurveillance. Unlike T cells, NK cells require joint
signals from different activating and inhibitory receptors to target tumours [50]. They can
induce rapid cytotoxicity predominantly via perforin and granzyme or through death-
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receptor pathways (FasL or TNF-related apoptosis-inducing ligand TRAIL-mediated) [51–
53]. Non-MHC-restricted NK cells confer limited alloreactivity and no GvHD in adoptive
transfer [54].

Despite the limited number of clinical trials, CAR-NK cells consistently show a
favourable safety profile while maintaining potent reactivity. A phase I/II trial of cord
blood (CB)-derived HLA-mismatched CD19-CAR-NK cells with an escalating dose was
conducted in relapsed or refractory chronic lymphocytic leukemia (CLL) or non-Hodgkin’s
lymphoma patients (NCT03056339) [55]. None of the patients had any side-effects, such as
CRS, neurotoxicity, or GvHD, and the maximum tolerated dose was not reached. Seven out
of 11 patients had complete remission, and six patients tested negative for minimal residual
disease, revealing that CAR-NK cells are an effective treatment strategy against CLL. This
is in line with another phase I trial for metastatic colorectal cancer with local delivery of
autologous or allogeneic NKG2D-DAP12 CAR-NK cells (NCT03415100), in which all three
patients significantly reduced their tumour burden with transient grade I CRS [56]. This
study demonstrates the successful protection of CAR-induced killing mediated by NK cells
in the context of solid tumours. Moreover, NK-92-derived CD33-CAR-NK cells were well-
tolerated in a phase I trial of 3 patients with acute myeloid leukemia (AML) (NCT02944162).
In contrast with CAR-T cells, repeated infusion with high-dose third-generation CAR-NK
cells only caused mild elevation of CRS-related cytokines [57]. Together, these data high-
light that CAR-NK cells are a safer strategy for cancer patients with a minimised risk of
undesirable side effects. Additionally, different non-autologous sources were employed,
including NK-92, CB-derived and allogeneic NK cells, underpinning the great therapeutic
potential for NK cells coupled with CARs to provide ‘off-the-shelf’ product.

Post-infusion NK cell behaviour is vital for CAR-mediated surveillance and durable
remission in patients. For example, a significantly lower early expansion of CB-derived
CAR-NK cells was found in non-responding patients [55], suggesting the correlation
between in vivo proliferation of CAR-NK cells with treatment responsiveness. In addition,
the persistence of the CAR-NK products is still not clear, as most patients went on post-
treatment due to the sign of disease progression or relapse. To prolong persistence, deleting
cytokine-inducible SH2-containing protein (CIS) (a negative regulator of interleukin (IL)-15)
was shown to achieve synergism with IL-15 signalling in CAR-NK cells, leading to doubled
persistence and tumour eradication in lymphoma xenografts [58]. Alternatively, coupling
Myd88/CD40 with ectopic expression of IL-15 in CAR-NK cells, in an attempt to mimic
the Toll-like receptor (TLR) signalling, resulted in the robust proliferation and prolonged
persistence in vivo [59]. As these examples illustrate, extended persistence holds promise
as a means of augmenting CAR-NK cell function. However, caution is still warranted given
the short-lived nature of mature NK cells and in vivo expansion, and persistence would be
a major concern that impairs the anti-tumour efficacy when reaching the clinic.

Of note, CAR-NK cells exhibited efficient homing to the disease site with rapid
cytotoxicity against tumours in patients. This brings about opportunities to use CAR-NK
cells as a bridging therapy prior to CAR-T therapy to fulfil the demand of patients with
advanced disease. With the early onset of anti-tumour activity of CAR-NK cells to lyse
tumour targets, CAR-T cells may perform better with less suppression from the tumour,
followed by sustained memory CAR-T repertoire to eliminate residual disease and retain
immune surveillance.

7. Natural Killer T Cells

Natural killer T cells (NKT) are αβT cells restricted by CD1d, which is an HLA-like
molecule presenting lipid antigen. NKT cells can be divided into invariant NKT cells
(iNKT) recognising α-galactosylceramide (α-GalCer), and diverse NKT cells express more
variant TCRs. While most studies suggest that diverse NKT cells inhibit anti-tumour
immunity, iNKT cells contribute to natural tumour surveillance with immediate cytokine
secretion (IFN-γ, TNF, IL-13, IL-17, IL-4, IL21, IL-22) and FasL/TRAIL pathways [60,61].
Furthermore, iNKT are clinically feasible in the allogeneic setting without GvHD; thus,
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universal CAR-NKT cells can be obtained from healthy donors to circumvent production
and quality issues from autologous cells. Together with their effector properties, iNKT cells
are an attractive platform for CAR-based therapy.

Different CAR constructs have been explored to impart iNKT cells with efficient
anti-tumour properties. iNKT cells engineered with a third-generation CAR specific for
ganglioside GD2 fostered expansion and persistence accompanied by superior efficacy than
the second-generation counterpart in metastatic neuroblastoma xenografts without CAR-
related toxicity [62]. Clinically, iNKT cells might be an optimal carrier for third-generation
CAR by surmounting the unwanted side effects in CAR-T cells, and this underpins the
importance of selecting co-stimulatory domains in different immune subsets. Notably,
CAR-iNKT cells recapitulated the polarised T helper 1 (Th1) cytokine profile with a high
IFN-γ/IL-4 ratio and increased granzyme B regardless of different endodomains [63,64].
iNKT cells naturally harbour both Th1 and Th2 cytokine profile; therefore, CAR-iNKT
cells can tilt the balance towards Th1 pro-inflammatory cytokines with enhanced cytotoxic
potential. These properties are favourable in attacking the tumour and could maximise
their anti-tumour capacity.

To counter the lack of deep remission with conventional CARs, armoured CAR-
iNKT cells have been developed and achieved marked success. Secretion of IL-15 by
anti-GD2 CAR-iNKT cells improved disease-free survival with long-term persistence in
bone metastasised sites and decreased the expression of exhaustion markers such as PD-1
in neuroblastoma xenograft [65]. Thus, IL-15 provides a favourable phenotype for transfer
and promotes persistence, leading to greater anti-tumour potential. Based on encouraging
proof-of-concept studies, a phase I trial for children with neuroblastoma is currently
underway and has obtained promising safety data from initial results (NCT03294954) [66].
Alternatively, CAR iNKT cells maintained CD62L expression, acting as central memory-like
cells, which enhanced their proliferative capacity and resulted in a substantial reduction
in tumour burden in mice xenografted with lymphoma [67]. IL-21 in iNKT cell ex vivo
expansion cultures altered the iNKT cells enhancing cytotoxicity and persistence of CD62L+
CAR-iNKT with better tumour protection [63]. Changing phenotypic composition in
CAR-iNKT cells might also play a role in therapeutic efficacy as a means of prolonging
persistence; nevertheless, whether this less-differentiated phenotype can be maintained
over time, and help them resist T cell exhaustion, is currently unknown. Together, these
data suggest superior in vivo survival, and prolonged persistence is of importance for CAR
iNKT cells to harbour effective killing, but the duration of their persistence remains to be
fully determined.

Building on intrinsic properties, iNKT with CARs reveals several advantages over
CAR-T therapy. Rotolo et al. demonstrated that CAR-iNKT cells preserved endogenous
TCR-activation in the presence of CAR-stimulation, mirrored by an improved capacity
for tumour clearance in lymphoma xenografts as compared to CAR-T cells [64]. Dual
targeting by CD1d and CAR as cooperative killing resulted in synergistic cytotoxicity,
therefore mitigating the risk of immune escape. Different preclinical models have shown
that CAR-iNKT express a higher level of chemokine receptors and exhibit augmented
infiltration at the tumour lesion than CAR-T cells [62,64]. This illustrates that CAR-iNKT
cells retain their physiological capacity of chemotaxis to localise to the tumour as compared
to effector conventional T cells leading to better tumour control. Notably, CAR iNKT
cells have shown a protective role against GvHD while their invariant TCR was intact in
neuroblastoma and lymphoma xenograft [62–65]. Due to the non-polymorphic nature of
CD1d, CAR-iNKT cells limit off-target reactivity, serving as a safe platform for allogeneic
use. However, there are limiting aspects of iNKT cells, in that iNKT cells only account for
0.01 to 0.1% of T cells in humans and harvesting sufficient iNKT cells from an apheresis
product is not feasible. Additionally, lacking a highly purified initial product would also
dampen the therapeutic efficacy. Therefore, robust production of CAR-iNKT cells in the
clinic still requires further investigation.
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8. Macrophages

Macrophages as innate myeloid cells are professional phagocytes capable of orches-
trating homeostasis of the adaptive immune system. Given their high abundance in many
solid tumours, tumour-associated macrophages (TAM) occupy a special niche in TME,
and many mediators can tailor their phenotype [68]. Immunosuppressive TAMs (M2)
can dampen T cell response and facilitate tumour progression [69,70]. In contrast, M1
polarisation encompasses pro-inflammatory phenotype and harbours anti-tumour activ-
ity [71,72], thereby leading to great interest in engineering macrophages in cancer to assist
immune surveillance.

CAR endows macrophages with the specificity of response against tumour-associated
antigens (TAAs) in parallel with enhanced effector functions against the tumour. For ex-
ample, macrophages can be engineered with CD19-CAR incorporating cytosolic domains
of Megf10 or FcRγ to mimic phagocytic signalling. Consequently, this triggered antigen-
specific phagocytosis and trogocytosis of lymphoma cells in an in vitro model [73]. In
another study, CD3ζ-CAR macrophage also demonstrated active phagocytosis equivalent
to FcRγ-CAR [74]. As such, redirected antigen-specific phagocytosis bestows spatial control
and precision on eliminating cancer cells and ultimately contributes to the therapeutic ef-
fect. Furthermore, macrophages transduced with conventional CAR via adenoviral vectors
polarised towards pro-inflammatory M1 phenotype and stimulated T cell responses, lead-
ing to marked tumour regression and prolonged survival in mouse models with ovarian
cancer [74]. This suggests potential epitope spreading and a broader anti-tumour response
propagated by CAR-macrophages within TME. Besides directly targeting tumour cells,
macrophages can be transduced with CAR incorporating CD147 endodomain to express
matrix metalloproteinase (MMP). This improved capacity to remodel the extracellular
matrix (ECM) subsequently promoted T cell infiltration to inhibit tumour growth in breast
cancer xenografts [75]. This would be beneficial for stroma-enriched solid tumours by
removing physical barriers for killer cells to access tumour cells and exert cytotoxicity.
CAR engineering recapitulates immune functional programs built on canonical signalling
network of macrophages and therefore provides new opportunities using innate immune
cells as effective CAR-carriers to treat patients with solid tumours.

As observed in the studies discussed above, CAR-macrophages have the potential to
address some challenges of CAR-T cells in TME: immune cell penetration and immuno-
suppressive milieu. Additionally, there was evidence of cross-talk mediated by CAR-
macrophages to re-educate the M2 phenotype into the M1 phenotype, facilitate maturation
of dendritic cells, and cross-present antigens to activate T cells [74]. CAR-macrophages
may convert the TME into an inflammatory environment and thus potentially can be used
as a supportive regimen for CAR-T cells or other immunotherapies. Conversely, in vivo
phenotype plasticity of macrophage should not be underestimated. There is still limited
understanding as to whether CAR-macrophages can resist the suppression from regula-
tory cells in TME: Tregs and myeloid-derived suppressive cells (MDSC). Concerning the
safety profile, there are two remaining issues. Firstly, peripheral blood-derived monocytes
are highly heterogenous and manufactured CAR-macrophages could potentially develop
biodistribution bias to healthy tissues with systemic administration. Secondly, macrophages
have been considered as key mediators of CRS [76], thus necessitating closer attention.

9. Dendritic Cells

Dendritic cells (DC), a heterogeneous subset, are professional antigen-presenting
cells that prime naïve T cells and reactivate memory responses. In cancer, DCs sense
environmental cues in lymphoid organs or the TME and sensing of danger signals induces
DC maturation leading to either immune tolerance or a tumour-specific response [77,78].
Importantly, cytotoxic CD8+ T cells can be activated by DCs through cross-presentation
of TAAs or neoantigens to promote a stronger anti-tumour response [79]. These have
key implications for cancer immunotherapy, and CAR becomes an emerging strategy to
manipulate DCs for an effective response against the tumour.
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Intra-tumoural DCs are considered paramount in modulating T cell functions in TME.
DC engineered with CAR have been documented in a preclinical AML model to sup-
port CAR-T cells by providing immunomodulatory cytokines (activation signal 3). DC
expressing a CAR containing the 4-1BB-signalling domain facilitated differentiation into
the intra-tumoural DC subset, resulting in augmented cytotoxicity of infused CD33-CAR
T cells with higher cytokine production and better survival in AML mice xenograft than
CAR-T alone [80]. This underpins active interactions between CAR-DCs with CAR-T cells
to orchestrate anti-tumour response and a synergistic therapeutic efficacy. Enhancing DC
functionality may further break tolerance to tumours with the activation of bystander
immune cells. On the other hand, DCs may be exploited by tumour cells or immunosup-
pressive mediators to subdue their function; yet evidence of CAR-DC behaviour in the
TME has not been elucidated in immunocompetent models. Another topic of interest is
how heterogeneous subsets of human DCs may induce different effects with CAR-T cells
and their optimal ratio for patients. Notwithstanding, their clinical safety needs to be
further explored, since the high level of secreted IL-12 may induce systemic toxicity [81].

10. B Cells

B cells and long-lived plasma cells are classically known to modulate humoral re-
sponse by producing antibodies, and coordinate T cell response. They have been uncovered
as active participants in tumour-draining lymph nodes, tumour-associated tertiary lym-
phoid structures and TME to prompt anti-tumour response, although specific subsets are
polarised with pro-tumoural effects [82–84]. Their prevailing natures convey several advan-
tages, making B cells attractive as a therapeutic cellular platform such as antigen-specific
activation, in vivo persistence, memory pool formation and the potential to secrete proteins
in large quantities.

While ex vivo manipulation of primary B cells has been limited by technical challenges,
one clinical study has reported a case of CAR-transduced leukemic B cell [85]. Recently,
clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated
protein 9 (Cas9) induced homolog-directed repair was successfully used to introduce
CAR-expression cassettes into B cells. CARs equipped with the CD79β signalling domain,
which is a component of B cell receptor (BCR) complex for activation, can be engineered
in primary murine B cells to induce robust surface expression and antigen-recognition
independent of endogenous BCR [86]. B cells could be feasible carriers for CAR-based
therapy by exploiting endogenous BCR signalling, although human B cells’ functionality
(e.g., proliferative capacity and antibody secretion) should be evaluated in future studies.

Considering the clinical translation, directly engineering primary human B cells and
plasma cells to effectively secrete immunoglobulin and therapeutic proteins have been
shown in preclinical studies to address infectious disease and protein deficiency, respec-
tively [87,88]. In line with this concept, CAR-B cells can be used to drive the local delivery
of monoclonal antibodies at the tumour site by targeting a particular TAA. This introduces
the possibility of CAR-B cells as safe and controllable vehicles for releasing efficacious
therapeutic antibodies that convey severe toxicity in systemic administration. Alternatively,
CAR-B cells can be a novel platform for autoimmune disease and prophylactic vaccines.

11. The Design of CAR Constructs

The CAR construct used in conventional CAR-T cells is designed to initiate the cy-
totoxic killing upon antigen recognition. The application of the CAR construct in other
immune subsets relies on the conserved activation pathways and/or the canonical sig-
nalling molecules in the engineered cells. Thus, the anti-tumour activities may vary in
a cell type-specific manner. An optimised approach is to change the components in the
CAR construct based on the activating signalling chains and inherent biological properties
of engineered cells. For instance, DAP12 demonstrated superior cytotoxicity than CD3ζ
in CAR-NK cells in a colorectal cancer xenograft model [56]. Distinct cellular functions
beyond the cytolysis can also be induced by altering the endodomains, such as antibody
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production in CAR-B cells and matrix metalloproteinase secretion in CAR-macrophages.
Furthermore, the extracellular domain can be derived from receptors (e.g., NKG2D) or scFv
targeting non-tumour cells, such as stromal components (e.g., MDSC). The optimisation of
the transmembrane domain and hinge regions may also enhance the surface expression of
CAR and its functionality; however, this remains an area of ongoing investigations.

12. Challenges and Opportunities in Solid Tumours

To date, conventional CAR-T efficacy in solid tumours has been poor. Barriers to CAR-
T cell success in solid tumours include the immunosuppressive and immune exclusive
tumour microenvironment, tumour antigen heterogeneity and poor T cell trafficking. Given
the distinct characteristics of the CAR immune cells described above, they may provide
promising improvements in treating solid tumours in combination of conventional CAR-T
cells. CAR-γδ T cells can act as professional antigen-presentation cells to cross-present
antigens to conventional αβ CAR-T and endogenous T cells. These features provide great
potential for CAR-γδ T cells to cope with the issue of the tumour heterogeneity. Similarly
to CAR-γδ T cells, CAR-NK/NK-T cells can be used in combination with conventional
CAR-T cells or as bridging therapy prior to CAR-T therapy. The superior anti-tumour
efficacy and efficient trafficking capability of CAR-NK cells facilitate the early onset of
anti-tumour cytotoxicity and induce the recruitment of CAR-T cells to the tumour site.
CAR-DC may synergize the anti-tumour activity of the CAR-T cells, and it may also
engage and activate the bystander T cells in the tumour microenvironment. Similarly,
CAR-macrophage (M1) can also crosstalk with CAR-T or bystander T cells in the tumour
through cytokines and chemokines, facilitating the antigen presentation and immune cell
recruitment. In addition, CAR-macrophages can remodel the extracellular matrix through
the production of MMP, enabling the T cell penetration into the stroma-rich solid tumours.
In summary, a combination of CAR-immune cells may support the conventional CAR-T
cells to overcome the current challenges in solid tumour.

13. Manufacture of Clinical Product

Successful ex vivo generation of CAR-immune cell products is essential for clinical
application. Leukapheresis can be used for most cases. Immune subsets can be enriched by
clinical grade purification through positive (e.g., NKT and γδ T cells) or negative selection
(NK cells), although they represent a minority of peripheral blood lymphocytes [55,66].
These cells can be further sorted for a defined phenotype, which may have an impact on
the functional activity of the final product [67]. Current expansion protocols typically incor-
porate engineered feeder cells and cytokine exposure (IL-2, IL-7, IL-15 and IL-21) [63,66].
Nonetheless, methodologies heavily rely on the cell type, and some expansion protocols
require synthetic ligands (e.g., zoledronate, α-GalCer) [64]. Similarly, peripheral blood
monocytes can be purified and induced into macrophages or dendritic cells. For example,
dendritic cells in autologous cancer vaccine Sipuleucel-T can be cultured and expanded ex
vivo to a high cell number (107–109 cells) [89,90]. In addition, induced pluripotent stem
cells (iPSCs) can potentially provide an unlimited supply for CAR-immune cells, such
as CAR-NK cells or CAR-macrophages [91,92]. Attractively, CAR-NK cells can also be
generated from cord blood, as shown in a Phase I clinical trial [55]. Although the pro-
ductivity of ex vivo generation of CAR-immune cells may be limited compared with that
of conventional CAR-T cells, it is still feasible for the clinical application. As discussed
in the above sections, most of the CAR-immune cells will be used in combination with
conventional CAR-T cells, and the required dose will be much less than that of conventional
CAR-T cells currently used in the clinic. Thus, not only the manufacturing time but also
the cost of the production will be significantly reduced, which can further promote the
combination immunotherapy for cancers.
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14. Conclusions and Prospects

In the last twenty years, CAR technology has been developed for several genera-
tions; however, the conventional T lymphocytes still remain the major target for CAR
engineering. Until recently, the CAR had been introduced into γδ T cells, NK/NK-T
cells, DCs, macrophages and B cells, showing the great potential of CAR application in
non-conventional T cells and other immune cell subsets.

The CAR technology enables host cells to specifically recognise cells expressing the
target antigens on the cell surface, and subsequently trigger the downstream intracellular
signalling. As the CAR design adopts the scFv from antibodies, any antigen that can
be recognised by an antibody, including proteins and polysaccharides, can be used as
the target for CARs. The choices of intracellular signalling are also diverse, including
T-cell co-stimulatory signalling for cytotoxicity, MMP signalling for extracellular matrix
remodelling, apoptosis signalling for suicide, and transcription signalling for producing
specific protein, etc. (Table 1). These flexibilities facilitate distinctive approaches to target
cancer cells and the tumour microenvironment by different immune cells equipped with
various CARs.

Table 1. The CAR designs are different in non-conventional T cells and other immune cell subsets.

Immune Cell
Type

Extracellular
scFv (Anti-)

Intracellular
Domain

CAR
Generation

Targeted
Disease

Clinical Trials Reference

γδ T

CD19 CD28-CD3ζ 2nd B-ALL - [21,22]

GD2 CD28-CD3ζ 2nd Neuroblastoma - [23]

MCSP CD28-CD3ζ 2nd Melanoma - [26]

GD2 DAP10 1st Neuroblastoma - [24,25]

CD5 Non-signalling
CAR - T-ALL - [27]

NKT

GD2

CD3ζ
4-1BB-CD3ζ
CD28-CD3ζ

CD28-4-1BB-CD3ζ

2nd and 3rd Neuroblastoma - [62]

CD19 CD28-CD3ζ
CD28-OX40-CD3ζ 2nd and 3rd B cell

lymphoma - [64]

CD19 4-1BB-CD3ζ 2nd B cell
lymphoma - [63,67]

GD2

CD28-CD3ζ
4-1BB-CD3ζ

Armoured with
IL-15

2nd Neuroblastoma NCT03294954 [65,66]

NK

CD19
CD28-CD3ζ

Armoured with
IL-15

2nd CLL, NHL NCT03056339 [55,58]

CD33 CD28-4-1BB-CD3ζ 3rd AML NCT02944162 [57]

NKG2D DAP12 1st Colorectal
cancer NCT03415100 [56]

BCMA
CD3ζ

Armoured with
IL15, MyD88-CD40

1st Multiple
myeloma - [59]
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Table 1. Cont.

Immune Cell
Type

Extracellular
scFv (Anti-)

Intracellular
Domain

CAR
Generation

Targeted
Disease

Clinical Trials Reference

Macrophage

CD19
Megf10

FcRγ
FcRγ-CD19

1st B cell
malignancies - [73]

Her2 CD147 1st Breast cancer - [75]

Her2 CD3ζ 1st Ovarian cancer - [74]

DC CD33 4-1BB-CD3ζ 2nd AML - [80]

B cell Hen Egg
Lysozyme CD79β - - - [86]

Treg

CD19 4-1BB-CD3ζ 2nd
Tissue-specific

immune
suppression

- [38]

CD19 CD28-CD3ζ 2nd

Autoantibody-
mediated

autoimmune
disease

- [35,38]

Factor VIII CD28-CD3ζ 2nd Hemophilia A - [34]

HLA-A2 CD28-CD3ζ 2nd GvHD - [36]

MCSP: melanoma-associated chondroitin sulfate proteoglycan; BCMA: B cell maturation antigen; B-ALL: B cell acute lymphoblastic
leukemia; T-ALL: T cell acute lymphoblastic leukemia; CLL: chronic lymphocytic leukemia; NHL: non-Hodgkin’s lymphoma; AML: acute
myeloid leukemia.

The current issues for conventional CAR-T cell therapy, especially in solid tumours,
include tumour heterogeneity, trafficking, and infiltration into the tumour, in vivo acti-
vation/persistence of CAR-T cells and tumour microenvironment. Using various CAR-
engineered immune cells may help to address these complex issues. One rationale for the
CAR combination could be utilising conventional CAR-T cells in combination with CAR-NK
cells, CAR-γδ T cells, CAR-DC, CAR-macrophages, and possibly CAR-B cells (Figure 1).

Unlike the conventional CAR-T cells, most of the intracellular signalling domains
in non-conventional CAR-immune cells vary greatly depending on the host cells; for
example, DAP12 for CAR-NK cells, and Megf10 for CAR-macrophages. Thus, selecting
the appropriate intracellular signalling for non-conventional CAR-immune cells will be
the key for the therapeutic efficacy. It should also be noted that unlike T lymphocytes,
some immune cell populations are difficult or expensive to expand ex vivo, due to the
low ex vivo proliferation or limited source from human peripheral blood. One possible
solution is to use an alternative source to produce these CAR-engineered immune cells,
for example, using induced pluripotent stem cell (iPSC) to generate CAR-NK cells or
CAR-macrophages derived from iPSC or monocytes. Until now, except for CAR-NK/NK-T
cells, most of the CAR-engineered immune cells are still at the preclinical stage, and some
of them are even at the early proof-of-concept phase, such as CAR-MAIT and CAR-TRM
cells. Further studies will be needed to explore the anti-tumour efficacy, as well as safety,
of these CAR-engineered immune cells.

CAR technology is a powerful and versatile tool for immunotherapy. However, in
the last few years, further modifications of the CAR itself on T cells did not achieve sig-
nificant clinical improvement in solid tumours. By reviewing the pros and cons of the
non-conventional CAR-immune cells, it appears promising that the combination treatment
with non-conventional CAR-immune cells may overcome the major hurdles in solid cancers.
Future development of the non-conventional CAR-immune cells may involve (i) customi-
sation of appropriate intracellular signalling domain for each host cell, (ii) evaluation of
the anti-tumour efficacy and safety, and (iii) optimisation of the ex vivo expansion of the
non-conventional CAR-immune cells in a clinically and commercially adequate manner.
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Once solved, the combination CAR-immune cell therapy may become an efficient, safe,
and affordable therapy for cancer treatment, and as well as other immune-related diseases.

Figure 1. A schematic diagram demonstrating the concept of using conventional CAR-T cells in the combination of
CAR-immune cells. In the combination, CAR-γδ T cells and CAR-macrophages can directly kill tumour cells and facilitate
antigen presentation to cope with the tumour heterogeneity issue. CAR-macrophages can also remodel the extracellular
matrix through the production of MMP. CAR-NK/NK-T cells can induce the early onset of anti-tumour activity, followed
by the recruitment of CAR-T cells through chemokines. CAR-DC can support the full activation signals to CAR-T and the
bystander T cells. CAR-B cells can be used as an ideal platform to deliver therapeutic antibodies, such as anti-PD1 antibody.
(The figure is created with BioRender.com).
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Simple Summary: CD3-bispecific antibody therapy is a form of immunotherapy that enables soldier
cells of the immune system to recognize and kill tumor cells. This type of therapy is currently
successfully used in the clinic to treat tumors in the blood and is under investigation for tumors
in our organs. The treatment of these solid tumors faces more pronounced hurdles, which affect
the safety and efficacy of CD3-bispecific antibody therapy. In this review, we provide a brief status
update of this field and identify intrinsic hurdles for solid cancers. Furthermore, we describe potential
solutions and combinatorial approaches to overcome these challenges in order to generate safer and
more effective therapies.

Abstract: Immunotherapy of cancer with CD3-bispecific antibodies is an approved therapeutic
option for some hematological malignancies and is under clinical investigation for solid cancers.
However, the treatment of solid tumors faces more pronounced hurdles, such as increased on-target
off-tumor toxicities, sparse T-cell infiltration and impaired T-cell quality due to the presence of an
immunosuppressive tumor microenvironment, which affect the safety and limit efficacy of CD3-
bispecific antibody therapy. In this review, we provide a brief status update of the CD3-bispecific
antibody therapy field and identify intrinsic hurdles in solid cancers. Furthermore, we describe
potential combinatorial approaches to overcome these challenges in order to generate selective and
more effective responses.

Keywords: antibody therapy; immuno-oncology; CD3-bispecific antibody; T-cell engager; solid
tumors; on-target off-tumor toxicity; T-cell co-stimulation; tumor-associated antigens

1. Introduction

CD3-bispecific antibodies (CD3-BsAbs) are an emerging treatment modality in the field
of cancer immunotherapy. BsAbs can recognize distinct antigens with each of their antigen-
binding domains, in contrast to conventional Abs that recognize the same antigen with
both Fab arms. The exception is IgG4, which has been reported to naturally exchange arms
to attain bispecificity [1]. CD3-BsAbs act by simultaneous binding to a tumor-associated
antigen (TAA) expressed on tumor cells and to CD3 on a T cell (CD3xTAA) [2]. Crosslinking
of these two cell types by CD3-BsAbs allows the formation of an immunological synapse,
similar to that of a natural T-cell receptor (TCR)/peptide–major histocompatibility complex
(MHC) complex [3]. This synapse results in T-cell activation and thereby the secretion
of inflammatory cytokines and cytolytic molecules that are able to kill the tumor cells
in the process. The strength of CD3-BsAbs lies in the fact that any T cell could serve as
an effector cell, regardless of TCR specificity, as for these BsAbs, TCR signaling does not
require engagement of the antigen-binding domain of the TCR, but is initiated via CD3 [4].
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Therefore, CD3-BsAbs can employ all available T cells and are not limited to tumor-specific
T cells, contrary to the key requirement for effective immune checkpoint therapy [5].

CD3-BsAb therapy is a passive form of immunotherapy and shows striking kinship
with the adoptive cell transfer of T cells expressing chimeric antigen receptor (CAR)
transgenes [6]. CARs consist of TAA binding domains from antibodies directly linked
to the intracellular CD3ζ chain and domains from costimulatory receptors (e.g., 4-1BB)
and thereby activate T cells upon antigen recognition. CD3-BsAbs and CAR T cells are
similar in many ways: both target a surface TAA, both exploit T-cell effector functions
and both are successfully used in the clinic for hematological malignancies and show a
similar type of toxicity profile [7,8]. Some disadvantages of currently clinically approved
CAR T cells compared to CD3-BsAbs are: (1) patients are required to be lymphodepleted
prior to infusion of CAR T cells, (2) CAR T cells have to be individually produced for
each patient, whereas CD3-BsAbs can serve as off-the-shelf therapeutics, (3) CAR T cells
remain in the patients after the tumor is cleared, resulting in continuous B-cell depletion in
the case of CD19-targeting CAR T cells, whereas CD3-BsAbs are cleared from the blood
over time and (4) unlike CD3-BsAbs, dosing cannot be adjusted to minimize adverse
events [7,9]. Nevertheless, it will be important to learn from the CAR T cell field to
potentially extrapolate new findings to the CD3-BsAb field.

Over the last few years, new insights in BsAb biology and enabling technologies
resulted in the generation of many different formats of CD3-BsAbs, which was elaborately
reviewed by Labrijn et al. [10]. As of December 2020, over 100 different CD3-BsAb formats
are known, ranging from very small fragments containing two different variable domains
without an Fc tail, conventional antibody structures (two Fab arms linked to an Fc tail) and
larger structures with additional variable domains linked to the conventional antibody
structure. These different formats determine important features, such as antibody half-
life via neonatal Fc receptor (FcRn)-mediated recycling, immunogenicity, type of effector
response via altered immune synapse formation and ability to penetrate in solid tumors [11].
The presence and functionality of the Fc tail determines whether the BsAb is able to bind
to and activate Fc receptor (FcR)-expressing immune cells, which could lead to stronger
inflammatory responses, but also allows activation of immune cells in the absence of TAA,
potentially resulting in more severe adverse events (AEs) [12].

Currently, CD3-BsAbs show great potential for hematological cancers, with the FDA-
approved blinatumomab (CD3xCD19) being successfully used in the clinic to treat some
B-cell malignancies. Many other CD3-BsAbs are being tested in (pre)clinical studies for
both hematological and solid tumors. However, contrary to the success of CD3-BsAbs in
hematological malignancies, the effect of these antibodies in solid tumors is still rather
limited [13]. This review will focus on essential hurdles for CD3-BsAbs for solid tumors,
such as critical on-target off-tumor binding, sparse T-cell infiltration and quality of tumor-
infiltrating lymphocyte (TIL) effector cells due to the presence of an immunosuppressive
tumor microenvironment (TME). Lastly, we will discuss potential combination strategies
to overcome these hurdles.

2. Main Text

2.1. CD3-BsAbs in Hematological Malignancies

CD3-BsAbs received a lot of attention due to their success in hematological cancers.
Blinatumomab (a CD3xCD19 BsAb without an Fc tail) was FDA approved in 2014 and is
now successfully used in the clinic to treat patients suffering from relapsed or refractory
B-cell precursor acute lymphoblastic leukemia (ALL) [14]. Over 40% of adult patients
treated with blinatumomab show a complete or partial response and median overall sur-
vival is improved by several months compared to standard of care chemotherapy [15–17].
Unfortunately, most patients still relapse eventually after primary response to blinatu-
momab therapy. These relapses are currently being extensively investigated and the
data have thus far indicated that relapses are frequently found at immune-privileged
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extramedullary locations and some relapses have lost CD19 antigen expression, but more
research is required to further elucidate these resistance mechanisms [18,19].

Apart from blinatumomab, many other CD3-BsAbs are currently in clinical trials
targeting well-established B-cell markers, like CD19, CD20, CD38 and B-cell maturation
antigen (BCMA) and myeloid markers, like CD33 and CD123. For instance, in a phase
I/II study, patients suffering from acute myeloid leukemia (AML) were treated with flote-
tuzumab (CD3xCD123 BsAb) and showed promising overall response rates (complete
response with full, partial or incomplete recovery of blood cells) of 30% [20]. In another
phase I/II study for patients suffering from diffuse large B-cell lymphoma (DLBCL), high-
grade B-cell lymphoma (HGBCL) or follicular lymphoma (FL), epcoritamab (CD3xCD20
BsAb) therapy generated impressive responses: 44% complete response (CR) and 11%
partial response (PR) for patients with DLBCL or HGBCL and 100% PR for patients with
FL [21]. Comparable results were obtained with other CD3xCD20 bispecifics [22,23]. In
NOD/SCID-gamma null (NSG) mice, REGN1979 (CD3xCD20) delayed tumor outgrowth
better than rituximab, thereby further indicating the strength of CD3-BsAbs [24]. Inter-
estingly, some of these trials target the same B-cell or myeloid antigens, however, with
different CD3-BsAb formats. Therefore, these clinical studies could potentially inform on
the role of different antibody formats’ treatment safety and efficacy.

Clinical trials with blinatumomab revealed that cytokine release syndrome (CRS) is
one of the major safety-related AEs [25]. The availability of CD19+ tumor cells and healthy
B- and T cells in the same compartment allows acute and synchronic CD3-BsAb-mediated
T-cell activation, followed by excessive release of inflammatory cytokines, such as IFN-γ,
IL-6 and TNF-α, resulting in symptoms ranging from mild fever to multi-organ system
failure [26]. However, CRS is not a specific problem for blinatumomab, but is observed for
all CD3-BsAbs and CAR T-cell therapies in both hematological and solid cancer indications
with CRS severities dependent on the type of therapy and target [27,28]. Preclinical research
using a humanized mouse model showed that the primary mediator of CD3-BsAb-induced
CRS was TNF-α produced by activated T cells, leading to massive secretion of inflammatory
cytokines by monocytes [29]. The blockade of upstream TNF-α and downstream IL-1β or
IL-6 can mitigate CRS [29–31]. Others have reported that step-up dosing, or subcutaneous
administration of CD3-BsAbs, decreased the extent of CRS [32,33]. Furthermore, several
preclinical studies in mouse and cynomolgus monkey models showed that reducing CD3
affinity could reduce treatment-induced cytokine levels [34–37].

2.2. Historical Perspective and Current Status of CD3-BsAbs in Solid Cancers

Despite the fact that CD3-BsAbs are mostly known for their use in hematological ma-
lignancies, the first European medicines agency (EMA)-approved CD3 bispecific antibody
was catumaxomab, a CD3xEpCAM BsAb for the intraperitoneal treatment of epithelial cell
adhesion molecule (EpCAM)-positive malignant ascites [38]. This antibody was actually
trifunctional, as its Fc was able to bind FcR-expressing cells and induced strong immunolog-
ical responses [39]. Severe liver toxicity was also observed due to the activation of Kupffer
cells when administered intravenously [12]. Catumaxomab was eventually withdrawn for
commercial reasons in 2017, but taught the field an important lesson about the potential
dangers of the presence of an active Fc in CD3-BsAbs. All current full length CD3-BsAbs in
development contain Fc-silent backbones with mutations impairing the binding of FcγR
and C1q [10]. Moreover, preclinical studies showed that Fc-silenced full length CD3-BsAbs
improved T-cell trafficking towards the tumor and induced better anti-tumor responses.
Wang et al. showed that CD3-BsAbs with an active Fc backbone failed to drive T cells
to the tumor, but instead induced either T-cell depletion or the accumulation of T cells
in the lungs [40]. This observed effect was attributed to the capacity of the Fc backbone
to be bound by FcγR-expressing myeloid cells. Fc-silenced CD3-BsAbs did not lead to
sequestration of T cells in the lungs, but they arrived in the tumor. More importantly,
therapeutic efficacy was greatly improved in Fc-silenced CD3-BsAb-treated mice. A similar
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trend was also observed in a syngeneic mouse model, where CD3xTrp1 (tyrosinase-related
protein 1) was used to treat Trp1-positive B16F10 tumor cells [41].

As of December 2020, no CD3-BsAbs are approved for the treatment of solid tumors
in the clinic. However, many different targets are being explored in clinical studies, of
which most are focusing on classical TAAs, such as carcinoembryonic antigen (CEA),
epidermal growth factor receptor (EGFR), EpCAM, HER2 and prostate-specific membrane
antigen (PSMA). Other TAAs are also being explored (see Table 1 for an elaborate list).
Most of these studies simply inject CD3-BsAbs, however, in some studies, these Abs
piggyback with infused T cells as “bispecific-armed T cells”. Furthermore, this table also
includes CD3-BsAb formats based on affinity-enhanced TCR-like domains that recognize
peptide–human leukocyte antigen (HLA) complexes (immune mobilizing monoclonal T-cell
receptors against cancer (ImmTACs)) [42]. Multiple other TAAs are currently pursued in
preclinical studies hoping to make their way to the clinic, including B7-H4, CD133, CD155,
claudin 6 (CLDN6), cellular mesenchymal to epithelial transcription factor (C-MET), ephrin
receptor A10 (EphA10), folate receptor 1 (FOLR1), HLA-A*24:survivin 2B80-88, integrin
β4 (ITGB4), P-cadherin, prolactin receptor (PRLR), receptor tyrosine kinase-like orphan
receptor 1 (ROR1), TNF-related apoptosis-inducing ligand receptor (TRAIL-R2), transferrin
receptor (TfR) and tumor-associated calcium signal transducer 2 (Trop-2) [43–69].

Table 1. Overview of clinical studies involving CD3-BsAbs targeting solid tumors.

TAA Disease Phase

Completed Clinical Trials

CEA CEA-positive tumors Phase I (NCT02324257, completed)
CEA Gastrointestinal adenocarcinomas Phase I NCT01284231, completed)
CEA Advanced CEA-positive solid tumors Phase I (NCT02291614, completed)
CEA Advanced CEA-positive solid tumors Phase I (NCT02650713, completed)
EGFR Brain and central nervous system tumors Phase I (NCT00005813, completed)

EpCAM Solid tumors Phase I (NCT00635596, completed)

EpCAM Ascites, ovarian cancer, fallopian tube cancer, peritoneal
cancer Phase II (NCT00326885, completed)

EpCAM Ovarian cancer, fallopian tube cancer, peritoneal cancer Phase II (NCT00377429, completed)

EpCAM Recurrent ovarian cancer, fallopian tube cancer, peritoneal
carcinomatosis Phase II (NCT01815528, completed)

EpCAM Ovarian cancer, fallopian tube cancer, peritoneal cancer Phase II (NCT01246440, completed)
EpCAM Ovarian cancer Phase II (NCT00563836, completed)
EpCAM Ascites, carcinoma, epithelial cancer Phase II (NCT01065246, completed)

EpCAM Ovarian cancer, gastric cancer, pancreatic cancer,
malignant ascites Phase II (2005-001700-39, completed)

EpCAM Gastric cancer and gastric adenocarcinoma Phase II (NCT00352833, completed)
EpCAM Peritoneal carcinomatosis and gastric adenocarcinoma Phase II (NCT01504256, completed)
EpCAM Ovarian cancer, fallopian tube cancer, peritoneal cancer Phase II (NCT00189345, completed)
EpCAM Gastric cancer and gastric adenocarcinoma Phase II (NCT00464893, completed)
EpCAM Malignant ascites and EpCAM-positive tumors Phase II/III, (NCT00836654, completed)
EpCAM EpCAM-positive solid cancers Phase III (NCT00822809, completed)

GD2 Neuroblastoma Phase I (NCT00877110, completed)
gpA33 Colorectal carcinoma Phase I (NCT02248805, completed)
GPC3 Solid tumors Phase I (NCT02748837, completed)
HER2 Breast cancer, metastatic breast cancer Phase I (NCT00027807, completed)

HLA-A*02:01:gp100 Melanoma, advanced melanoma Phase I (NCT01209676, completed)
HLA-A*02:01:gp100 Malignant melanoma Phase I (NCT01211262, completed)

PSMA Prostate cancer Phase I (NCT02262910, completed)
PSMA Prostatic neoplasms Phase I (NCT01723475, completed)
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Table 1. Cont.

TAA Disease Phase

Active clinical trials *

5T4 Malignant solid tumors Phase I/II (NCT04424641, recruiting)

B7-H3 Advanced solid tumors, metastatic solid tumors Phase I (NCT03406949, active not
recruiting)

CEA Colorectal cancers Phase I (NCT03866239, recruiting)
CEA NSCLC Phase I/II (NCT03337698, recruiting)

CEA, EGFR, GPC3,
HER2, MUC1 Malignant solid tumors Phase I (NCT04076137, recruiting)

CEA, EpCAM, GPC3,
MUC1 Advanced liver cancer Phase II (NCT03146637, recruiting)

CLDN18.2 Gastric and gastroesophageal junction adenocarcinoma Phase I (NCT04260191, recruiting)
DLL3 Small cell lung carcinoma Phase I (NCT03319940, recruiting)

DLL3 Small cell lung cancer, advanced cancers Phase I/II (NCT04471727, not yet
recruiting)

EGFR Multiple solid gastrointestinal tumors Phase I (NCT01420874, active not
recruiting)

EGFR Glioblastoma multiforme, gliosarcoma Phase I (NCT03344250, recruiting)
EGFR Pancreatic cancer Phase I (NCT04137536, recruiting)

EGFR Advanced pancreatic cancer Phase Ib/II (NCT02620865, active not
recruiting)

EGFR Advanced and metastatic pancreatic adenocarcinoma Phase Ib/II (NCT03269526, recruiting)

EGFRv3 Glioblastoma multiforme, malignant glioma Phase I (NCT03296696, active not
recruiting)

EpCAM Large bowel (colon) cancer, colorectal cancer Phase U (ChiCTR-ROC-16008620, not yet
recruiting)

EpCAM Malignant ascites, advanced solid tumors Phase I (CTR20181212, recruiting)
EpCAM Ascites, advanced solid tumors Phase I (ChiCTR1900024144, recruiting)
EpCAM Malignant ascites Phase I (NCT04501744, recruiting)

EpCAM Gastric adenocarcinoma, peritoneal carcinomatosis,
colorectal adenocarcinoma Phase II (2010-022810-26, recruiting)

EpCAM Advanced gastric cancer, stomach cancer, gastric cancer Phase III (NCT04222114, recruiting)

GD2 Neuroblastoma Phase I (NCT02650648, active not
recruiting)

GD2 Neuroblastoma, osteosarcoma, other solid tumors Phase I/II (NCT03860207, recruiting)
GD2 Neuroblastoma, osteosarcoma Phase I/II (NCT02173093, recruiting)

gpA33 Metastatic colorectal cancer Phase I/II (NCT03531632, active not
recruiting)

GPC3 Advanced solid tumors, recurrent solid tumors Phase I (JapicCTI-194805, recruiting)
GUCY2C Gastrointestinal malignancies, esophageal cancer Phase I (NCT04171141, recruiting)

HER2 Breast cancer Phase U (ChiCTR-ROC-16008650, not yet
recruiting)

HER2 HER2-positive solid tumors Phase I (NCT04501770, recruiting)
HER2 Breast cancer and leptomeningeal metastases Phase I (NCT03661424, recruiting)

HER2 Esophageal, gastric, pancreatic, liver, gallbladder and
bowel cancer Phase I (NCT02662348, unknown status)

HER2 Advanced solid tumors Phase I (NCT03448042, recruiting)
HER2 Advanced solid tumors Phase I (CTR20171194, recruiting)
HER2 Solid tumors, advanced solid tumors Phase I (ChiCTR1900024128, recruiting)
HER2 Breast cancer Phase I/II (NCT03983395, recruiting)
HER2 Metastatic breast cancer Phase I/II NCT03272334, recruiting)
HER2 Metastatic castration resistant prostate cancer Phase II (NCT03406858, status unknown)
HER2 Breast cancer Phase II (NCT01147016, status unknown)
HER2 Breast cancer Phase II (NCT01022138, status unknown)

HLA-A*02:01:gp100 Uveal melanoma Phase I/II (NCT02570308, active not
recruiting)

HLA-A*02:01:gp100 Melanoma Phase I/II (NCT02535078, active not
recruiting)
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Table 1. Cont.

TAA Disease Phase

HLA-A*02:01:gp100 Uveal melanoma, metastatic uveal melanoma, advanced
uveal melanoma

Phase II (NCT03070392, active not
recruiting)

HLA-A*02:MAGE-A4 Advanced solid tumors, metastatic solid tumors Phase I/II (NCT03973333, recruiting)
MSLN Mesotheliomas, ovarian cancers, pancreatic cancers Phase I/II (NCT03872206, recruiting)

MUC16 Ovarian cancer fallopian tube cancer, peritoneal cancer Phase I/II (NCT04590326, not yet
recruiting)

MUC16 Ovarian cancer fallopian tube cancer, peritoneal cancer Phase I/II, (NCT03564340, recruiting)
MUC17 Gastric and gastroesophageal junction cancer Phase I (NCT04117958, recruiting)

NY-ESO1 NY-ESO1-positive tumors Phase I/II (NCT03515551, recruiting)
PRAME Advanced solid tumors, cancer indications Phase I/II (NCT04262466, recruiting)
PSCA NSCLC, breast cancer, pancreatic cancer, urogenital cancer Phase I NCT(03927573, recruiting)
PSMA Prostate cancer Phase I (NCT04077021, recruiting)

PSMA Prostate cancers, advanced solid tumors, neoplasms, renal
cancers, small cell lung cancer Phase I (NCT03926013, recruiting)

PSMA Castration-resistant prostate carcinoma Phase I (NCT04104607, recruiting)
PSMA Metastatic castration-resistant prostate cancer Phase I (NCT03792841, recruiting)

PSMA Squamous cell lung carcinoma Phase I/II NCT04496674, not yet
recruiting)

PSMA Prostate cancer Phase I/II (NCT03577028, recruiting)
SSTR2 Neuroendocrine tumors and gastrointestinal neoplasms Phase I (NCT03411915, recruiting)

SSTR2 Merkel cell carcinoma and small cell lung cancer Phase I/II (NCT04590781, not yet
recruiting)

STEAP1 Metastatic castration-resistant prostate cancer Phase I (NCT04221542, recruiting)

* Data as of 13 November 2020. Clinical studies are ordered based on the targeted tumor-associated antigen (TAA). CEA, carcinoembryonic
antigen; CLDN18.2, claudin18 isoform 2; DLL3, delta-like ligand 3; EGFR, epidermal growth factor receptor, EpCAM, epithelial cell
adhesion molecule; GD2, disialoganglioside; gp100, glycoprotein 100; gpA33, glycoprotein A33; GPC3, glypican 3; GUCY2C, guanylyl
cyclase C; HER2, human epidermal growth factor receptor 2; HLA, human leukocyte antigen; MAGE-A4, melanoma-associated antigen 4;
MSLN, mesothelin, MUC16, mucin 16; NSCLC, non-small cell lung cancer; NY-ESO1, New York esophageal squamous cell carcinoma 1;
PRAME, preferentially expressed antigen in melanoma; PSCA, prostate stem cell antigen; PSMA, prostate-specific membrane antigen;
SSTR2, somostatin receptor 2; STEAP1, six-transmembrane epithelial antigen of the prostate 1.

Most of these studies are currently still enrolling patients and we are only starting
to get a view on CD3-BsAb therapy safety and efficacy in solid cancers. First, in three
different studies, patients were treated with an i.p. infusion of catumaxomab, which re-
sulted in frequent but manageable toxicities and increased time between paracentesis in all
studies and even a significant improvement in overall survival (OS) in one study [38,70,71].
Other clinical trials in solid tumors reported dose-limiting toxicities (DLTs) for CD3-BsAbs
targeting CEA, EpCAM and HLA-A*02:01:gp100 [70–73]. These toxicities consisted of
abnormal liver parameters, colitis, CRS, diarrhea, dyspnea, hypotension, hypoxia, res-
piratory failure and tachycardia. Some of these toxicities were caused by tumor lesion
inflammation, however, most were reversible upon treatment discontinuation. Responses
to CD3-BsAbs varied from only 1.5% partial response (PR) [70], up to 15% PR and 46%
stable disease (SD) [73] and everything in between [73–75]. Pasotuxizumab, a CD3-BsAb
targeting PSMA, obtained the most impressive results with two long-term responders, of
which one had marked regression of soft tissue and bone metastases [74]. Overall, some
evidence for efficacy induced by CD3-BsAbs in solid tumors has been found, however,
with only a handful of long-term survivors, some partial responses and the occurrence
of multiple DLTs, the development of CD3-BsAbs in solid tumors lags behind that in
hematological malignancies.

2.3. Hurdles in Solid Tumors

The observation that CD3-BsAbs seem more efficacious in hematological malignancies
than in solid tumors can be attributed to several challenges that are specific to solid tumors.
The first hurdle is on-target off-tumor toxicities, as these seem less forgiving for TAAs
selected for solid tumor targeting, when compared to hematologic TAAs [76]. In the case of
hematological cancers, the temporary depletion of B cells or myeloid subsets is reversible,
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as long as hematopoietic stem cells are not targeted, allowing replenishment of the blood
pool. However, solid tumor TAAs are often also expressed on tissues of healthy organs,
which can lead to immune pathology and organ failure with potential fatality, as shown in
a preclinical mouse study using a CD3-BsAb targeting EGFR [75]. Critical selection of a
tumor-specific TAA is thus crucial.

The second hurdle is the availability of effector cells in the TME. For hematological
malignancies, cancer cells in the blood are surrounded by T cells, allowing the CD3-
BsAb to draw from an endless pool of effector cells, whereas solid tumors require T-cell
infiltration for therapeutic efficacy. In this context, three immune landscapes have been
described: (1) “inflamed” tumors, which are infiltrated by immune cells and frequently
respond to immune checkpoint therapy [77], (2) “immune desert” tumors, which have a
reduced or absent immunogenicity, resulting in very few primed tumor-specific T cells
that home to the tumor [78] and (3) “immune-excluded” tumors, which display T-cell
infiltration in the stroma, but not the tumor nests [79,80]. For these immune-excluded
tumors, the deposition of extracellular matrix (ECM) components in the stroma results in a
physical barrier surrounding the tumor parenchyma. Apart from this physical barrier, the
secretion of soluble factors such as transforming growth factor beta (TGF-β) and C-X-C
motif chemokine ligand 12 (CXCL12) further frustrates T-cell infiltration. Since T-cell
trafficking to solid tumors can be scarce in immune desert or immune-excluded tumors,
CD3-BsAbs might have only a few T cells available in the TME (see Scheme 1 for T-cell
development and trafficking). The requirement of T-cell infiltrate for effective CD3-BsAb
therapy was described by Ströhlein et al. in a clinical study with catumaxomab [81].

Scheme 1. Explanation about T cell development and trafficking [82–88].

The third and final hurdle concerns the quality of infiltrating T cells. TILs can be dys-
functional, with impaired ability to proliferate and produce cytolytic molecules, including
granzymes and perforins [89]. Immunosuppressive cells in the TME, including cancer-
associated fibroblasts (CAFs), myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (Tregs) produce factors such as TGF-β, IL-10, indoleamine 2,3-dioxygenase (IDO)
and arginase, which hamper T-cell metabolism and activation [90]. Additionally, effector T
cells were shown to exhibit an “exhausted” profile due to chronic antigen stimulation, as
witnessed by the expression of inhibitory immune checkpoints, such as programmed cell
death protein 1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4) [91]. Furthermore,
it has been reported that CD3-BsAbs might induce TIL apoptosis via activation-induced
cell death, which hampers a strong anti-tumor response [48]. Some of the discovered
TME obstacles have only been described in resistance upon immune checkpoint therapy,
however, we expect these hurdles to also play a role in CD3-BsAb therapy. An overview of
these hurdles is shown in Figure 1.
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Figure 1. Three main hurdles for CD3-BsAb therapy in solid tumors. (1) CD3-BsAbs can generate on-target off-tumor
toxicities by binding with the TAA arm to the same antigen on healthy cells, thereby redirecting T cells towards normal
tissues, resulting in permanent tissue destruction. (2) Certain types of solid tumors (“immune desert” and “immune-
excluded”) have sparse or even no T-cell infiltration, thereby preventing CD3-BsAb from cross-linking T cells to tumor
cells, resulting in limited treatment efficacy. (3) The tumor microenvironment (TME) of solid tumors contains multiple
immunosuppressive cell types, including cancer-associated fibroblasts, regulatory T cells and tumor-associated macrophages,
thereby hampering the quality of effector T cells. Furthermore, immune checkpoints further decrease tumor-infiltrating
lymphocyte (TIL) effector functions.

2.4. Solutions and Opportunities
2.4.1. Mitigating of On-Target Off-Tumor Toxicities

Most alterations in cells during the process of oncogenesis affect intracellular circuits
involved in the cell cycle, survival and invasive growth [92]. As such, the surface proteome
is relatively conserved between cancer cells and their healthy counterparts, with the
exception of tyrosine kinase growth receptors, e.g., EGFR family members, which are
overexpressed and sometimes truncated in extracellular domains [93]. The search for
suitable TAAs for targeting by CD3-BsAbs is therefore complicated, as these targets should
be surface proteins that are exclusively expressed by tumor cells and absent in healthy cells.
HLA molecules can present small neo-antigenic peptides derived from mutated proteins
or peptides from tumor virus proteins and these peptide/HLA complexes can serve as
highly cancer-specific TAAs [94]. Their disadvantage is that most identified neoantigens
are patient specific and viral antigens are observed in only a subset of cancers [95,96]. A lot
of research is currently being performed to identify new and more common neoantigens,
which may result in promising future TAAs for CD3-BsAb therapy [97]. The next best
targets are overexpressed proteins on tumor cells compared to healthy cells, which is the
case for most of the clinically targeted TAAs, such as CEA, EGFR, EpCAM and HER2 [98,99].
Targeting these TAAs offers some selectivity of tumor cells over healthy cells dependent on
the extent of overexpression, however, healthy tissues can still be affected.

284



Cancers 2021, 13, 287

Some of the most differentially expressed genes in cancer are actually intracellular
proteins, which cannot be reached by conventional antibodies [100]. This intracellular
proteome is only approachable via HLA class I molecules, which present them to the
outer world. These surface peptide/HLA complexes can be targeted with peptide-specific
antibody formats or by TCR molecules, such as ImmTACs or T-cell engaging receptor
(TCER) molecules [101,102]. The TCR arms of ImmTACs and TCERs are affinity enhanced
to low nM ranges to obtain sufficient TAA binding strength to the cancer cell in order to
successfully engage effector T cells with the CD3-binding arm. However, major disad-
vantages of TCR-like CD3-BsAbs are HLA restrictions and vulnerability towards HLA
downregulation in the tumor. ESK1, an ImmTAC recognizing intracellular Wilms’ tumor
1 (WT1) antigen presented in HLA-A*02:01, was able to lyse WT1-positive tumor cells
in vitro and reduce tumor outgrowth of AML, ALL and mesothelioma tumors in NSG
mice [103]. A clinical trial with the ImmTAC tebentafusp targeting gp100 presented on
HLA-A2*02:01 has successfully been completed and response rates of 15% PR and 46%
SD were reported. Unfortunately, DLTs in the form of hypotension were observed in four
patients receiving the highest dose [73]. These intracellular targets are both overexpressed
TAAs and still seem to generate on-target off-tumor toxicity (as described for tebentafusp).
The development of ImmTACs targeting more specific TAAs, such as neoantigens derived
from highly conserved Ras mutations in various cancers, E6 and E7 peptides from human
papilloma virus (HPV)-induced cancers or T-cell epitopes associated with impaired peptide
processing (TEIPP) antigens for cancers with defects in transport associated with antigen
processing (TAP) function, could be promising [104–106].

To improve tumor selectivity and specificity and mitigate on-target off-tumor toxic-
ities, the TAA avidity could be increased, for instance, by generating so-called 2:1 CD3-
BsAbs. These 2:1 CD3-BsAbs contain a second TAA binding fragment, resulting in a
CD3xTAAxTAA bispecific antibody [107]. Slaga et al. showed that specificity for high-
expressing HER2 cells was significantly increased when using a 2:1 HER2-targeting CD3-
BsAb in vitro [108]. More importantly, tumor growth of high HER2-expressing tumors
in NSG mice was efficiently delayed by the 2:1 CD3-BsAb, whereas no anti-tumor effi-
cacy was observed in low HER2-expressing tumors. In contrast, the 1:1 CD3-BsAb was
able to effectively delay tumor growth in both high and low HER2-expressing tumors
(used here as a model for healthy tissue). In cynomolgus monkeys, i.v. infusion of the
2:1 CD3-BsAB did not result in an increase in C-reactive protein (CRP), T-cell activation
or alanine or aspartate aminotransferase (ALT and AST) levels in blood upon exposure
to the endogenous expression of HER2 on healthy cells. However, a direct comparison
between these two formats was not feasible, as similar cynomolgus monkey data were
not generated for the 1:1 CD3-BsAb. A similar improved selectivity was observed for a
2:1 CEA-targeting CD3-BsAb [109]. This CD3-BsAb was tested in patients with advanced
CEA-positive carcinomas and displayed signs of anti-tumor effects (5% PR, 11% SD) with a
manageable toxicity profile, which was most likely associated with tumor lesion inflam-
mation [72]. In this 2:1 format, TAA affinity plays a very important role: when the TAA
affinity is too high, there is no increased specificity, as the BsAb can still bind to low levels
of the TAA expressed on healthy cells. On the other hand, if the TAA affinity is too low,
the potency of the CD3-BsAb will be compromised. Therefore, modulating TAA affinity
could be seen as a tight balance between specificity and efficacy [110]. In a similar fashion,
specificity could also be improved for 1:1 CD3-BsAbs by lowering TAA affinity, however,
due to the lower avidity compared to 2:1 BsAbs, it is expected to be harder to achieve the
optimal balance [111].

A conceptual novelty in this area is the generation of CD3-BsAbs as prodrugs that are
activated in the TME. Differences in physiological features, such as hypoxia-related low
pH, excessive production of ECM and increased proteolysis, distinguish solid tumors from
healthy tissues [112,113]. These differences warranted the development of CD3-BsAbs with
binding regions that are masked with protease-cleavable linkers. Boustany et al. developed
a masked CD3xEGFR BsAb, which blocked both CD3 and EGFR binding [114]. The binding
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of this BsAb to CD3 and EGFR was strongly reduced in vitro in the absence of proteases,
whereas in vivo anti-tumor efficacy was retained. In cynomolgus monkeys, the maximum
tolerated dose (MTD) for masked CD3xEGFR was 60-fold higher than the unmasked
variant. Additionally, the masked variant greatly prolonged plasma concentrations at
higher dosing concentrations. Very recently, Panchal et al. described the development of
conditional bispecific-redirected activation (COBRA) T-cell engagers [115]. This format
separates the α-CD3 VH and VL via a matrix metallopeptidase 9 (MMP9)-degradable linker,
thereby only allowing CD3 binding after linker cleavage, while constantly allowing EGFR
and serum albumin binding (to increase half-life). In co-cultures of T cells with tumor
cell lines, a dependency on the presence of MMP9 was demonstrated for T-cell-mediated
cytotoxicity. In vivo, COBRA BsAb could completely eradicate established HT-29 colorectal
tumors in NSG mice, whereas their non-cleavable BsAb counterpart displayed no anti-
tumor activity. Furthermore, Geiger et al. described a folate receptor 1 (FOLR1)-targeting
CD3-BsAb (Prot-FOLR1-TCB) that linked a protease-cleavable anti-idiotypic anti-CD3
mask to the CD3 arm [116]. This masked the CD3-binding domain of the BsAb and was
cleaved by proteases produced in the TME, resulting in selective T-cell activation after the
addition of protease in vitro. In humanized mice, Prot-FOLR1-TCB was able to delay tumor
outgrowth to a similar extent to the non-masked BsAb. Other approaches that have split
the anti-CD3 modality into two separate components, which only functionally recombine
at the tumor surface when both bind to separate TAAs, are also being explored [117,118].

Another way to mitigate on-target off-tumor toxicities is to alter CD3-BsAb distribu-
tion, for example, by the modification of CD3 affinity. In a preclinical mouse study, the
distribution of radiolabeled CD3xHER2 BsAbs with different CD3 affinities was followed
by single-photon emission computed tomographic (SPECT) imaging. This study showed
that CD3-BsAbs with a high affinity CD3 arm accumulated in T-cell-rich tissues, such
as the spleen and lymph nodes, whereas CD3-low affinity BsAbs accumulated mainly
in the HER2+ tumor, thereby affecting the biodistribution and treatment outcome [119].
Instead of the systemic administration of (conditionally active) CD3-BsAb, another op-
tion to alter distribution could be to administer CD3-BsAbs intratumorally. Although
this would not completely prevent systemic spreading, as some CD3-BsAb will probably
enter the blood by diffusion, local administration can strongly reduce on-target off-tumor
toxicity [120]. Although local administration is possible under ultrasound guidance for
non-superficial tumors, this method is still complicated because multiple injections are
required. Alternatively, delivery systems can be exploited that would selectively release or
produce CD3-BsAb in the tumor. One such method is the use of transduced (tumor-specific)
T cells, that are engineered to express CD3-BsAbs upon T-cell activation, also called the
secretion of T-bsAbs by engineered (STAb)-T cells [121]. Iwahori et al. generated STAb-
T cells recognizing the erythropoietin-producing hepatocellular carcinoma A2 (EphA2)
antigen that produced CD3xEphA2 BsAb upon T-cell activation [122]. They showed ef-
fective anti-tumor activity in U373 glioma and A549 lung tumors in NSG mice, while
systemic exposure to the CD3-BsAb seemed to be minimal, as indicated by the absence of
human cytokines in peripheral blood. Alternatively, BsAb constructs can be expressed in
producer lines or non-specific T cells, however, this approach is not well developed at the
moment [123,124]. Oncolytic virus (OV) was also used as a delivery vehicle as it selectively
replicates in transformed cancerous cells over healthy cells [125]. Fajardo et al. described
an oncolytic adenovirus encoding CD3xEGFR BsAb and observed a modest but significant
delay in tumor outgrowth when used either by intratumoral or i.v. administration in NSG
mice [126]. In a different study, oncolytic measles virus encoding CD3xCEA BsAb was
developed and used to treat patient-derived colorectal cancer xenografts in NSG mice [127].
Tumor outgrowth was moderately delayed in mice treated intratumorally, without de-
tectable BsAb in serum. However, when mice were treated i.v., only low BsAb levels were
detected in the tumor in contrast to high BsAb concentrations in peripheral blood. Other
groups also used OVs encoding CD3-BsAbs targeting EpCAM, Eph-A2 and CD44v6 and
observed anti-tumor activities against several tumor models [128–130]. However, in all of
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these studies, OV encoding CD3-BsAb was administered locally and toxicity evaluation
was not reported. An overview of mitigation strategies to overcome off-tumor on-target
toxicities is depicted in Figure 2.

 

Figure 2. Solutions to mitigate hurdle 1: on-target off-tumor toxicities. (1) Target TAAs that are exclusively expressed by
tumor cells, such as human leukocyte antigen (HLA)-presented neo-antigens, or surface antigens from virally induced
cancers. (2) The avidity for TAAs can be increased with formats that include multiple TAA binding arms. This results
in increased selectivity for tumor targeting over healthy tissues. (3) Binding arms of CD3-BsAbs can be masked using a
protease-cleavable linker, making the BsAb only active inside the tumor. In healthy tissues, a minimal presence of proteases
limits unmasking of the CD3 arm, whereas the abundance of matrix metallopeptidases (MMPs) in the TME allows the
CD3-BsAb to redirect T cells towards the tumor. (4) Ensure local delivery of CD3-BsAbs to decrease systemic exposure
by either local injection, or using delivery systems that locally produce these BsAbs, such as oncolytic viruses (OVs) and
STAb-T cells.

2.4.2. Increasing the Number of Intratumoral T cells

Tumors can be classified in three categories regarding T-cell infiltration: immune
desert, immune-excluded and inflamed [79]. Immune desert tumors barely contain T cells
at all, not in the tumor nests nor surrounding the rims, thereby potentially limiting CD3-
BsAb therapy efficacy. Interestingly, intratumoral OV administration can ignite T-cell influx
in immune desert tumors. The replication of oncolytic virus can generate an interferon re-
sponse in the TME and induce an innate and adaptive antiviral immune response [131–133].
We used this concept to pre-treat immune desert murine tumors (B16F10 melanoma and
(LSL-KrasG12D, LSL-Trp53R172H, Pdx-1-Cre) KPC pancreatic carcinoma) with OV, which
induced sensitization and generated major T-cell influx peaking around day 7, allowing
strong tumor regression upon CD3-BsAb treatment [134]. In the absence of OV sensiti-
zation, CD3-BsAb did not even delay tumor growth, underlining the importance of an
inflammatory TME. Of note, we found that the simultaneous administration of CD3-BsAb
and OV did not provide survival benefit, indicating that the timing of OV and CD3-BsAb
is an important aspect.

Immune-excluded tumors have T cells surrounding the tumor, but penetration into
tumor beds is hindered by physical barriers or soluble factors. Efforts to improve therapy
efficacy in these types of tumors should therefore focus on removing these obstructions.
The physical barrier is mainly formed by ECM structures, which forces T cells to move
along areas of increased stiffness instead of following the chemokine gradient in a process
called haptotaxis [135]. This barrier consists of proteoglycans and fibrous proteins such as
collagen, elastin and laminin, which are mainly produced by CAFs, but also by tumor cells
and stellate cells [135,136]. The ECM could be targeted by the direct destruction of ECM
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components, such as collagen and hyaluronic acid (HA), a process which is also studied in
the context of chemotherapeutic drug delivery to the tumor [137–139]. Guan et al. used
hyaluronidase to break down HA, which increased the infiltration of tumor-specific T cells
and greatly improved treatment efficacy in a B16.OVA melanoma mouse model [140]. Not
only ECM components, but also their cellular producers could be targeted. CAFs are
the major producers of ECM products and highly express fibroblast activation protein
(FAP), which constitutes an attractive target for immunotherapy. In several mouse tumor
models, T-cell infiltration was increased upon CAF targeting using DNA vaccines or fibrosis
inhibitors [141–143]. OV encoding a CD3-BsAb targeting FAP was elegantly used in several
studies to kill CAFs and simultaneously enhance T-cell infiltration [144–146].

Apart from creating a physical barrier, CAFs can also influence T-cell infiltration by
various secreted molecules [147]. CAFs are the major source of the chemokine CXCL12,
which has been implicated to mediate T-cell exclusion in solid tumors [148]. The inhibition
of CXCL12 or its receptor CXCR4 resulted in increased T-cell infiltration and rendered
tumors vulnerable towards checkpoint inhibition therapy in mouse models for pancreatic
and colorectal cancer [148,149]. Furthermore, TGF-β has been implicated in hampering
T-cell infiltration. This immunosuppressive cytokine is produced by CAFs, but also many
other cells, including Tregs and M2 macrophages [147]. Similar to CXCL12 signaling
inhibition, blocking TGF-β signaling resulted in more T-cell infiltration and increased
sensitivity to checkpoint inhibition therapy in multiple mouse models for breast cancer
and colorectal cancer [150–152]. Post-translational modifications of secreted factors in
the TME can also affect T-cell attraction, as was reported for CCL2 [153]. Nitrification of
CCL2 by reactive nitrogen species (RNS) in the TME resulted in T cells being stuck in the
stroma surrounding the tumor cells. The inhibition of RNS production greatly improved
T-cell infiltration in several mouse tumor models and thereby improved survival as a
monotherapy or in combination with adoptive cell transfer. An overview of solutions to
overcome sparse T-cell infiltration is shown in Figure 3.

 

Figure 3. Solutions for hurdle 2: sparse T-cell infiltration. (1) Pre-treatment with OV generates a strong interferon response
in the tumor, resulting in local innate and adaptive immune responses and strong T-cell infiltration. (2) Disruption of the
physical extracellular matrix (ECM) barrier prevents T cells from getting stuck in the ECM and allows infiltration into the
tumor nests. (3) Targeting cancer-associated fibroblasts (CAFs) removes the major producers of ECM components and
immune-excluding cytokines, thereby improving T-cell infiltration. (4) Blockade of immune-excluding cytokines reduces
limiting factors for T-cell infiltration, resulting in better infiltrated tumors.
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2.4.3. Improving the Quality of T-cell Responses

When the CD3-BsAb and sufficient T cells have finally reached the tumor, they are
faced with another challenge: a hostile and immunosuppressive TME. Firstly, immune
checkpoint ligands are known to be expressed in the TME, such as programmed death lig-
and 1 (PD-L1) and HLA-E [154,155]. PD-L1 is upregulated on tumor, stromal and immune
cells upon local interferon release by immune cells [156–158]. Most intratumoral T cells
already express PD-1 and the CD3-BsAb-mediated activation of T cells further stimulates
the expression of this inhibitory co-receptor, thereby hampering effector functions and treat-
ment efficacy [159,160]. Combination therapies of CD3-BsAbs and checkpoint blockade
have been widely investigated in multiple in vitro studies and mouse models and resulted
in improved tumor control [44,161,162]. Interestingly, Osada et al. reported that PD-1/PD-
L1 blockade could not improve T-cell functioning in an in vitro setting if blockade is applied
after T cells have engaged tumor cells [163]. Exhausted cells could no longer be rescued
when blockade was applied too late, thereby emphasizing the importance of timing. The
combination of CD3-BsAbs with checkpoint blockade is also being explored in several
clinical studies (NCT03319940, NCT03531632, NCT03406858, NCT03272334, NCT03564340,
NCT03792841, NCT04590781 and NCT02324257). The NCT02324257 study (CD3xCEA in
combination with atezolizumab (anti-PD-L1) for patients with advanced CEA-positive
tumors) has been completed and seemed to be in line with previous preclinical results: the
combination of CD3-BsAbs with checkpoint blockade showed better anti-tumor responses
when compared to CD3-BsAb monotherapy and they found no evidence of increased
toxicities [72]. Therefore, this combination holds great promise.

Unfortunately, not only immune checkpoints have the capability to dampen T-cell
function. Due to their rapid glycolysis-dependent proliferation, tumor cells generate
a hypoxic and low-glucose TME [164]. In these hypoxic conditions, hypoxia-induced
factors (HIFs) initiate the expression of CD39 and CD73 by multiple cell types in the
TME; CD39 and CD73 convert free ATP in the TME into adenosine [165]. Adenosine has
been reported to counteract TCR activation by binding to adenosine A2A receptors via
protein kinase A and cyclic Amp signaling, which suppresses the effector functions of
T cells [161,162]. Furthermore, low glucose concentrations have been reported to dampen
the anti-tumoral cytokine production and survival of effector T cells, as they rely heavily
on glucose for their functioning [166,167]. Apart from these tumor-mediated factors,
stromal cells, infiltrating Tregs and MDSCs secrete other immunosuppressive factors, such
as IDO, TGF-β, IL-10 and arginase. IDO has been reported to degrade the amino acid
tryptophan into kynurenine, resulting in decreased effector function via downregulation
of the CD3 ζ-chain, and induce apoptosis in T cells [164,168]. TGF-β is able to suppress
T-cell effector function and inhibit the differentiation of CD4+ cells into effector cells, while
promoting Treg differentiation [169–171]. IL-10 has been described to induce T-cell anergy
and prevent the development of new effector T cells by decreasing antigen presentation
and costimulation on antigen-presenting cells (APCs) [172,173]. Arginase breaks down the
amino acid arginine and, similar to IDO, results in the downregulation of the CD3 ζ-chain
and thereby decreased cytotoxic and proliferative capacity of T cells [174,175].

Most of these immunosuppressive factors do not only act on T cells but also on other
cells in the TME to generate a negative feedback loop and dampen the inflammatory
response. The inhibitory effect on T cells could be overcome by decreasing the amount of
immunosuppressive signals, which could be accomplished by blocking receptor–ligand
interactions for these molecules. Several studies have been published reporting improved
T-cell effector function after blocking adenosine, arginase, IDO, IL-10 and TGF-β [176–181].
CD3-BsAb therapy has thus far only been combined preclinically with IDO blockade.
Hong et al. showed improved in vitro killing and in vivo tumor control of EpCAM- and
IDO-positive murine breast cancer cells using a combination of an EpCAMxCD3 BsAb
with IDO blockade [182]. The cells producing these immunosuppressive factors can also
be targeted, which is already being extensively studied for CAFs, as described above.
MDSCs are popular targets as well, with therapies being developed to deplete them and
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prevent migration into the TME, resulting in improved anti-tumor activity in combination
with several different types of immunotherapy [183–190]. Currently, no combinations of
CD3-BsAbs and MDSC targeting have been reported for solid tumors. However, several
studies in hematological malignancies showed that CD3xCD33 BsAbs mediated both AML
and MDSC killing, yielding promising treatment outcomes [191,192]. Finally, depleting
Tregs in combination with CD3-BsAb treatment could be favorable in two ways: (1) Tregs
secrete immunosuppressive cytokines such as IL-4, IL-10 and TGF-β and, more importantly,
(2) Tregs are suggested to be activated by CD3-BsAbs, resulting in a dampened treatment ef-
fect [193,194]. Forkhead box protein P3 (FoxP3)-positive Tregs highly express OX40, CTLA-4
and CD25 and can be depleted to achieve stronger anti-tumor effects in combinatorial
strategies [195–199]. One study investigated the effect of combining CD3xEGFR-armed
T cells with Treg-depleting ipilimumab (anti-CTLA-4) on T-cell activation and prolifera-
tion when co-cultured with tumor cell lines or primary tumor cells and found enhanced
T-cell-mediated cytotoxicity and increased T-cell proliferation [200]. Thus far, there are
some promising preclinical results for combining CD3-BsAbs with IDO blockade, MDSC
depletion and Treg depletion, warranting further exploitation of these combinations.

Instead of decreasing T-cell inhibitory signals, another approach would be to trigger
stimulatory receptors on T cells, which could be induced by administering agonistic an-
tibodies for these receptors on T cells, such as CD28 and 4-1BB. This approach parallels
the addition of a costimulatory intracellular signaling domain to improve efficacy for
second generation CAR T cells [201]. The combination of CD3-BsAbs with costimulatory
antibodies has been successfully used in many different tumor models in mice [202,203].
Chiu et al. showed in a humanized mouse model that combination of a CD3xPSMA BsAb
with a costimulatory agonistic 4-1BB Ab greatly enhanced anti-tumor efficacy [204]. The
combination successfully improved the survival of mice bearing large tumors in contrast
to CD3-BsAb monotherapy and, more importantly, generated a memory response that pro-
tected surviving mice from a second tumor challenge. However, weight loss was reported
in the mice receiving the combination treatment, which is in line with reported toxicities
for the administration of bivalent agonistic 4-1BB costimulatory Abs [205,206]. Conditional
costimulation only in the tumor TME can be generated by CD28xTAA BsAbs [207]. Using
this localized costimulation, Skokos et al. observed no toxicities in in vitro assays as well
as in cynomolgus monkey toxicity studies, while these combinations still displayed impres-
sive enhancements in anti-tumor activity in various mouse models [207]. Therefore, the
combination of CD3-BsAbs with TME-targeted costimulatory BsAbs seems promising. Fur-
thermore, additional costimulation has been reported to protect T cells from Fas-mediated
apoptosis after activation by CD3-BsAb [208]. Currently, a clinical trial is investigating the
combination of CD3xMUC1 with CD28xMUC1 and we are looking forward to seeing if
the promising preclinical results will translate to clinical efficacy (NCT04590326). Finally,
T-cell-sustaining cytokines can be coinjected, or engineered onto CD3-BsAbs. Rossi et al.
reported that IFN-α enhanced T-cell activation and delayed tumor outgrowth in two mouse
models [209]. Schmol et al. linked IL-15 to a bispecific natural killer (NK) cell engager and
showed enhanced NK cell proliferation, activation and survival in vitro. This finding could
potentially be translated to CD3-BsAbs as well, since IL-15 also promotes T-cell survival [210].
An overview of the solutions to improve T-cell quality is depicted in Figure 4.
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Figure 4. Solutions for hurdle 3: impaired TIL quality. (1) Targeting immunosuppressive cells
such as CAFs, Tregs and tumor-associated macrophages (TAMs) depletes producers of immuno-
suppressive cytokines, thereby decreasing suppressive signals for T cells, improving their effector
functions. (2) Direct blockade of immunosuppressive cytokines, instead of targeting their cellular
producers, is able to achieve the same. (3) Addition of costimulation provides positive signals for
T-cell effector functions and survival. (4) Providing sustaining cytokines can also improve T-cell
functioning. (5) Blockade of immune checkpoints can prevent T-cell dysfunction and allow stronger
anti-tumor responses.

3. Future Perspectives

CD3-BsAbs are an emerging and promising class of immunotherapy due to their
impressive treatment outcomes in hematological malignancies, however, prominent anti-
tumor efficacy in solid tumors still needs to be delivered clinically. Particularly, a whole
array of hurdles arises in solid cancers, ranging from on-target off-tumor toxicities and
the absence of T-cell infiltration in the TME, to hampered T-cell function attributable to a
hostile and immunosuppressive microenvironment. Due to continuous research efforts,
more tumor-specific TAAs become available every year for use in CD3-BsAb formats.
Combined with constantly evolving technologies allowing conditional masking of BsAbs,
on-target off-tumor effects should be manageable in the near future. Some interesting
pre-clinical concepts have been published to enhance T-cell infiltration in the tumor, such
as pre-treatment with OV to facilitate massive T-cell infiltration and create an inflammatory
TME. OV treatment seems most promising, as the inflamed TME also contributes to the
quality of the TILs. Many options are available in terms of improving TIL quality, however,
apart from checkpoint blockade or costimulation, only very few of them have been tested
in combination with CD3-BsAbs. Nevertheless, based on elegant preclinical studies, we are
convinced that a combination CD3-BsAbs with (tumor-targeted) costimulation is able to
overcome many of the hurdles set by the TME of solid tumors.

We anticipate a future where the immune landscape of the tumor from a biopsy
guides the selection of the best treatment combination. However, since many of these
combinations have only just started to emerge, it will be intriguing to follow the results of
new pre-clinical studies and see how those results translate to the clinic. Ultimately, based
on these novel approaches, we foresee a bright future for CD3-BsAb-based therapy in solid
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tumors and are interested to see if comparable anti-tumor efficacy can be observed in solid
cancer as seen in hematological cancers.
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Simple Summary: The IL-12 family cytokines play an important role in regulating the tumor immune
contexture. Recent efforts geared towards the development of better immune therapeutic approaches
have identified the need to overcome immune suppression and improve the quantity and quality of
anti-tumor effector immune cells within the tumor milieu. In this review, we summarize the recent
findings on IL-12 family cytokines in regulating anti-tumor immunity as well as the effectiveness
and benefits of enhancing anti-tumor immunity in pre-clinical and clinical settings by targeting IL-12
family cytokines.

Abstract: The IL-12 family cytokines are a group of unique heterodimeric cytokines that include IL-12,
IL-23, IL-27, IL-35 and, most recently, IL-39. Recent studies have solidified the importance of IL-12
cytokines in shaping innate and adaptive immune responses in cancer and identified multipronged
roles for distinct IL-12 family members, ranging from effector to regulatory immune functions.
These cytokines could serve as promising candidates for the development of immunomodulatory
therapeutic approaches. Overall, IL-12 can be considered an effector cytokine and has been found
to engage anti-tumor immunity by activating the effector Th1 response, which is required for the
activation of cytotoxic T and NK cells and tumor clearance. IL-23 and IL-27 play dual roles in
tumor immunity, as they can both activate effector immune responses and promote tumor growth
by favoring immune suppression. IL-35 is a potent regulatory cytokine and plays a largely pro-
tumorigenic role by inhibiting effector T cells. In this review, we summarize the recent findings
on IL-12 family cytokines in the control of tumor growth with an emphasis primarily on immune
regulation. We underscore the clinical implications for the use of these cytokines either in the setting
of monotherapy or in combination with other conventional therapies for the more effective treatment
of malignancies.

Keywords: IL-12 family cytokines; tumor microenvironment; cancer immunotherapy; anti-tumor
immunity; STAT; B cell; T cell

1. Introduction. IL-12 Family Cytokines: Composition, Signaling and Mechanism
of Action

The IL-12 family cytokines are known to play essential roles in regulating innate and
adaptive immune responses [1]. The functions of the IL-12 family cytokines have been
widely studied in the settings of infection and auto-inflammatory diseases. The ability of
these cytokines to modulate immune responses in cancer has been of significant interest.
IL-12 family cytokines are typically secreted by innate immune cells but can also be secreted
by adaptive immune cells depending on the disease and immune contexture. The members
of this cytokine family are well known for shaping adaptive immune responses [2,3]. Due
to their broad-spectrum roles in regulating immune responses, the IL-12 family cytokines
are recognized as promising candidates for the modulation of anti-tumor immunity.
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1.1. IL-12

IL-12 is a heterodimeric cytokine composed of p40 and p35 subunits and is considered
a largely pro-inflammatory cytokine (Figure 1). It is produced by antigen-presenting
cells, such as dendritic cells and macrophages, and is crucial for the recruitment and
effector functions of CD8+ T and NK cells [4]. Therefore, IL-12 is a major contributor to
effective anti-tumor immune responses [5]. IL-12 signals through IL-12Rβ1 and IL-12Rβ2
receptors expressed on target cells, which allow downstream Jak2 and Tyk2 to promote the
phosphorylation of and homo-dimerization of STAT4. The homodimer of pSTAT4 binds
to its target genes and regulates gene expression [1]. In CD4+ T cells, STAT4 activation by
IL-12 is required for the transcription of T-bet, a positive regulator of Th1 cell differentiation.
T-bet enhances the expression of Th1-specific cytokines, chemokines, and Th1’s associated
receptors. T-bet alone can positively regulate the expression of IFN-γ, while in combination
with STAT4, it enhances transcription of CXCR3, IL-12Rβ1, CCL3 and CCL4 [6–8]. CCL3
and CCL4 are required for the intra-tumoral recruitment of cytotoxic NK cells and CD8+ T
cells [9–11]. In the presence of IL-12, NK cells are activated, express CD69 and CD25, and
can further proliferate in the tumor niche [12,13]. Activated Th1 and NK cells proliferate
and infiltrate into the tumor, where Th1 cells support the effector functions of tumor-
specific cytotoxic T cells [4,12,13]. The IFN-γ, granzyme, and perforin secreted by cytotoxic
NK and CD8+ T cells can induce the apoptosis of cancer cells and control tumor growth.
Moreover, IL-12 facilitates antigen presentation by upregulating MHCI on tumor cells,
favoring polarization to M1 macrophages and attracting effector immune cells by enhancing
the production of the chemokines CXCL9, CXCL10 and CXCL11 [5,14–16]. Additionally,
T-bet and STAT4 act as negative regulators for RORγt and Foxp3, transcription factors
responsible for Th17 and Treg generation, respectively, and limit their proliferation in the
tumor microenvironment (TME) [17–20]. IL-12 can also neutralize signaling by negative
regulatory receptors on CD8+ T cells. For example, IL-12 downregulates PD-1 and IFNγR2
expression on CD8+ T cells, protecting tumor infiltrating CD8+ T cells from IFN-γ-induced
cell death [21]. The activation of anti-tumor immunity by anti-PD1 requires IL-12-mediated
crosstalk between T cells and dendritic cells that enables CD8+ T cell-mediated tumor cell
killing [22].

Besides its function in effector immune cells, IL-12 alters the plasticity of terminally
differentiated Treg cells by converting Foxp3+ Treg cells to IFN-γ-producing Foxp3+ T
cells. Treatment with IL-12 diminishes the level of IL-2, which is required for Treg cell
survival and expansion [23]. IL-12 was shown to stimulate the IFN-γ-mediated inhibition
of mouse Treg cell expansion. Mechanistically, IL-12-induced IFN-γ signaling causes cell
cycle arrest in Treg cells and inhibits tumor-induced Treg cell proliferation. [23,24]. These
studies demonstrate that IL-12 is not only required for the activation of effector anti-tumor
immune responses but can also directly inhibit immune suppression. Thus, the use of IL-12
as a cancer immunotherapy could be beneficial in controlling tumor growth by activating
anti-tumor cytotoxic immune responses. Overall, IL-12 targets and modulates T cells, NK
cells and antigen-presenting cells (APCs) that regulate the fate of the anti-tumor immune
response against the cancer cells.
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Figure 1. Role of IL-12 family cytokines in maintaining a balance between effector and regulatory immune responses
in tumorigenesis. IL-12 activates an effector immune response against tumor cells by promoting both M1 macrophage
polarization and IFN-γ- production by Th1 cells, which in turn, stimulate anti-tumor cytotoxic CD8+ and NK cells. IL-27 and
IL-23 have dual effects on immune cells in cancer. IL-27 and IL-23 can induce an overall T cell-mediated immune response
and also modulate immune suppressive macrophages. Furthermore, IL-23 can stimulate the proliferation and growth of
tumor cells. Conversely, IL-35 is a strong immune suppressive cytokine; it induces regulatory B and T cell activation and
proliferation that subverts anti-tumor immunity and stimulates tumor growth and metastasis. IL-39 was recently shown to
be secreted by B cells and may increase cancer cell proliferation. ↑ Arrow indicates increase in respective cell type activity;
Tr1—T regulatory type 1; ILC—innate lymphoid cell; Breg—regulatory B cell; Treg—regulatory T cell; iT35—IL35-inducible
regulatory T cell.

1.2. IL-12 in Cancer Immunotherapy

Cytokine-based immunotherapy can be effective in the treatment of numerous ma-
lignancies. IL-12 can be considered a strong candidate for immunotherapy-based inter-
ventions, as it potentiates tumor-specific cytotoxic NK and CD8+ T cells that are largely
responsible for tumor cell killing. However, the systemic administration of IL-12 is quite
toxic; therefore, alternative methods of IL-12 delivery and/or the activation of T cells
by IL-12 are needed [25,26]. To that extent, a recent report by Nguyen et al. provided
comprehensive updates on the development and application of a localized delivery strat-
egy for IL-12-based immunotherapy [27]. Wang et al. reported that systemic delivery
via an oncolytic adenovirus encoding IL-12 lacking the signaling peptide reduced the
toxic side effects and enhanced survival in mouse models of pancreatic cancer [26]. The
nanoparticle-mediated delivery of IL-12 has also enhanced the cytotoxic activity against
human hepatocellular carcinoma cells [28]. The in vitro nanoparticle-mediated delivery
of IL-12 specifically into naïve CD8+ T cells favored their expansion and the activation
of the effector phenotype [28]. Several studies have shown that IL-12 favors the survival
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and differentiation of naïve CD8+ T cells towards the effector phenotype. IL-12 acts as
an anti-apoptotic factor for CD8+ T cells by the impediment of the activation-induced
cell death of CD8+CD62Lhi naïve CD8+ T cells, increased T cell homing, and has shown
sustainable anti-tumor activity against mouse models of melanoma [29]. These findings
suggest that the priming of naïve CD8+ T cells with IL-12 prior to adoptive cell therapy
could increase their effectiveness and anti-tumor activity. Similar preclinical studies have
reported the synergistic use of IL-12 with adoptive T-cell-based immunotherapies. In a
syngeneic mouse model, the administration of anti–VEGFR-2 chimeric antigen receptor
(CAR) and IL-12–co-transduced T cells directly into the tumor site modified the immune
suppressive environment by ablating systemic and intra-tumoral VEGFR-2+ myeloid-
derived suppressor cells (MDSCs) [30]. Moreover, genetically engineered T cells, which
expressed high levels of IL-12, were therapeutically effective against established murine
B16 melanoma tumors, even in the absence of a tumor vaccine and IL-2 [31]. Although the
survival of IL-12 engineered cells was low compared to endogenous T cells, they demon-
strated improved functionality, were detected at a higher frequency in the melanoma, and
maintained the activity of endogenous NK and CD8+ T cells. In clinical trials, IL-12 was
shown to have anti-cancer activity against human glioma [32]. In this case, 31 high-grade
glioma patients were treated with human IL-12 vector (Ad-RTS-hIL-12) in a multicenter
phase 1 dose-escalation trial (NCT02026271), and showed evidence of increased IFN-γ and
PD-1+ tumor-infiltrating lymphocytes [32]. These findings suggest that increases in the
concentration of intra-tumoral IL-12 improve the efficacy of adoptive T cell therapies.

Another recent advance in potentiating T cell-based anti-tumor activity has been
increasing the load of IL-12 in CAR T cells. In a recent pre-clinical mouse study, Kueberuwa
et al. used CAR T cells expressing IL-12 and showed that modified CAR T cells were able
to cure B cell lymphoma and improve the long-term survival rate [33]. In this setting,
IL-12-engineered CAR T cells recruited host immune cells to elicit an anti-tumor immune
response. In addition, IL-12-producing CAR T cells directed against ovarian cancer cells
showed robust proliferation and secretion of IFN-γ, which resulted in increased survival
in a mouse model [34]. Similar preclinical studies in a hepatocellular carcinoma model
indicated that IL-12-expressing CAR T cells produced high levels of effector cytokines,
accompanied by attenuated Treg cell infiltration and induced tumor cell lysis [35]. In
summary, these observations reveal that the inducible expression of IL-12 improves the
anti-tumor functions of CAR T cells and might provide a promising treatment strategy for
cancer patients (Figure 2). Nevertheless, CAR T or TCR T cells expressing IL-12 resulted in
severe, edema-like toxicity and increased serum levels of IFN-γ and TNF-α in mice with
melanoma [36]. Additionally, IL-12 overexpressing CAR T cells can lead to cytokine release
syndrome (CRS) and cause systemic inflammatory responses in patients treated with CAR
T cells [37,38]. These severe reactions should be considered before the use of genetically
engineered T cells, particularly IL-12-producing CAR T cells.

While conventional immune checkpoint blockade, such as anti-PD-L1, is commonly
used for the treatment of many cancers, its efficacy is not universal, and combination
therapies that augment T cell responses are needed. Hewitt et al. demonstrated that
intra-tumoral IL-12 mRNA (MEDI1191) therapy was able to stimulate IL-12 production
within the tumor milieu without toxic effects [39]. MEDI1191 is currently being assessed
in a phase I trial in patients with solid tumors (NCT03946800). The combination of this
approach with anti-PD-L1 enhanced anti-tumor immunity by promoting IFN-γ+ Th1 cell
differentiation. Fallon et al. engineered the fusion of two molecules of murine IL-12 (NHS-
muIL12) with a longer half-life than recombinant murine IL-12 [40]. The combination of
NHS-muIL12 and anti-PD-L1 boosted T cell activation and effector function within the
TME and augmented tumor regression in murine tumor models. Other immunotherapy
combinations could also be used. For example, combined immune therapy with IL-12 and
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in humanized mouse
models of hepatocellular carcinoma increased the infiltration of IFN-γ-producing NK
cells and promoted the apoptosis of cancer cells. Additionally, in the presence of IL-12,
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TRAIL enhanced MHCI expression on antigen-presenting cells and downregulated the
expression of intra-tumoral vascular endothelial growth factor (VEGF) and CD31 [41].
Another study showed that a combination of the immune-modulating protein aggregate
magnesium–ammonium phospholinoleate–palmitoleate anhydride (P-MAPA) and human
rIL-12 significantly reduced the migratory potential and invasion capacity by inducing
the apoptosis of ovarian cancer cells [42]. These findings reveal that the use of IL-12 could
substantially increase the effectiveness of cancer immunotherapy.

Figure 2. The therapeutic modulation of IL-12 family cytokines may enhance the efficacy of conventional therapy. Recent
studies indicate that the therapies targeting (either upregulating or downregulating) the IL-12 family cytokines in combina-
tion with other standard therapies may increase treatment effectiveness. Context-dependent functions of IL-12 cytokines in
cancer could drive the development of inhibitor or augmentative therapy axes, respectively. Drugs or antibodies targeting
IL-12 family cytokines may help to restrain immune suppression within the tumor microenvironment (TME) and allow for
the infiltration and proliferation of anti-tumor immune cells. Additionally, the targeted delivery of these cytokines with the
help of adenovirus or chimeric antigen receptor (CAR) T cells may enhance cytotoxicity and tumor cell clearance. Such
approaches could make tumor cells more sensitive to radiation, chemotherapy and immune checkpoint blockade therapy.

IL-12 may also have a beneficial role in synergizing with chemotherapy treatments. In
patients with metastatic HER2+ cancers, a synergistic treatment of IL-12 with chemotherapy,
such as trastuzumab, stimulated NK cell activity [43]. Similar synergistic approaches
could be used with radiation therapy. Deplanque et al. showed that radiation-induced
immune suppression in well-established tumors could be overcome by increases in IL-12-
dependent Th1 responses in mouse models of colon cancer [44]. Recent reports showed
that radiation therapy in combination with IL-12 induced clonal epitope-specific T cell
expansion and infiltration, blocked tumor growth and the improved survival of animals
with human rhabdomyosarcoma xenografts [45]. Human recombinant IL-12 was also
shown to have a protective role in cancer patients treated with radiation therapy. In this
setting, it diminished the complications that can arise from radiation therapy, such as severe
myelosuppression or pancytopenia [46]. In murine pancreatic cancer, immunotherapy
using IL-12+ microspheres in combination with stereotactic body radiation therapy induced
intra-tumoral IFN-γ production, repolarized myeloid suppressors, promoted robust T
cell activation and efficiently eliminated established liver metastases [47]. Overall, these
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observations reveal the importance of IL-12-based therapies in the initiation and stimulation
of anti-tumor immune responses.

1.3. IL-23

IL-23 is a heterodimeric cytokine made up of p40 and p19 subunits. In cancer, IL-23
has been shown to have both pro- and anti-tumorigenic roles (Figure 1). Here, we discuss
the dual role of IL-23 in modulating effector and/or regulatory immune responses in
cancer.

1.3.1. IL-23 as a Suppressor of Anti-Tumor Immunity

The pro-tumorigenic role of IL-23 was first reported by Langowski et al., where it was
observed that the genetic deletion or blockade of IL-23 in mice led to an increased infiltration
of cytotoxic T cells with protective effects against cancer [48]. IL-23 can be secreted by
dendritic cells, monocytes, neutrophils and innate lymphoid cells (ILCs) [49–52]. Upon
stimulation, macrophages, dendritic cells and neutrophils have been shown to secrete IL-
23 [53]. For example, IL-6, VEGF, CCL22 and/or PGE2 produced by tumor cells recruited
tumor-associated macrophages, which in turn produced IL-23 and maintained suppressive
Treg activity in the TME [54–58]. IL-23 produced by tumor-educated neutrophils activated
downstream AKT and p38 pathways in mesenchymal stem cells and transformed those
mesenchymal stem cells into cancer-associated fibroblasts [59]. CXCL5 could also induce
the expression of IL-23 in neutrophils to enable the enhanced migration and invasion of
gastric cancer cells [60]. Microbial products could also activate intra-tumoral myeloid cells,
which in turn produced IL-23 and promoted colorectal neoplasms in mice [61]. Similar
studies by Jin et al. reported that microbiota stimulated myeloid cells to induce IL-23
production in mouse models of lung cancer [62].

The role of IL-23 in regulating Th17 cell differentiation is widely studied and has
been shown to play a critical role in Th17 cell expansion and the maintenance of the Th17
phenotype. IL-23 is required for the stabilization of RORγt, a transcription factor for Th17
cell generation, and facilitates the secretion of the effector cytokines IL-17 and IL-21 by
Th17 cells [63,64]. IL-23 also stimulates IL-17 production from γδ T cells, which can support
tumor growth [62,65–67]. IL-23 signals through IL-12Rβ1 and IL-23R in target cells and
activates Jak2 and Tyk2, resulting in the phosphorylation of STAT3 and STAT4 [1]. IL-23R
signaling in CD4+ T cells activates STAT3, which in turn stabilizes RORγt expression and
enhances IL-17 gene transcription [63,64]. IL-23 or IL-23-induced IL-17 signaling also
activates NFkB, which regulates genes responsible for the recruitment of tumor-associated
macrophages (TAMs) and MDSCs in the TME [68–70].

Thus, IL-23 is recognized as mediator of the Th17 response and plays an important
role in shaping immune responses towards cancer. For example, CCL20 produced by
tumor cells cooperated with stromal IL-23 to recruit IL-17-producing Th17 cells in the
TME [71–74]. IL-17, in turn, promoted tumor angiogenesis by inducing angiogenic factors,
such as VEGF and PGE2, and activated oncogenic STAT3 signaling, which was essential
for the expression of pro-survival and pro-angiogenic genes [72–74].

IL-23 can also enhance inflammation in the TME and promote tumorigenesis inde-
pendently of IL-17. The elevated expression of IL-23R on tumor cells enhanced tumor-
associated inflammation and promoted the development and metastasis of cancer [75,76].
As one example, IL-23 induced the activation of STAT3 in lung cancer cells expressing
IL-23R and stimulated their proliferation [77]. The expression of IL-12Rβ2 and IL-23R on
laryngeal tumor cells mediated crosstalk between the cancer cells and tumor-infiltrating
lymphocytes and affected the prognosis of laryngeal cancer patients [78]. Furthermore, the
expression of IL-23R on B-acute lymphoblastic leukemia (B-ALL) cells in B-ALL patients
was increased compared to normal B-lymphocytes and acted to upregulate miR15a and
downregulate the pro-survival factor BCL2 [79]. These results indicate that, apart from
regulating the Th17 response, IL-23 can also potentially alter the fate and function of
cancer cells.
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1.3.2. IL-23 as an Activator of Anti-Tumor Immunity

IL-23 is known to activate and maintain the expression of Th17-specific transcription
factors, and these transcription factors can negatively regulate the immune-suppressive
Treg cell response. IL-23 signaling can repress Treg differentiation and maintain the active
transcription of IL-17, IL-21, IL-22 and IL-23R [63,64]. IL-23 can also regulate the function of
diverse subsets of immune cells in the TME. For example, IL-23 upregulated the expression
of IL-23R on type 3 innate lymphoid cells (ILC3), granulocytes and NK cells, which in turn
induced their pro-inflammatory cytokine production and cytotoxic function [80–82]. In
the presence of IL-23, intraepithelial cells secreted IL-22, which augmented their barrier
function and maintained the CD4+ T cells’ effector phenotype [83–85]. On the other
hand, activated fibroblasts secreted CCL5 and MCP-1, which recruited IL-23-producing
macrophages [86,87]. IL-23+ macrophages expanded anti-tumorigenic Th17 cells that had
a distinct phenotype known as Th1-like Th17 cells and promoted tumor-specific immune
responses by secreting IFN-γ, CXCL9 and CXCL10 [86,87]. Thus, IL-23 and IL-17 have
been shown to play multipronged roles in tumorigenesis by activating or inhibiting effector
anti-tumor immunity. These findings demonstrate that IL-23 could modulate pro- as well
as anti-tumor immune responses (Figure 1).

Overall, IL-23 uses different downstream signaling pathways in tumor and immune
cells that regulate pro-inflammatory and anti-inflammatory pathways. Overall, context-
dependent functions of IL-23 in cancer could drive the development of inhibitor or aug-
mentative therapy axes, respectively.

1.4. IL-23 in Cancer Immunotherapy

IL-23 is an important player in inflammatory responses, and IL-23-producing and
responding cells are highly abundant in the tumor milieu [88,89]. In fact, the abundance of
IL-23 in tumors is a general feature of cancer [85,88,90]. The levels of IL-23 and IL-23R were
found to be significantly higher in breast cancer tissues and positively correlated with the
patient’s tumor size, TNM stage and metastasis [90]. In colorectal cancer, the levels of IL-23
in patients’ serum samples were found to gradually increase with tumor stage progres-
sion [91,92]. IL-23 could activate Th17, ILC3, granulocytes, NK cells and intra-epithelial
lymphocytes, which exaggerated gut inflammation and promoted the growth of colon can-
cer [93]. In multiple myeloma patients, IL-23 induced IL-17 and RORC in the bone marrow
microenvironment [94]. Similar studies reported that IL-23 could promote IL-17-mediated
tumorigenesis by converting type 1 innate lymphoid cells (ILC1) into ILC3, resulting in
poor prognosis for patients with lung carcinoma [95]. Moreover, the overexpression of
IL-23 mRNA was observed in serum samples of breast cancer patients, where IL-23 played
a pro-tumorigenic role by upregulating the expression of regulatory cytokines [96]. Liu et al.
observed elevated levels of serum IL-23 from hepatocellular carcinoma patients, and this
was associated with poor clinical outcomes [97]. They demonstrated that ILC3 cells were
the main source of IL-23 in hepatocellular carcinoma, and these cells directly suppressed
the CD8+ T cell response by enhancing apoptosis and preventing the proliferation of CD8+

T cells [97].
Prostate cancer patients can exhibit resistance to androgen-deprivation therapy, a

condition known as castration-resistant prostate cancer (CRPC). Increased levels of IL-23
were also observed in blood and tumor samples of patients with CRPC [98]. The major
source of IL-23 was shown to be MDSCs. In a mouse model of CRPC, the blockade of IL-23
improved sensitivity to androgen deprivation and synergized with conventional therapies
to boost anti-tumor immunity [98]. Another study showed that elevated IL-23 was associ-
ated with poor survival in renal cell carcinoma patients [99]. Mechanistically, intra-tumoral
IL-23+ macrophages augmented both Treg cell proliferation and IL-10/TGF-β secretion and
suppressed the cytotoxic functionality of CD8+ T cells. The blockade of IL-23 promoted
CD8+ T cell cytotoxicity and improved the overall survival of mice. Moreover, the blockade
of IL-23 together with immune checkpoint blockade augmented therapeutic benefits [99].
Therefore, blockade of IL-23 in combination with immune checkpoint inhibitors can be a
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potential therapeutic approach in several cancer types (Figure 2). Conversely, reports from
pancreatic cancer patients found that the levels of IL-23 decreased with tumor progression,
and long-term survivors had increased IL-23 expression [100,101]. Similarly, IL-23 was
shown to play a dual role in premalignant oral lesions to cancer in mice, where IL-23 was
pro-inflammatory in premalignant oral lesions and inhibitory as the lesions progressed to
cancer [102]. Thus, IL-23 may have distinct effects on anti-tumor immunity [103,104].

Sheng et al. showed that IL-23 can also enhance metastasis through the upregulation
of anti-apoptotic factors in cancer cells [90]. In this case, the neutralization of IL-23p19
reduced cell proliferation and induced cell apoptosis by reducing the expression of BCL2
in breast cancer cell lines [90]. Besides its effects on the survival of tumor cells, IL-23
induced the expression of the proliferative marker Ki67 and endothelial marker CD31,
promoting tumor cell proliferation, mammary tumor growth and pulmonary metastasis
in mouse models of breast cancer [105]. Apart from the role of IL-23 in modulating the
tumor cell cycle and growth, IL-23 exerts its effects on immune cells within the TME. IL-23
signaling stimulates the expression of regulatory genes, such as IL-10, TGF-β and VEGF,
and increases the infiltration of immunosuppressive M2 macrophages and neutrophils
that reduce the ability of effector CD4+ and CD8+ T cells to infiltrate tumors [105,106].
Zhang et al. showed that IL-23 is involved in the formation of immune-tolerant and pro-
angiogenic TME through the induction of IL-17; this promoted the development of invasive
prostate adenocarcinomas in mice [107]. These studies revealed the effects of IL-23 on the
modulation of both immune cells and cancer cells. Thus, neutralizing IL-23 may augment
tumor-specific immune responses and may control tumor cell proliferation and metastasis
in certain cancer types.

Some preclinical studies have shown that IL-23 depletion combined with CAR T
cells promotes tumor suppression, and neutralizing IL-23 can be effective particularly in
combination with CAR T cell therapy [108]. The monoclonal antibody (mAB)-mediated
depletion of IL-23 in mouse models of prostate cancer reinstated sensitivity to androgen
deprivation therapy [98]. In one preclinical study, depleting IL-23mAB therapy in com-
bination with CAR T cell therapy showed promising effects in the treatment of prostate
cancer. The CAR T cells were generated by dual targeting using an IL-23-specific antibody
and prostate-specific membrane antigen (PSMA)-specific mAB. IL-23mAB/PSMA CAR T
cells had greater effectiveness than PSMA CAR only in the suppression of prostate cancer
growth. Mechanistically, treatment with IL-23mAB/PSMA-CAR significantly enhanced
CD45RO+CD8+ and CD127+CD4+ CAR T cells and indicated a potential role for IL-23
in the efficacy of CAR T cell therapy against prostate cancer [108,109]. By contrast, IL-
23-expressing CARs were also shown to have anti-tumorigenic properties in preclinical
studies. Ma et al. engineered the expression of the p40 subunit of IL-23 in T cells (p40-Td
cells), and this enhanced the proliferation of activated T cells via autocrine signaling [110].
They also demonstrated in xenograft and syngeneic mouse models that p40-Td CAR T cells
had enhanced anti-tumor capacity, with increases in granzyme B and decreases in PD-1
expression. Using neuroblastoma and pancreatic cancer models, they observed that p40-Td
CAR T cells had greater efficacy in comparison to unmodified CAR T cells and exhibited
diminished side effects in comparison to IL-18- or IL-15-producing CAR T cells [110]. Thus,
the immune therapeutic strategies that target IL-23 may have use in the treatment of cancer.

1.5. IL-27

IL-27 is a heterodimeric cytokine consisting of EBi3 and p28 subunits [1]. IL-27 is
generally involved in the differentiation and activation of different CD4+ T cell subsets
(Figure 1). Antigen-presenting cells stimulated by tumor antigens and CD40 can secrete
IL-27, which has a dual function in regulating immune responses against cancer [111].

1.5.1. IL-27 as a Suppressor of Anti-Tumor Immunity

IL-27 has been shown to have anti-inflammatory properties. For example, IL-27
activated STAT3 and stabilized Foxp3 expression and IL-10 transcription in T cells, leading
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to sustained immune suppression [112]. Such IL-10-producing T cells are known as Tr1
cells [112,113]. Tr1 cells are immunosuppressive and downregulate the cytotoxic activity
of CD8+ T cells and NK cells, as well as preventing the production of TNF-α and IL-6
by monocytes, which are important for anti-tumor immunity [113,114]. Mechanistically,
IL-27 signaling through STAT1 and STAT3 could activate the transcription factor c-Maf
and induce the generation of Tr1 cells and IL-10 production by T cells [115–118]. IL-27
has also been shown to act as an anti-inflammatory cytokine by inhibiting Th2 and Th17
cell-specific immune responses and promoting the activation and proliferation of Treg
cells [112,119,120]. Additionally, the activation of STAT1 and STAT3 by IL-27 can induce
the expression of IL-1β, TNF-α and IL-18, which are important for the polarization of
the immunosuppressive M2 phenotype [119,120]. In advanced non-small cell lung cancer
(NSCLC) patients, IL-27 has also been shown to play a pro-tumorigenic role, where IL-
27 induced tolerogenic dendritic cells that helped cancer cells to escape from immune
surveillance [121].

1.5.2. IL-27 as an Activator of Anti-Tumor Immunity

On the other hand, IL-27 produced by dendritic cells, monocytes and macrophages fol-
lowing TLR activation may positively regulate Th1 differentiation through STAT1 dimeriza-
tion. This subsequently leads to T-bet activation and Th1-specific gene expression [122–124].
IL-27 can also enhance the surface expression of MHCI and MHCII in monocytes as well
as co-stimulatory CD80, CD86, and adhesion molecule CD54, overall promoting the pro-
inflammatory activity of T cells [125]. IL-27 signals through IL-27R (WSX-1) and gp130
receptors on target cells [1]. IL-27R and gp130 receptors recruit Jak1 and Jak2, which in turn
activate STAT1 and STAT3 [1]. IL-27 plays a critical role in the development of Th1 and
IL-10-producing T cells. Th1 cells express T-bet and the effector cytokine IFN-γ through
STAT1 dimerization induced by downstream IL-27 signaling [124,126]. In certain scenarios,
the IL-27 receptor can also activate STAT4 and STAT5. For example, IL-27 signals through
STAT1 and STAT4 to induce T-bet expression in CD4+ T cells, which results in the upregu-
lation of intracellular IFN-γ [124]. At the same time, the activation of STAT5 enhances the
proliferation of Th1 cells in the TME [122,127]. For example, signaling through WSX-1 and
gp130 on CD8+ T cells activated STAT1 and STAT4 and resulted in the increased expression
of granzyme, perforin and IFN-γ in a T-bet-dependent manner [128,129]. In NK cells, the
activation of STAT1/STAT4 by IL-27 stimulated T-bet-dependent IFN-γ production and
IL-27R expression [130,131]. These overall pro-inflammatory effects of IL-27 can stimulate
anti-tumor immunity and contribute to tumor cell clearance [130–132]. Additionally, IL-27
may antagonize the production of IL-2, which is required for T cell activation, and regulated
the intensity and duration of the effector CD4+ T cell response [133,134].

IL-27 signaling in innate and adaptive immune cells as well as in cancer cells regulates
the expression of distinct key molecules important for the activation of immune responses
in the tumor milieu. To this end, IL-27 was reported to enhance the expression of DNAM-1,
NKG2D and CD69 on NK cells [131]. NK cells also secreted high amounts of perforin and
granzyme B and showed enhanced cytotoxic activity against cancer cells [131]. Moreover,
the synergistic action of IL-27 with IL-18 activated and increased NK cell proliferation,
cytotoxicity and IFN-γ production [131]. Another important aspect of IL-27 in regulating
the NK cell response against uterine endometrial cancer cell (UECC) was recently reported
by Zhou et al. In this study, the production of IL-27 by uterine endometrial cancer cells in
the presence of rapamycin upregulated the expression of WSX-1 and gp130 on NK cells
and increased their cytotoxic activity against cancer cells in a xenograft mouse model [135].
IL-27 also reduced the proliferation of human ovarian cancer cells by activating STAT3
and inhibiting Akt signaling pathways [136]. In mouse models of colon carcinoma, IL-27
induced NK cell-mediated cytotoxicity and anti-tumor immunity by activating STAT3 and
triggering the expression of perforins [137].

IL-27 can also potentiate anti-tumor immunity by supporting the differentiation and
expansion of myeloid progenitor cells into anti-tumorigenic M1 macrophages. For example,

311



Cancers 2021, 13, 167

IL-27 was shown to act on Sca-1+c-Kit+ cells in bone marrow and promoted their differenti-
ation into M1 macrophages in preclinical mouse studies of B16F10 melanoma and MC38
colon adenocarcinoma [138]. IL-27 also enhanced the expression of inducible nitric oxide
synthase, which sustained the anti-tumor activity of macrophages within the TME [138].
Similar studies in pancreatic cancer using co-cultures of human pancreatic cell lines and
TAMs reported the role of IL-27 in restricting the differentiation of TAMs into immune sup-
pressive M2 macrophages, which enhanced the effectiveness of gemcitabine [139]. Besides
the role of IL-27 in regulating the differentiation of macrophages, IL-27 can also regulate
several key surface molecules on cancer cells. Carbotti et al. showed that IL-27 triggered
STAT1/STAT3 phosphorylation and upregulated the expression of surface MHC class I
antigen on human small cell lung cancer cells, boosting the CD8+ T cell response [140]. In
non-small cell lung cancer patients, IL-27 promoted the anti-tumor function of myeloid cells
and suppressed epithelial-to-mesenchymal transition (EMT) in cancer cells [141]. In human
prostate cancer cells, IL-27 upregulated TLR3 expression and enhanced TLR-mediated cell
death [142]. A relationship between IL-27 genetic polymorphisms and cancer risk has been
identified. The IL-27 2905T/G genotype is linked with a decreased susceptibility to and
development of cervical cancer in patients [143]. IL-27 also hindered NSCLC and squamous
cell carcinoma (SCC) growth in cooperation with granulocyte and macrophage-driven
necrosis, CXCL3 production, and diminished EMT-related gene expression [141]. These
results indicate that IL-27 has great potential and can be utilized in the development of
novel immune-therapeutic approaches.

1.6. IL-27 in Cancer Immunotherapy

Given the ability of IL-27 to regulate both pro-tumorigenic and anti-tumorigenic re-
sponses, the choice of the augmentation or blockade of IL-27 should be carefully evaluated
given the tumor type and the immune contexture. Recent efforts have made therapeutic
use of recombinant IL-27, either alone or in combination with other therapies. Majumder
et al. demonstrated that treatment with rIL-27 ameliorated angiogenesis and immunosup-
pression in mouse models of benzo(a)pyrene (BaP)-induced lung carcinogenesis [144]. Zhu
et al. also used an IL-27-expressing recombinant adeno-associated virus (AAV-IL-27) for
the treatment of mouse models of lung cancer [145]. Such treatment significantly reduced
tumor growth and enhanced the T cell response by downregulating the Treg cell frequency
in the peripheral blood and in the TME [145]. These approaches could supplement current
methods of Treg depletion, as attempts for total Treg cell depletion in cancer can result
in autoimmunity. Furthermore, AAV-IL-27 drastically increased the efficacy of immune
checkpoint blockade and Granulocyte Macrophage Colony Stimulating Factor (GM-CSF)
vaccine treatment with no significant adverse effects [145]. Similar studies showed the
recombinant adeno-associated virus (rAAV)-mediated delivery of IL-27 reduced Treg fre-
quency and increased the effectiveness of immunotherapeutic agents in different mouse
tumor models [146]. In this case, the intra-tumoral injection of AAV-IL-27 robustly in-
creased anti-tumor immunity against plasmacytoma J558 and B16F10 mouse tumors by
inducing the expression of CXCR3 in T cells and increasing responsiveness to anti-PD-1 or
T cell adoptive transfer therapy [146]. These observations indicate that the intra-tumoral
administration of IL-27 in combination with immune checkpoint blockade or adoptive T
cell therapy could be a suitable approach for cancer treatment.

With regards to tackling the potential pro-tumor activity of IL-27, several studies
have shown that IL-27 can regulate the immunosuppression and exhaustion of T cells. For
example, IL-27 could also induce indoleamine 2,3-dioxygenase (IDO) and PD-L1 expression
on monocytes and tumor-associated macrophages and on human prostate, breast and lung
cancer cells [147–150]. Moreover, IL-27 signaling in human ovarian cancer cells activated
STAT1/STAT3 and induced the constitutive expression of IDO [149]. These alterations on
monocytes and tumor cells potentiate escape from immune attack. Similar studies in hu-
man lymphoma cell lines showed that the enhancement of IL-27 expression by tumor cells
triggered the surface expression of PD-L1 on tumor-associated macrophages [151]. More-
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over, IL-27 signaling on tumor cells activated STAT1; upregulated the expression of PD-L1
and production of IL-10, TGF-β and IDO; and downregulated MHCI expression [111,152].
Finally, IL-27 signaling in NK and CD8+ T cells upregulated the cell surface expression of
negative regulators, such as LAG3 and Tim3, contributing to the exhaustion of the effector
phenotype [153,154]. In mouse models of melanoma, the inhibitory receptor Tim-3 was a
crucial regulator of T cell dysfunction in tumorigenesis. IL-27 was shown to induce the
expression of nuclear factor interleukin 3 regulated (NFIL3), which in association with
T-bet, induced the expression of Tim-3 and the immunosuppressive cytokine IL-10 [153]. In
this case, the blockade of IL-27 signaling resulted in reduced NFIL3 and Tim-3 expression,
and decreased T cell exhaustion [153]. Similar studies reported pro-tumorigenic action
of IL-27 favoring the expansion of Treg cells, where IL-27R−/− Treg cells were unable to
suppress anti-tumor immunity in mouse models of melanoma [155]. Furthermore, IL-27
secreted by tumor-infiltrated neutrophils upregulated CD39 expression and enhanced the
immune suppressive capacity of CD163+ macrophages [156]. Here, the depletion of IL-27
attenuated the expression of PD-L1 and IL-10 in macrophages isolated from ovarian cancer
patients [156]. These studies indicate that the IL-27/STAT3 axis can be a potential target for
immunotherapy.

1.7. IL-35

IL-35 is a recent addition to the IL-12 family of cytokines and is composed of the
p35 and EBi3 subunits [1,3]. IL-35 is a potent immune suppressive cytokine produced
mostly by regulatory B (Breg) cells, iT35 cells and Treg cells and can play an important
role in the suppression of effector immune responses [157]. IL-35 has also recently been
detected in macrophages, dendritic cells and tumor cells [158–160]. The role of IL-35 in
tumor growth is becoming more prominent due to its ability to inhibit effector immune
responses (Figure 1). IL-35 regulates the differentiation of CD4+ T cells and strongly
favors regulatory T cell fate [161]. IL-35 is also thought to regulate the Th1 and Th17
lineage-specific transcription factors T-bet and RORγt as well as cytokines IFN-γ and
IL-17 [162–164]. For example, IL-35 suppressed the effector functions of CD4+ cells and
favored tumor growth by facilitating the exhaustion of CD8+ T cells [165,166]. Additionally,
IL-35 restricted CD8+ T cell activation by suppressing the expression of the costimulatory
surface molecule CD28, and Th1 cytokine production, and reduced cytolytic functions
by repressing the expression of perforins [167,168]. Furthermore, IL-35 converted effector
T cells into IL-35-producing T cells known as iT35 cells and activated IL-35 production
and the proliferation of Treg cells [163,169,170]. A subset of mouse and human regulatory
B cells can be a major source of IL-35 in certain malignant tumor types [167,171,172].
Additionally, IL-35 can enhance its own expression in B cells through IL-12Rβ2 and IL-
27Rα and the activation of STAT1 and STAT3, resulting in the augmented formation of
Breg cells [173,174]. Mechanistically, the loss of IL-35 hindered pancreatic tumor growth
via increases in effector CD4+ T cells and CD8+ T cells within the TME [165]. A specialized
subset of B cells marked by CD21hiCD1dhiCD5+ was identified as the main source of IL-35
in pancreatic cancer. The B cell-specific production of IL-35 promoted the expansion of Treg
cells and blocked the anti-tumor activity of effector CD4+ T cells [169]. Furthermore, IL-35
directly acted on CD8+ T cells and suppressed their infiltration and effector function by
downregulating the expression of IFN-γ and CXCR3 in a STAT3-dependent manner [169].
IL-35-producing B cells were also elevated in the peripheral blood of gastric cancer (GC)
patients and were responsible for the accumulation of immune suppressive Treg cells,
MDSCs, IL-10-producing B cells and CD14+ monocytes [170].

IL-35 signals through IL-12Rβ2 and gp130 receptors in T cells, which triggers Jak1
and Jak2 to activate STAT1 and STAT4 [157]. IL-35-mediated signaling via STAT1/STAT4
in conventional T cells can polarize them to IL-35-producing iT35 cells [171]. The expres-
sion of IL-35 by Foxp3+ Treg cells can reduce the proliferation of effector T cells and can
lead to T cell exhaustion [171,172]. In this regard, Turnis at al. also demonstrated that
IL-35+ Treg cells could enhance the surface expression of the negative regulators Tim-
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1, PD-1 and LAG3 on anti-tumor T cells [166]. A clinical study also showed that IL-35
produced by Treg cells promoted the growth of acute myeloid leukemia (AML) blasts in
adult AML patients by limiting the activity of CD4+CD25− T effector cells and increas-
ing cancer cell proliferation [175]. IL-35 was reported to limit anti-tumor immunity in
NSCLC patients by suppressing Th1 and Th17 responses and cytotoxic genes in CD8+

T cells [176]. Apart from T cells, IL-35+ macrophages were able to upregulate IL-12Rβ2
expression on cancer cells and make them more responsive to IL-35, facilitating the acti-
vation of JAK2–STAT6 and GATA3, and increased metastasis in mouse models of breast
and lung cancer [159]. Moreover, Zou et al. showed that IL-35 facilitated the polarization
of neutrophils, leading to increases in tumor growth in mouse models of melanoma and
hepatocellular carcinoma [177]. Furthermore, IL-35 promoted immune suppression by
favoring M2 macrophage polarization [178,179]. IL-35 also impeded DC maturation by
reducing the cell surface expression of MHCI and MHCII and co-stimulatory molecules
CD80/CD86 [180–182]. Overall, these observations indicate that IL-35 has a strong im-
mune suppressive effect in the TME and could play a major role in controlling anti-tumor
immunity; therefore, targeting IL-35 in cancer may hold substantial therapeutic potential
for the treatment of patients with cancer.

1.8. IL-35 in Cancer Immunotherapy

A detailed understanding of IL-35 in cancer is essential. This information may lead to
the development of new immunotherapeutic agents for the treatment of cancer patients,
and it can be used as a potential biomarker for disease progression. As an example,
elevated levels of IL-35 have been associated with poor prognosis in many solid cancer
types [183–186].

1.8.1. IL-35 in Inhibiting Tumor Growth

Although IL-35 plays a pro-tumorigenic role in several cancer models, such as melanoma,
pancreatic cancer, NSCLCC, breast cancer, lymphoma and gastric cancer, among others,
Zhang et al. reported that IL-35 inhibited the cell migration, proliferation, colony formation
and invasion of human colon cancer cells by suppressing β-catenin [187]. In this instance,
IL-35 suppressed cancer growth in vivo and sensitized colon cancer cells to chemotherapy.
Thus, IL-35 in combination with chemotherapy could be a useful treatment for colon cancer.
Similar studies showed that IL-35 plays an inhibitory role in human NSCLC and colon
cancer cells by suppressing cell migration and colony formation [188,189]. In hepatocellular
carcinoma (HCC) patients, IL-35 expression was significantly reduced in patients with
advanced cancer as compared to early stages. The HCC patients with reduced IL-35 had
increased tumor size, distant metastases and positive microvascular invasion. Furthermore,
the overexpression of IL-35 upregulated MHCI and CD95 in HepG2 cancer cells and re-
duced cell migration, colony formation and invasion. These data indicate that IL-35 plays
an anti-tumorigenic role in HCC by enhancing MHCI-specific anti-tumor immunity and by
reducing cancer cell migration. [190].

1.8.2. IL-35 in Promoting Tumor Growth

However, most research studies have reported that increased levels of IL-35 can be
correlated with the pathogenicity and progression of cancer. The levels of IL-35 in the serum
samples of prostate cancer patients were highly elevated compared with healthy controls
and correlated with disease progression [184,191]. Similar studies reported elevated levels
of circulating IL-35 in breast cancer patients, which positively correlated with the expression
of Ki67, p53 and EGFR on breast cancer cells [192]. Furthermore, high levels of IL-35
were shown to be associated with the poor survival of diffuse-large B-cell lymphoma
(DLBCL) patients treated with chemotherapy [193]. Additionally, increased levels of IL-
35 were observed in the bone marrow of acute myeloid leukemia (AML) patients and
correlated positively with clinical stages [194]. IL-35 can also be secreted by cancer cells
and was shown to have a pro-tumorigenic effect particularly in pancreatic cancer. To
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this end, IL-35 was associated with poor prognosis in pancreatic cancer patients and is
also thought to promote the growth of pancreatic cancer cells by enabling metastasis and
extravasation [195]. In this case, IL-35 signaling in cancer cells activated STAT1 via the
gp130 receptor, triggered the expression of ICAM1, and increased endothelial adhesion
and metastasis. The human pancreatic cancer cell production of IL-35 also favored the
proliferation of tumor cells by promoting the expression of cyclin B, cyclin D, Cdk2 and
Cdk4, and it inhibited apoptosis by increasing levels of Bcl2 and decreasing levels of
TRAILR1 [196]. Jin et al. showed that elevated levels of IL-35 in pancreatic cancer patients
correlated with increases in tumor size, TNM staging and lymph node metastasis [197].
Furthermore, IL-35 produced by human nasopharyngeal carcinoma, B cell lymphoma
and melanoma tumor cells enhanced the infiltration of CD11b+Gr1+ myeloid cells and
promoted angiogenesis [160]. These findings indicate that IL-35 may have a distinct role in
cancer when produced by immune cells or cancer cells.

Accumulating evidence suggests that IL-35 blockade could synergize with immunother-
apy to ameliorate tumor growth. Turnis et al. showed that anti-PD-1 therapy combined
with the depletion of IL-35 and/or deletion of Treg cell-specific IL-35 expression signifi-
cantly limited murine melanoma and colon cancer growth by promoting cytotoxic T cell
proliferation, effector function and long-term memory formation [166]. Similarly, the loss
of B cell-specific IL-35 expression or antibody-based IL-35 blockade synergized with anti-
PD1 treatment in a CD8+ T cell-dependent manner to inhibit pancreatic cancer growth in
preclinical models [169]. A similar approach of combining IL-35 blockade with the immune
checkpoint inhibition of PD1 or PD-L1 was effective in NSCLC [185]. In this case, the
neutralization of IL-35 hindered immunosuppressive macrophages and Treg cells while
enhancing anti-tumor immunity. These findings identify the potential behind targeting
IL-35-mediated immune suppression in the TME and highlight the importance of IL-35
as a therapeutic target in synergistic approaches with immune checkpoint therapy for the
treatment of multiple cancer types.

1.9. IL-39

IL-39 is a newly proposed member of the IL-12 family. It is a heterodimeric cytokine
consisting of the subunits p19 and EBi3 [198]. Most studies to date have only focused on
cancer cell lines, and no concrete reports in animal models or human subjects are available
yet. Thus, it is premature to designate IL-39 as an inflammatory or regulatory cytokine at
this point in time. Wang et al. demonstrated that IL-39 could be secreted by LPS-stimulated
B cells and could induce inflammation by activating STAT1/STAT3 in mouse models of
lupus [198]. IL-39-producing B cells increased in mice with lupus, and the silencing of
IL-39 led to reduced disease severity [199]. In this study, IL-39 induced the differentiation
and expansion of CD11b+Gr1+ neutrophils in vivo. Furthermore, activated neutrophils
could further potentiate the expression of B cell activation factor (BAFF) in GL7+ B cells,
creating a positive feedback loop that results in the increased production of IL-39 [199].
IL-39 was also shown to have a pro-tumorigenic function in pancreatic cancer, where in
the presence of IL-39, colonies of human pancreatic cancer cells significantly increased
their proliferation rate [200]. This was accompanied by the reduced expression of p21 and
TRAILR1. IL-39 is thought to signal via IL-23R and gp130 in target cells and to activate
downstream STAT1 and STAT3 signaling [201,202]. Floss et al. engineered shuffled IL-12
family cytokine receptors, which are responsive to IL-39. The authors found that IL-39 may
use two additional receptor combinations, IL-23R/IL-12Rβ2 and gp130/IL12Rβ1, in Ba/F3
cells [203]. These findings may highlight the flexibility of receptor usage by IL-39. More
work needs to be done in order to understand the potential of targeting IL-39 in cancer
immunotherapy.

2. Conclusions and Future Perspectives

IL-12 family cytokines play a critical role in the regulation of innate and adaptive
immune responses. Their functions in the modulation of immune responses are well
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reported in autoimmunity and infectious diseases. These cytokines also play key roles in
cancer initiation and progression. Tumor growth and spread have a direct relationship
with host immune responses, and it is clear that IL-12 family cytokines can regulate tumor
growth (Figure 1). Therefore, targeting or modifying the immune response against the
tumor by harnessing the biological functionality of IL-12 family cytokines has recently
gained lots of attention. The silent feature of various tumors is that they escape the
host immune attack by favoring immune suppression within the TME. Cancer cells can
secrete immune suppressive cytokines and chemokines and, in conjunction with regulatory
immune cells, hinder the activity and proliferation of tumor-specific cytotoxic cells. Due
to the “cold” nature of many cancers, therapies such as immune checkpoint blockade,
adoptive T cell therapy, tumor vaccines, conventional chemotherapy and/or radiotherapy
are frequently unable to manifest effective responses. Thus, strategies aiming to boost
immune infiltration and functionality would be highly beneficial.

In this review, we summarized recent studies and advancements in the IL-12 field,
namely, the roles and potential for the targeting of IL-12, IL-23, IL-27, IL-35 and IL-39 in
tumorigenesis. The overarching objective is to make a tumor more susceptible to immune
attack and become more responsive to conventional therapies. Targeting these cytokines
may alter the tumor phenotype from immunologically “cold” to immunologically “hot”.
As discussed above, these cytokines are secreted not only by immune cells but also by
tumor cells. Therefore, therapies focusing on IL-12 family cytokines can block the tumor
cell cycle, induce apoptosis and prevent tumor cell proliferation, together with facilitating
effector immune responses against cancer cells. Synergistic therapies that focus on IL-
12 family cytokines and immune checkpoint blockade, such as anti-PD1, neutralizing
antibodies, adoptive T cell therapy and CAR T cell therapy have shown promising effects
in preclinical models. Localized IL-12 delivery and synergistic therapy consisting of IL-12
with immune checkpoint inhibitors and adoptive cell transfer is under investigation in
clinical trials [27]. Hu et al. demonstrated that the combination of IL-12 and doxorubicin
could enhance the infiltration of cytotoxic T cells into large solid tumors in different
human xenograft models [204]. The local expression of IL-12 was achieved by injecting
IL-12 DNA and conducting in vivo electroporation. This treatment hampered Treg cell
infiltration and increased the effector functions of tumor-infiltrated T cells [204,205]. This
strategy is under investigation in clinical trials (NCT01579318, NCT00323206, NCT01502293
and NCT02345330) and also in combination with pembrolizumab (NCT02493361 and
NCT03132675) [205]. Although IL-12 is an effector cytokine and recruits a variety of
effector immune cells at the tumoral site, it is possible that it can induce inflammatory
effects. Therefore, future studies, particularly studies involving clinical trials, should
consider the inflammatory effects associated with IL-12 family cytokines while using them
as immunotherapy for cancer patients.

Future studies should place more emphasis on developing appropriate targeting
reagents suitable for use in human clinical trials. More preclinical studies need to be
performed, especially on IL-39. Given the role of IL-12 family cytokines in modulating
the immune cell as well as cancer cell phenotype and receptor expression pattern, down-
stream signaling pathways need to be studied in detail, as they may dictate downstream
therapeutic strategies. Preclinical studies using genetic mouse models need to include
head-to-head comparisons across the distinct subunits that comprise IL-12 cytokines in
order to establish which particular IL-12 family cytokine(s) play a role in a specific cancer
type. Although IL-12 family cytokines seem to be promising candidates for the treatment of
different malignancies, their associated side-effects and roles in regulating the local versus
systemic immune system still need to be elaborated in detail.
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Simple Summary: Cancer immunotherapy is a breakthrough in cancer treatment. Unfortunately, de-
spite the encouraging results in clinical treatment, cancer immunotherapy such as CAR-T, PD-1 still faces
lots of challenges. Therefore, it is necessary to develop new methods to improve the effectiveness and
safety of tumor immunotherapy. In recent years, cell membrane-coated nanomaterial is one of the most
promising drug delivery systems and is receiving a great deal of attention due to its naturally biocompati-
ble characteristics. This review summarizes the latest research progress, the advantages, the disadvantages,
and the application of immunocyte membrane-coated nanoparticles in cancer immunotherapy.

Abstract: Despite the advances in surface bioconjugation of synthetic nanoparticles for targeted
drug delivery, simple biological functionalization is still insufficient to replicate complex intercellular
interactions naturally. Therefore, these foreign nanoparticles are inevitably exposed to the immune
system, which results in phagocytosis by the reticuloendothelial system and thus, loss of their
biological significance. Immunocyte membranes play a key role in intercellular interactions, and can
protect foreign nanomaterials as a natural barrier. Therefore, biomimetic nanotechnology based on
cell membranes has developed rapidly in recent years. This paper summarizes the development of
immunocyte membrane-coated nanoparticles in the immunotherapy of tumors. We will introduce
several immunocyte membrane-coated nanocarriers and review the challenges to their large-scale
preparation and application.

Keywords: immunocyte membrane-coated nanoparticles; biomimicry; cancer immunotherapy;
macrophage; T-cell; natural killer; dendritic cell

1. Introduction

Cancer immunotherapy (immuno-oncology) is a kind of treatment that aims to restore
the capacity of the immune system to identify and reject cancer. Immunotherapy is con-
sidered to be a promising new generation of therapy, since immunotherapy can eliminate
cancer cells by activating adaptive immunity and innate immunity of patients, with higher
specificity and less toxicity, Compared with traditional therapies, such as chemotherapy and
radiotherapy [1,2]. Presently, cancer immunotherapy mainly includes cellular immunother-
apy (Provenge, CAR-T), antibody therapy (Alemtuzumab, Durvalumab), cytokine therapy
(interferon, interleukin) and oncolytic viruses. However, despite the encouraging results in
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tumor treatment, cancer immunotherapy still faces lots of challenges, which may be mainly
attributed to tumor heterogeneity, immune cell dysfunction, tumor microenvironment,
acquired resistance to immunotherapy, and immunotoxicity [3]. Therefore, it is necessary
to improve the effectiveness and safety of tumor immunotherapy. Recent trends in cancer
immunotherapy have focused on developing immunocyte membrane-based nanomaterials.

Cell membranes are composed primarily of lipids, proteins and carbohydrates, and they
give cells their structure, protect intracellular components from the extracellular environ-
ment, and regulate the materials that enter and leave the cell [4–7]. The cell membrane
also plays an important role in cell-cell contact, surface recognition, and cell signaling and
communication [8,9]. The protein content of cell membrane is very high, usually about
50% of membrane volume [10]. These membrane proteins are crucial to the cellular sur-
vival and function because they are responsible for many vital biological events, such as
energy storage, cytoskeleton contact, signaling, enzymatic activity, substance transport,
and information transduction [11,12]. Moreover, the membrane proteins can differ substan-
tially across different cell types, and even the same type of cells from different individuals
can have completely different glycosylation modifications [10,13]. Hence, as membrane
markers, membrane proteins and their glycosylation, which allow cells to recognize each
another, are of great importance for cell-to-cell communication. On the one hand, cell-
cell recognition is critical for cellular signaling processes that can affect formation and
development of tissues and organs in early stage of ontogeny. On the other hand, cell-to-
cell communication based on membrane proteins plays a very key role in the distinction
between “self” and “non-self” in subsequent immune responses [14].

As a lipid bilayer mixed with proteins, the cell membrane is actually a perfect two-
dimensional nanomaterial with various functions, since the thickness of cell membrane is
only about 10 nm [15]. Moreover, owing to the lipid bilayer’s spontaneously “self-sealing”
behavior, broken cell membranes can also naturally form nearly spherical nanovesicles
with an internal, aqueous lumen [10]. It is feasible and would be significant to use cell
membranes to coat nanomaterials for more effective drug delivery. Numerous nanomate-
rials coated with cell membrane have been fabricated from many different types of cells,
such as red blood cells [16–20], cancer cells, immunocytes, stem cells, platelets [21], and bac-
teria. These cell membrane-based biomimetic nanomaterials not only retain the complex
biological functions of natural cell membranes, but they also maintain the highly adjustable
physicochemical properties of the synthesized nanomaterials [22–24].

Natural cell membranes that camouflage the nanoparticles’ antigenic diversity from
the source cells can have a variety of source cell-relevant functions, such as “self” markers,
biological targeting, communication and negotiation with the immune system, and hom-
ing to specific regions [25–27]. Cell membrane-coated nanoparticles’ unique abilities to
biomimic and biointerface with cell membranes not only give them certain physiochemical
properties, such as high cargo loading and great stability under high shear-stress condi-
tions [24,28,29], but also make them tunable to have certain biological functions, such as
long circulation, targeted recognition, enhanced accumulation in disease sites, and deep
tumor penetration [30–32].

In addition, bare nanoparticles usually adsorb biomolecules in plasma and/or intra-
cellular fluid in vivo and form a biological coating on their surface, namely protein corona
owing to high surface free energy of nanomaterials [33]. The composition of protein corona
varies depending on the composition, size, and surface modification of the nanomaterial,
as well as the environment surrounding the nanomaterial. This protein corona may shield
the specific surface structure and cover the targeting ligand, thus hindering the specific
reaction between the nanoparticle and its target, which greatly affects the nanoparticles’
fate and may results in removal of nanoparticles from the bloodstream [34–36]. Therefore,
it is crucial to avoid the formation of protein corona in the development of nanomaterials
for biological or biomedical application. However, having a cell membrane coating around
the nanoparticles can successfully prevent nanomaterials from forming a protein corona.
As the interface between the cell and the outside world, the cell membrane is perfectly
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compatible with biofluids, effectively blocking the interactions between the nanomaterials
and biological system. This strategy allows nanoparticles to navigate more effectively
within the body, thereby limiting off-target side effects, significantly regulating immune
responses and, ultimately, enhancing treatment efficacy and expanding the application
range of nanomaterials [37,38].

Herein, we summarize the recent progress in research on biomimetic immunocyte
membrane-coated nanoparticles for cancer immunotherapy. This article will introduce
macrophage membrane, T-cell membrane, Natural killer membrane and dendritic cell
membrane-based nanoparticles (neutrophil membrane and platelet membrane-based nano-
materials have been introduced in a recent review, so this article will not discuss these in
detail). We will highlight their novelty, analyze their potential prospects in the biomedical
field, and finally discuss the challenges in their large-scale preparation and application.

2. Immunocyte Membrane Molecules Contributing to Nanomaterials’ Anti-Tumor
Immune Effects

Immune response depends on the communication and mutual recognition between
immunocytes, and between immunocytes and other cells. Immunocyte recognition is based
on immunocyte membrane molecules, usually known as cell surface markers. There is a
wide variety of immunocyte surface markers related to tumor immunity, including receptors,
antigens, adhesion molecules, and other molecules on the cell surface. Table 1 summarizes
some of the major cell membrane surface markers that may contribute to nanomaterials’ anti-
tumor immune effects. Because of these specific surface markers, immunocyte membranes
have unique functions and can play a special role in assisting drug delivery, especially in
tumor cell recognition and anti-tumor immunity.

Because nanoparticles are foreign substances, one of the fundamental problems and
technical barriers to using them is uptake by the reticuloendothelial system (RES) or the
mononuclear phagocytic system (MPS), which is part of the immune system and consists of
phagocytic cells such as monocytes, macrophages in lymph nodes and spleen, and Kupffer
cells in liver [39–41]. When nanoparticles enter the body, they are first “opsonized” and
coated by non-specific proteins that make them more recognizable to phagocytic cells
such as macrophages, monocytes, and dendritic cells. Once opsonization, phagocytosis
will occur, by which the nanoparticles are engulfed and eventually destroyed or removed
from the bloodstream [42]. The most common strategy to reduce RES uptake is to shield
nanoparticles with polyethylene glycols (PEGs) or other polymers. This is effective, but it
cannot avoid uptake completely [43]. However, when nanoparticles are covered with
immunocyte membranes, especially macrophage membranes, the RES system can be
completely avoided, because the immune system recognizes nanoparticles camouflaged
with macrophage membranes as “self” rather than “foreign.”

In addition, some specific receptors and adhesion molecules on macrophage mem-
branes, such as C-C chemokine receptor 2 (CCR2), vascular cell adhesion molecule-1
(VCAM-1, CD106), and intercellular adhesion molecule-1 (ICAM-1; CD54), can guide
nanoparticles coated with membranes to inflammatory and tumor sites. Notably, the bind-
ing of ICAM-1with macrophage adhesion ligand-1 (Mac-1; ITGAM), leukocyte function-
associated antigen-1 (LFA-1), and fibrinogen can facilitate the transmigration of leukocytes
across vascular endothelia [44,45]. ICAM-1 and soluble ICAM-1 also have antagonistic
effects on the tight junctions and thus promote nanoparticles coated with membranes to
cross the blood–brain barrier (BBB) [46,47].

The second valuable cell membrane is natural killer (NK) cell membranes. NK cells
are unique lymphocytes that can recognize and kill aberrant cells without antibodies or
major histocompatibility complex (MHC) [48]. Therefore, NK cells are key for tumor cell
surveillance, because tumor cells that are missing MHC I markers cannot be detected and
destroyed by other immune cells, such as T-cells [49]. Although NK cells lack antigen-
specific cell surface receptors, they have many alternative receptors that can recognize
tumor cells, including NKG2D, NKp44, NKp46, NKp30, and DNAM [50,51]. NKG2D,
for example, is a disulfide-linked homodimer that recognizes several ligands, including
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UL16-binding protein (ULBP) and MHC class I chain-related gene A (MICA), which are
typically expressed on tumor cells [52].

T-cell membranes are helpful for recognizing and targeting tumor cells because of the
T-cell receptor (TCR) on the cell surface. As a protein complex, TCR recognizes fragments
of antigens as peptides bound to MHC molecules, thus allowing T-cells to target both
surface and intracellular tumor neoantigens [53,54]. Neoantigens are mutated antigens
specifically expressed by tumor tissue, but not expressed on the surface of normal cells,
so they are highly specific for individuals [55]. Since TCRs can recognize neoantigens and
then target tumor cells or tumor tissue, nanoparticles coated with T-cell membranes could
target tumor cells or tumor tissue with highly specificity for individuals.

Furthermore, PD-1, CTLA4, and other specific checkpoint inhibitory receptors on
T-cells are harmful to tumor immunotherapy, but these checkpoint inhibitory receptors
can also identify the corresponding ligands, such as PDL-1, on tumor cells [56,57]. Hence,
TCRs are beneficial to the delivery of nanodrugs, because they can target tumor cells.

The greatest advantage of mature dendritic cell (DC) membranes is that they possess
the antigen presentation function of whole DCs and can specifically activate T-cells, be-
cause they have a broad spectrum of peptide/MHC complexes on their surface [58,59].
DCs can also express co-stimulatory molecules and adhesion molecules, such as ICAM-
3/CD50, CD40, CD44, and integrin family members [60,61]. These markers can reduce
the negative charge on the cell surface and mediate cell adhesion, thus promoting the
interaction between DCs and T-cells [62].

Table 1. Immunocyte Membrane Surface Markers That May Contribute to Nanomaterials’ Anti-Tumor Immune Effects.

Cell Type Marker Ligand Function

Macrophage CCR2 CCL2 Induces a strong chemotactic response, guides immune
cells to inflammatory and tumor sites

VCAM-1 4VLA-4) or integrin α4β1 Cell adhesion, cell signal transduction

ICAM-1 LFA-1, Mac-1 Facilitates transmigration of leukocytes across vascular
endothelia, intercellular adhesion

T-cell TCR peptide/MHC complex Antigen recognition and presentation

CD28 CD80, CD86 Brings T-cell and antigen-presenting cell membranes
into close proximity

CTLA-4 CD80, CD86 Immune checkpoint and down-regulates immune
responses

PD-1 PD-l, B7 Immune checkpoint and down-regulates immune
responses

LFA-1 ICAM Cell adhesion and co-stimulator
LFA-2 LFA-3, CD48 Cell adhesion and co-stimulator

NK cell NK p46 CD247, FCER1G. Activates NK cells, mediates tumor cell lysis

NKp44 NKp44L, 21spe-MLL5,
PCNA, HSPGs

Activates NK cells, mediates tumor cell lysis.
Transmembrane Signaling Receptor Activity

NCAM1 rabies virus glycoprotein MAPK cascade, cell adhesion, host-virus interaction

FCGR3 immunoglobulin gamma Fc
region

Binds to the Fc portion of igg antibodies and activates
antibody-dependent cell mediated cytotoxicity (ADCC)

DNAM-1 PVR, NECTIN2
Signal transducing adhesion involved in the adhesion of
certain tumor cells to CTL and NK cells, mediates their

cytotoxicity
DC peptide/MHC complex TCR Antigen recognition and presentation

INAM IRF3 Stimulates NK cell activation
ICAM LFA-1 Cell adhesion and co-stimulator

3. Macrophage Membranes

Macrophages express a wide variety of surface membrane receptors that recognize
a wide range of endogenous and exogenous ligands [63]. It is through the mediation of
these membrane receptors that macrophages can interact not only with natural and varied
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self-components of the host, but also with foreign components, such as microbes, and then
induce appropriate responses [64,65]. Hence, nanoparticles coated with macrophage
membranes is really useful for innate and acquired immunity.

3.1. Immune Evasion and Tumor Targeting

Su et al. [66] have developed Saikosaponin D loaded macrophage membrane-biomimetic
nanoparticles (SCMNPs) for breast cancer therapy. This nano-drug system consists of a
poly (latic-co-glycolic acid) nanoparticles and macrophage membrane hybridized with
T7 peptide. The presence of receptors and ligands on macrophage membranes endowed
SCMNPs with the ability to macrophage-homing, while the presence of T7 peptide enabled
the nanoparticles to recognize tumor cells overexpressing transferrin receptors. SCM-
NPs thus could escape phagocytosis by the RES system and selectively accumulate into
tumor tissues. The drug Saikosaponin D encapsulated in SCMNP could inhibit tumor
neovascularization by regulating angiogenic pathway related factors such as vascular
endothelial growth factor (VEGF), Phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT), and extracellular-regulated kinase (ERK), thus effectively inhibiting tumor growth
and metastasis of breast cancer. This biomimetic strategy based on macrophage membranes
provided a target anti-angiogenic therapeutic model for the precise and effective treatment
of breast cancer.

In addition, Yan et al. [67] developed macrophage membrane-cloaked luminescence
nanoparticle@MOF-derived mesoporous carbon nano-drug delivery system to escape the
RES system. This multiple drug co-loaded nano-drug delivery system exhibited poten-
tial for autofluorescence-free, long-lasting persistent fluorescence imaging-guided drug
targeted delivery and cancer therapy. Li et al. [68] subsequently reported that liposomes
coated with isolated macrophage membranes could enhance delivery to metastatic sites
via α4 integrin−VCAM-1 interactions and then target lung metastasis of breast cancer.
Jiang et al. [69] collected macrophage membranes to encapsulate cskc-PPiP/PTX@Ma
nanoparticles and found that this delivery system exhibited a favorable tumor-homing
ability in systemic circulation and high biocompatibility because of its membrane coating.

Recently, Liu et al. [70] used macrophage membrane-coated iron oxide nanoparticles
(Fe3O4@MM) to enhance photothermal tumor therapy. Because they were derived from
an Fe3O4 core and had a macrophage membrane shell, the Fe3O4@MM NPs exhibited
good biocompatibility, immune evasion, cancer targeting, and light-to-heat conversion
capabilities. Quercetin-loaded hollow bismuth selenide nanoparticles are another example
of nanoparticles coated with macrophage membranes. Compared with bare nanoparticles,
macrophage membrane-camouflaged nanoparticles prolonged circulation life and acceler-
ated and enhanced tumor tropic accumulation, thus showing promise in suppressing breast
cancer lung metastasis in vivo [71]. Recently, Deng et al. [72] constructed a multifunctional
biomimetic superparticle, termed as DOX-QDs-Lip@M nanoparticle for enhanced cancer
imaging and anti-metastasis treatment. Due to the presence of α4 integrins in macrophage
membrane, the nanocarrier had the ability to bind VCAM-1 on cancer cell and escape
the immune system’s response. Furthermore, the bionic membranes could stabilize the
synthetic liposome structure and thus avoid the leakage of the loaded content such as DOX
and ZAISe/ZnS QDs in the liposome.

Mesoporous silica nanocapsules camouflaged by macrophage cell membranes actively
targeted tumors because of the guidance of the surface proteins on the macrophage cell
membranes [73]. Because coating with macrophage cell membranes is a simple and effective
surface engineering method that can activate tumor targeting, these membranes have also
been used to disguise conversion nanoparticles (UCNPs) [74]. Xia et al. [75] developed
albumin nanoparticles coated with macrophage plasma membranes loaded with paclitaxel
to prolong blood circulation and achieve targeted therapy against malignant melanoma.
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3.2. Penetrating the Blood–Brain Barrier (BBB) and Targeting Glioblastoma

BBB is a crucial selective semi-permeable border, which composed of endothelial
cells adjoined continuously by the tight junctions and can restricts the passage of solutes.
However, BBB also limits beneficial drug delivery to the central nervous system. Thus,
overcoming the obstacle of BBB is the primary challenge in the treatment for central ner-
vous system disorders. We developed IR-792 nanoparticles (MDINPs) decorated with
macrophage plasma membranes for NIR-Ib fluorescence imaging-guided photothermal
therapy (PTT) on orthotopic glioblastoma [76]. The macrophage membrane proteins (In-
tegrin α4 and Mac-1) in the outer layer of MDINPs bind to the corresponding receptors,
such as VCAM-1 and ICAM-1, on brain vascular endothelial cells, which activate the sig-
naling pathway, reduce the expression of tight junction-related proteins (zonula occludens
1), and finally break down the tight junction, so that MDINPs can easily pass through the
BBB. MDINPs also selectively accumulated at the tumor site because of the tumor targeting
effect of the macrophage membranes. In animal experiments, MDINPs-mediated NIR-Ib
fluorescence imaging-guided PTT prolonged the survival of mice. These results show a
new strategy for integrating diagnosis and therapeutics in glioblastoma.

3.3. Anti-Proliferation

As a precursor of the soluble form of TNFα, transmembrane TNFα is expressed
on the membrane of some cells such as lymphocytes and activated macrophages [77].
Since the 1980s, studies have shown that transmembrane TNFα expressed on human
macrophages and lymphocytes induces strong and long-term tumor regression [78–81].
A good example is that tumor cells could be lysed by incubating them with transmembrane
TNFα on paraformaldehyde-fixed activated macrophages [80]. Based on macrophages’
ability to easily produce TNFα by the induction with lipopolysaccharide or other agents,
a unique therapeutic nano-drug delivery system had been prepared by cloaking a degrad-
able, biosafety, chitosan nanocarrier with bioengineered TNFα-binding macrophage mem-
brane [82]. In this paper, THP-1 cells (a human monocytic cell line derived from an acute
monocytic leukemia patient) differentiated with phorbol 12-myristate 13-acetate (PMA)
were induced by bacterial lipopolysaccharide to produce macrophage membrane-tethered
TNFα first. Then, the TNFα-binding macrophage membrane were decorated onto the
surface of polymeric nanoparticles. In vitro experiments have shown that the membrane-
cloaked nanocarriers have high stability and biocompatibility, and have the potential to
significantly prevent the proliferation of tumor cells.

3.4. Macrophage Hybrid Membrane

Although macrophage-based tumor immunotherapy approaches have many advan-
tages, they also face some challenges. First, tumor cells in general express CD47 molecule,
an inhibitory receptor, which interacts with the signal-regulated protein alpha (SIRPα) on
macrophages to prevent phagocytosis of tumor cells by macrophages. Second, an immuno-
suppressive microenvironment in tumors polarize macrophages from the anti-tumor M1 phe-
notype to the tumorigenic M2 phenotype. M2 macrophages can promote tumorigenesis,
vascular regeneration, and metastasis. However, a hybrid cellular membrane nanovesicle
(hNVs) reported by Chen et al. could overcome these drawbacks of macrophage-based
immunotherapy and amplify macrophage immune responses against tumor recurrence and
metastasis (Figure 1) [83]. hNVs, originated from three types of membranes, macrophage,
platelet, and cancer cell, could interact with circulating tumor cells, accumulate in surgical
sites, and then repolarize tumor-associated macrophages towards M1 phenotype. At the
same time, hNVs also could bind to macrophages via CD47 and block CD47–SIRPα interac-
tion between tumor cells and macrophages. As a result, hNVs could promote macrophages
phagocytosis of tumor cells and significantly enhance the efficiency of cancer immunotherapy.
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Figure 1. Schematic showing the formation of hNVs and the mechanism by which hNVs amplify macrophage immune
responses against cancer recurrence and metastasis [83].

Yuan et al. [84] also explored macrophage-cancer hybrid membrane-coated nanoparti-
cles for targeted treatment of lung metastases from breast cancer. Owing to the presence of
macrophage and cancer cell membranes, these nanodrugs had a multi-targeting capability,
and consequently they could accumulate to sites of inflammation, as well as target homogenous
metastatic tumor. The doxorubicin-loaded nanodrugs were highly effective in the treatment of
cancer, with nearly 88.9% cure rate in breast cancer-derived lung metastasis model.

4. T-Cell Membranes

T lymphocytes play a central role in the immune response. T-cells can attack and de-
stroy tumor cells by their highly specific TCR, which bind to antigens present on the surface
of other cells [85–89]. Each T-cell recognizes only a single antigen, but collectively, T-cells
have a wide array of receptors targeting millions of antigens [90]. Many immunotherapy
approaches have been developed to get rid of cancer cells by activating TCR-peptide-MHC
interactions. Adoptive T-cell therapies such as chimeric antigen receptor (CAR) T-cell
therapy have been a huge clinical success in hematological cancer treatment. However,
such methods are generally not clinically effective in solid tumor treatment because of the
lack of tumor-specific biomarkers on the surface of solid tumor cells [91].

4.1. Targeting Tumors through TCRs

Recently, Nguyen et al. [92] explored a new approach: coating Trametinib-loaded
PLGA nanoparticles with melanoma-specific T-cell membranes (T-MNPs) to improve the
therapeutic efficiency of chemo-drugs and overcome the non-specific targeting of anti-
cancer drugs. The T-cell membranes on the surface of T-MNPs were derived from the T-cell
hybridoma, which could express gp100 antigen-MHC molecule, could specifically bind
melanoma cells expressing gp100 peptide, and enhance the uptake of T-MNPs. The T-cell
membrane also gave the nanoparticles high stability and hemo-compatibility and cyto-
compatibility. Membrane-coated NPs were taken up by a melanoma cell line in vitro three
times as much as bare nanoparticles. Moreover, in vivo biodistribution studies displayed
the theragnostic capabilities of these NPs, the tumor retention of which was more than
twice as high as the uncoated and non-specific membrane-coated groups. Hepatocellular
carcinoma (HCC)—specific CAR-T cell membrane-coated nanoparticles have been devel-
oped by Yuan et al. [93] for the treatment of HCC. The nanosystem packed with CAR-T cell
membranes showed a superior ability to target HCC cells and improved therapeutic effect
compared to naked nanosystem, because the CAR-T cell membranes specifically recognize
GPC3+ HCC cells.
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4.2. The Dual-Targeting Strategy

Since T-cell membranes have a variety of specific recognition receptors, these mem-
branes are ideally suited for biomimetic nano-drug systems to tumors. This single-targeted
therapy strategy is not so effective because of tumors’ inter- and intra-heterogeneity. Hence,
dual or multi-targeting is a promising approach to tackle either target antigen loss or
down-regulation [94]. Cai et al. [95] employed a dual-targeting strategy based on azide
(N3)-labeled T-cell membrane-coated nanoparticles to enhance PTT for tumor. In this work,
the bicyclononyne (BCN) group as artificial receptors were introduced into the tumor via
natural glycometabolic labeling by pretreating the tumor with Ac4ManN-BCN group first.
Then, T-cell membranes were modified with N3. Therefore, the nanoparticles coated with
N3-labeled T-cell membranes (N3-TINPs) could dual-target tumor cells via both N3-BCN
bio-orthogonal click reaction and TCR-peptide/MHC recognition. The fluorescence inten-
sity of the mouse tumors treated with N3-TINPs was 1.5-fold that of unlabeled nanoparticles.
The accumulation of N3-TINPs in the tumor obviously increased the photothermal curative
efficacy, yet virtually no side effects. Thus, dual-targeting N3-TINPs-based click chemistry
approach could offer an alternative dual-targeting strategy for advancing cancer treatment.

5. NK Cell Membranes

NK cells can lead to immune surveillance against cancer and eliminate small tumors
early. Because they can engage tumor targets without needing specific antigens, NK cells’
therapeutic potential has been broadly explored to control the metastatic dissemination of
malignancies [96]. NK cells lack genetically rearranged antigen receptors [97], but they can
still recognize and directly lyse abnormal cells without prior sensitization [98,99]. This oc-
curs through a well-established and unique set of receptors expressed on NK cells’ surface,
which trigger cell lysis activity by interacting with ligands on infected and transformed
cells [100]. The receptors on NK membranes, especially activated receptors such as NKp30,
NKp44 NKp46, DNAM-1 (CD226), and NKG2D, are closely associated with tumor recogni-
tion and tumor killing [101]. NKp30 recognizes B7-H6 tumor antigens, while NKp44 binds
proliferating cell nuclear antigen (PCNA) and other tumor-associated ligands [100,102].
NKp46 inhibits metastatic growth in mice [103]. DNAM-1 is an adhesion and co-stimulatory
molecule that promotes NK cell cytotoxic activity upon binding to its ligands, CD112 and
CD155 [104]. The NKG2D form transduces activating signals to initiate cytotoxic activity
upon binding to specific stress-induced ligands, MICA and MHC class I polypeptide-related
sequence B (MICB), which are selectively expressed on tumor cells [105–107].

5.1. Targeting Tumors

Aryal Murali et al. developed an NK cell membrane-cloaked fusogenic liposomal de-
livery system (NKsome) for targeted cancer therapy [108]. The engineered NKsomes have
a variety of receptor proteins on their surface, thus they exhibited not only high binding
ability to tumor cells in vitro, but also powerful tumor-homing efficiency in vivo. They also
have outstanding biocompatibility and long blood circulation time (18 h). Further in vivo
experiments showed that NKsome had promising therapeutic effects on MCF-7 tumor
xenograft models. This study demonstrated that biomimetic nanocarriers based on NK
cell membrane can partly communicate like immune cells and thus have therapeutic
advantages through enhancing tumor drug delivery.

5.2. M1 Polarization and Induction of Immunogenic Cell Death (ICD)

Our group reported on NK cell membrane-cloaked photosensitizer TCPP-loaded
nanoparticles (NK-NPs) that could eliminate primary tumors and inhibit distant tu-
mors [109]. NK cell membranes on the surface of NPs enabled the NK-NPs to target
4T1 tumors via NK cell membrane receptors, such as NKG2D and DNAM-1 (Figure 2).
Furthermore, NK cell membrane proteins such as RAB-10, IRGM1, RANKL Galectin-12,
and CB1, can interact with macrophage surface receptors such as tumor necrosis factor
or receptor toll-like receptor 4, to prompt or increase pro-inflammatory M1 macrophage
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polarization, which would kill tumor cells directly by secreting reactive oxygen species
(ROS) and nitrogen radicals [110–112].

At the same time, the photosensitizer TCPP inside the NPs, after being irradiated with
light, can destroy the cancer cells and induces immunogenic cell death (ICD). These dying
cancer cells secrete damage-associated molecular patterns (DAMPs), promote activation
of DCs and initiate an adaptive immune response. Results from animal experiments
confirmed that NK-NPs selectively accumulate in 4T1 tumors and could eliminate primary
tumor growth and produce an abscopal effect (a distant anti-tumor activity induced by
local treatments), and then inhibit distant tumors. Thus, this NK cell membrane-based
method offers a promising strategy for tumor immunotherapy.

5.3. Penetrating the BBB

Treating brain tumors with drugs is extremely difficult because the BBB hinders the
delivery of systemic therapies into the tumor. Many strategies have been proposed for im-
proving drug delivery across the BBB [113,114]. Since immunocytes, such as macrophages,
neutrophils, T-cells, and NK cells, use specialized mechanisms to penetrate the BBB without
compromising their structural integrity [115,116], using these immune cells as vehicles to
deliver drugs through the BBB has recently become a research hotspot in this field.

Our group developed aggregation-induced emission (AIE) characteristic nanodots
decorated with NK membranes (NK@AIEdots) for near-infrared-II fluorescence-guided
glioma theranostics [117]. The binding of NK@AIEdots with cell adhesion molecules
(CAMs) on brain microvascular endothelial cells by LFA-1 (lymphocyte function-associated
antigen 1) and VLA-4 (very late antigen-4) on NK cell membranes could trigger an in-
tracellular signaling cascade, which would disrupt tight junctions and reorganize actin
cytoskeletons to form intercellular gaps at the BBB. Then, NK@AIEdots could cross the
BBB through the paracellular pathway. Furthermore, NK@AIEdots could target malignant
glioma cells (U-87 MG) through the receptors (DNAM-1 and NKG2D) on the NK mem-
brane. The sufficient accumulation and high quantum yield of NK@AIEdots, on the one
hand, allow them to perform high contrast and through-skull tumor NIR-II fluorescent
imaging, and on the other hand, create NK@AIEdots-induced localized hyperthermia
effects with laser irradiation, which could effectively inhibit glioma growth.

Figure 2. Schematic illustration of NK cell membrane-cloaked nanoparticles for PDT-enhanced cell membrane immunotherapy [109].
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6. Dendritic Cell Membrane

As the most potent of all professional antigen-presenting cells (APCs), dendritic cells
(DCs) can activate not only resting helper T-cells, but also memory and naive T-cells
[60,61,118–120]. DCs act as immune sentinels that survey the body and collect information
for responding to challenges, and they play a central role in initiating and regulating
adaptive immune responses [121]. The generation of tolerogenic DCs induces anergy
and contributes to tumor cells escaping immune surveillance, so it would be significant
to artificially manipulate DCs to promote T-cells [122]. There are several approaches
used in clinical trials to generate DCs, for example, in vivo expansion of circulating DCs,
differentiation from CD34+ hematopoietic precursors or monocyte precursors, and more
recently, isolation and enrichment of circulating blood DC subpopulations. However,
the clinical efficacy of most of these methods remains unsubstantiated. There is great
potential for the development of a new DC-based cancer immunotherapy. At present, a DC
membrane-based therapeutic method has been developed.

6.1. Activation and Maintenance of Antigen-Specific T-cells

Moon et al. [123] developed nanosized dendritic cell membrane vesicles (DC-MVs)
capable of activating APCs and delivering peptide antigens. DC-MVs successfully led
to maturation of dendritic cells and promoted T-cell survival and proliferation in vitro.
These effects were also observed in vivo, where antigen-specific T-cells adoptively trans-
ferred into mice exhibited greater proliferation after vaccination with DC-MVs and peptide
antigen than after peptide antigen alone. Additionally, vaccination with DC-MVs en-
hanced levels of endogenous T-cell responses against model antigen ovalbumin in an OVA-
expressing tumor model. These results suggest that DC-MVs are a potentially attractive
platform for further development as a peptide-based vaccine for cancer immunotherapy.

Zhang et al. [124] reported on DC-cancer fused membrane-based nanoparticles
(NP@FMs) for targeted tumor therapy. The fused membranes (FMs) not only endowed
NP@FMs with targeting capability to homologous tumors (breast cancer cell line 4T1),
but also provided them with the capability to locate the lymph node and induce immune re-
sponse. NP@FMs could trigger innate immunity and initiate adaptive immunity, they also
could induce death of cancer cells by photodynamic therapy (PDT). Owing to the com-
bination of PDT and immunotherapy, NP@FMs displayed powerful ability to inhibit the
proliferation of distant tumors without radiation exposure. Furthermore, the primary and
distant tumors were almost completely eliminated.

6.2. Intelligent Nano-DCs

Our group developed intelligent nano-DCs (iDCs), which consist of nanoparticles
loaded with photothermal agents (IR-797) and coated with a mature DC membrane. The DC
membrane on the iDCs maintains the antigen presentation and T-cell priming capabilities
of native DCs (Figure 3). The iDCs can enter the lymph node and stimulate T-cells,
which migrate to the tumor site. The activated T-cells reduce the expression of heat
shock proteins (HSPs) in tumor cells, thereby rendering them more sensitive to heat stress.
Adding mild PTT (42–45 ◦C) can enhance the tumoricidal effect. Consequently, dying tumor
cells and surviving immune cells can induce ICD, reinitiate the self-sustaining cycle of
cancer immunity, and contribute to a synergistic anti-tumor effect. Furthermore, unlike the
adoptive transfer of activated DCs, iDCs as a refined and precise system in combination
with DC-based immunotherapy and thermal therapy can be stored long-term and at a large
scale, so they can be applied in different patients [125].
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Figure 3. Schematic illustration of the preparation of intelligent dendritic cells (iDCs) and
the mechanism of synergy between iDCs and mild photothermal-immunotherapy.

7. Conclusions

We have summarized the current research on immunocyte membrane-coated nanopar-
ticles (Table 2). As a new biomimetic drug delivery platform, the immunocyte membrane
covering approach is a feasible way to overcome the limitations of introducing foreign
materials into the immune system by providing a unique biological interface, and would
thus have a wide range of advantages for activating the innate and adaptive immune re-
sponses. The cell membranes discussed herein include those originating from macrophages,
NK cells, T-cells, and dendritic cells. Macrophages are the main component cell of the RES,
so macrophage membranes can help nanoparticles escape the phagocytosis of RES perfectly.
In addition, some specific receptors and adhesion molecules can guide nanoparticles cam-
ouflaged with macrophage membranes to inflammatory and tumor sites. NK membranes
can guide particles to target tumor sites and cross the BBB by a well-established and unique
set of receptors expressed on the surface of NK cells. T-cell membranes display some
distinctive properties, including binding to neoantigens and displaying specific receptors,
which endow biomimetic nanoparticles with immune escape and good targeting abilities.
Modified DC membranes enable the membrane-based nanocarriers to present antigens
and then activate T-cells. Moreover, by combining with other therapeutic agents such
as chemotherapeutic drugs or photosensitizers to treat tumors, cell membrane-coating
approaches could enhance cancer therapy.

However, there are some critical issues that must be addressed for the further devel-
opment and translation of immunocyte membrane-based nanocarriers. First, there is an
urgent need for a standard protocol to guide the preparation of immunocyte membrane-
based carriers, owing to the difficulty of controlling the parameters of natural materials.
Since the functional proteins on cell membranes are susceptible to inactivation, the ex-
traction of cell membranes needs to be done carefully. The whole membrane extraction
mainly includes cell lysis, removal of intracellular contents, purification of membranes,
and coating cell membrane onto nanoparticle core. The detailed preparation parameters
vary according to the cell type. To generate cell membranes-derived nanoparticles with
reproducibility and scalability, a more standard protocol needs to be proposed to guide the
synthesis of biomimetic nanomaterials.
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Table 2. The functions, advantages and disadvantages of different immunocyte membrane-coated nanoparticles.

Source of Cell
Membranes

Functions Advantages Disadvantages References

Macrophage

Prolonged circulation time;
penetrating the

blood–brain barrier (BBB);
anti-proliferation; tumor
targeting; inflammation

targeting

Immune evasion; targeting
glioblastoma; enhanced

intratumoral penetration

Only targeting to
limited types of tumor [66–82]

T-cell
Prolonged circulation time;
targeting to specific tumors

through TCRs;

Dual-targeting; improved
tumoritropic accumulation

of drug

MHC Restriction; only
targeting to limited

types of tumor
[92,95]

NK cell

Prolonged circulation time;
tumor targeting;
penetrating the

blood–brain barrier (BBB);
M1 polarization and

induction of immunogenic
cell death (ICD)

targeting glioblastoma;
broad spectrum tumor

targeting

Limited multiplication
of primary NK cells [108,109,117]

DC
Antigen-presenting; tumor

vaccine; promote T-cells;
lymph node targeting

Activation and maintenance
of antigen-specific T-cells;
providing immunological
co-stimulatory molecules

MHC restriction; [123–125]

Second, more researchers should study the integrity of membranes on artificial parti-
cles in vivo. The incomplete membrane may lead to the exposure of naked nanomaterials,
which in turn may affect the biological effectiveness of cell membranes-derived nanoparti-
cles. There are no relevant research data concerning the extent to which the non-integrity
of cell membrane actually affects the function of cell membranes-derived nanomaterials.
Therefore, more research should be done in the integrity of membranes on nanoparticles.

Third, measures should be taken to further transform and functionalize immunocyte
membranes to broaden the application of membrane-derived nanoparticles. These meth-
ods, such as membrane hybridization, lipid insertion, metabolic engineering, and genetic
modification, would contribute diverse functions in a nondisruptive fashion while preserv-
ing the natural function of the cell membranes. In addition, Immunocyte-derived exosomes
also are considered to be very promising system for drug delivery and are receiving a great
deal of attention due to their naturally biocompatible characteristics [126]. The exosomes
based on monocytes and macrophages could prolong blood circulation time and avoid
immune phagocytosis [127]. DC-derived exosomes show attractive application prospects
in vaccine delivery, and they have been proven safe in multiple phase I trials in different
types of cancers [128]. Nevertheless, the difficulty in purifying exosomes maybe restrict
their large-scale application.

Finally, the biological safety of immunocyte membranes in nanoparticles in vivo
should be investigated carefully. First, the accumulation of nanomaterials with a large
proportion in normal tissues can be harmful. Second, mismatch of allogeneic MHC be-
tween donor and recipient of immunocyte membranes may lead to serious safety prob-
lems. Thirdly, modified membranes may also raise health risks, such as TNF α-binding
macrophage membranes, which maybe induce hyperinflammation.
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Simple Summary: Although multiple meta-analyses on active specific immunotherapy treatment
for glioblastoma multiforme (GBM) have demonstrated a significant prolongation of overall survival,
no single research group has succeeded in demonstrating the efficacy of this type of treatment in a
prospective, double-blind, placebo-controlled, randomized clinical trial. In this paper, we explain
how the complexity of the tumor biology and tumor–host interactions make proper stratification of a
control group impossible. The individualized characteristics of advanced therapy medicinal products
for immunotherapy contribute to heterogeneity within an experimental group. The dynamics of each
tumor and in each patient aggravate comparative stable patient groups. Finally, combinations of
immunotherapy strategies should be integrated with first-line treatment. We illustrate the complexity
of a combined first-line treatment with individualized multimodal immunotherapy in a group of
70 adults with GBM and demonstrate that the integration of immunogenic cell death treatment within
maintenance chemotherapy followed by dendritic cell vaccines and maintenance immunotherapy
might provide a step towards improving the overall survival rate of GBM patients.

Abstract: Immunotherapies represent a promising strategy for glioblastoma multiforme (GBM)
treatment. Different immunotherapies include the use of checkpoint inhibitors, adoptive cell thera-
pies such as chimeric antigen receptor (CAR) T cells, and vaccines such as dendritic cell vaccines.
Antibodies have also been used as toxin or radioactive particle delivery vehicles to eliminate target
cells in the treatment of GBM. Oncolytic viral therapy and other immunogenic cell death-inducing
treatments bridge the antitumor strategy with immunization and installation of immune control over
the disease. These strategies should be included in the standard treatment protocol for GBM. Some
immunotherapies are individualized in terms of the medicinal product, the immune target, and the
immune tumor–host contact. Current individualized immunotherapy strategies focus on combina-
tions of approaches. Standardization appears to be impossible in the face of complex controlled trial
designs. To define appropriate control groups, stratification according to the Recursive Partitioning
Analysis classification, MGMT promotor methylation, epigenetic GBM sub-typing, tumor microenvi-
ronment, systemic immune functioning before and after radiochemotherapy, and the need for/type
of symptom-relieving drugs is required. Moreover, maintenance of a fixed treatment protocol for
a dynamic, deadly cancer disease in a permanently changing tumor–host immune context might
be inappropriate. This complexity is illustrated using our own data on individualized multimodal
immunotherapies for GBM. Individualized medicines, including multimodal immunotherapies,
are a rational and optimal yet also flexible approach to induce long-term tumor control. However,
innovative methods are needed to assess the efficacy of complex individualized treatments and
implement them more quickly into the general health system.

Keywords: GBM; newcastle disease virus; modulated electrohyperthermia; dendritic cell vaccination;
clinical trial; individualized multimodal immunotherapy
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1. Introduction

Cancer is the second leading cause of death, accounting for about 1 in 6 human deaths.
Worldwide, in 2018, about 9.6 million deaths were due to cancer [1]. Between 2013 and
2017, the cancer death rate (mortality rate) in the US was 158/100,000 individuals per
year. The rate of new cases (incidence) in a similar period was 442/100,000 individuals per
year [2]. Intensive preclinical and clinical research is being performed to find solutions. In
some domains, like pediatric hemato-oncology, major progress has been realized towards a
cure through systematic randomized controlled clinical trials (RCTs). In each trial, a new
experimental arm is assessed versus the best current treatment as the control arm [3,4], in
combination with careful monitoring of (long-term) side effects [5].

Despite being an orphan disease, brain tumors are the leading cause of cancer death in
males aged 20 to 39 years and the fourth most common cause of cancer death in females in
the same age range [6]. Glioblastoma Multiforme (GBM) is the most frequently diagnosed
malignant brain cancer in adults and has the worst prognosis [7,8]. The cause of GBM for-
mation is not known. Ageing that progressively suppresses normal immune surveillance
has been mentioned to contribute to GBM cell initiation and/or outgrowth [9]. Irradiation
is certainly a cause for GBM formation, and the prognosis of a second malignant GBM
is extremely poor [10]. Long-term exposure to higher doses of non-ionising irradiation
has been associated with the formation of GBM [11]. Finally, viral infections like CMV
(variants) have been mentioned as being potential triggers for GBM formation [12]. The
classic pillars of treatment for GBM nowadays are neurosurgery, radiochemotherapy, and
maintenance chemotherapy [13,14]. In recent years, the standard of care has not changed.
Intensive research in different domains has been performed to improve the prognosis
of GBM patients, including research in tumor-treating fields, anti-angiogenic treatments,
targeted therapies, oncolytic virus therapy, and immunotherapies. The latter term cov-
ers different approaches, like restorative immunotherapy, modulating immunotherapy,
passive immunotherapy, adoptive immunotherapy, and active-specific immunotherapy
with vaccines [15]. For the development and production of mostly personalized cell-based
therapies, Good Manufacturing Practice (GMP) facilities are required.

On the occasion of a regulatory audit in July 2019, in connection with the installation
of a new GMP facility at the Immune Oncologic Centre in Köln (IOZK, www.iozk.de)
and the running GMP-compatible production of IO-Vac® Dendritic cell (DC) vaccines, a
discussion was raised with respect to RCTs within the spectrum of delivered individualized
multimodal immunotherapy (IMI) activities. The background of this question is a subject of
current global debate regarding the future use of controlled RCTs to obtain evidence of the
efficacy of immunotherapies. This was exemplified by the symposium organized in Brussels
on 22 April 2020, entitled “are randomized trials obsolete?” [16]. On 27 May 2015, the IOZK
received a certificate of GMP manufacturing compliance (DE_NW_04_GMP_2015_0030)
and approval to produce specific autologous anti-tumor DC vaccines for intradermal
injection (DE_NW_04_MIA_2015_0033). Since then, multimodal immunotherapy has been
implemented in several domains of cancer. Both certificates were renewed on 20 May 2020
(i.e., DE-NW-04-GMP-2020-0054 and DE-NW-04-MIA-2020-0017).

The IOZK is a translational immune-oncology center specializing in the fast translation
of emerging novel insights derived from multiple domains of immunotherapy into clinical
applications for use on a compassionate basis (“Individueller Heilversuch”) for patients
with cancer. The key medicinal product is IO-Vac®, which is an approved Advanced
Therapy Medicinal Product (ATMP). The IO-Vac® vaccine consists of autologous mature
DCs loaded with autologous tumor antigens and matured with danger signals including
the Newcastle Disease Virus (NDV). Over the years, the IOZK has established its value
for the treatment of cancer patients. Several case reports and retrospective analyses of
patient groups have been published [17–20]. For the current retrospective analysis, the
database was fixed at 28 June 2020, including all records registered from 1 June 2015 to
31 May 2020. Over this 5-year time period, 1456 medical records were initiated at the
IOZK. The patients came from 69 countries (with 46% from Germany). From this group
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of patients, 1098 patients agreed to go through an immune-oncologic evaluation and
immunodiagnostic blood sampling in order to study the cell numbers and functioning
of their immune compartment, the tumor–host immune interactions, their general health
status, and their infection status. Ultimately, 651 were able to, and individually consented
to, starting multimodal immunotherapy, after being extensively informed about all aspects
of the treatment. These patients belonged to all categories of cancer disease. The three
most frequent cancer disease categories were neuro-oncology (42%), digestive oncology
(18%), and breast cancer (11%). The domain of neuro-oncology represents almost half of all
patients effectively treated at the IOZK. This group of patients is still a very heterogeneous
group, including multiple types of brain cancer disease, and including patients at different
stages of disease. From the 276 patients, 171 patients (62%) were recorded as having GBM.

Based on this large number of patients and the presence of extensive preclinical,
translational, and clinical expertise in immunotherapy for GBM, the discussion about the
challenges in setting up RCTs for immunotherapy herein will be focused on IMI for GBM,
in particular to demonstrate why RCTs to prove the efficacy of this type of treatment are
lacking, despite several meta-analyses pointing to a significant shift in overall survival (OS)
rates due to the use of active specific immunotherapy with DC vaccines [21–25]. We aim to
discuss this complex problem by reviewing the literature (Sections 2–7). Afterwards, we
illustrate elements from this narrative review with our own data obtained by a retrospective
analysis of our patient records (Sections 8–10).

2. Current Anti-Cancer Treatment Strategies for GBM

GBM is one of the leading causes of death due to cancer in humans and is a major
burden for the community [26,27]. Earlier, in the period of poor imaging possibilities,
neurosurgery was the only treatment for GBM, and this was mostly performed to make
pathological diagnoses and to temporarily relieve symptoms. Only during the last century
other treatment modalities became available, of which radiotherapy was the first approach.
Radiotherapy became part of the standard care for GBM in the 1940s. The authors could
not find any RCTs from that period. Evidence of the efficacy of radiotherapy was certainly
created by the demonstration of a dose–response relationship [28]. An RCT, including
radiotherapy, chemotherapy, or best available care for anaplastic astrocytoma, was realized
around the same period, clearly demonstrating the effect of radiotherapy on OS [29]. Ra-
diotherapy was shown to improve the median OS of GBM patients by some months, and
60 Gy appeared to be the most efficacious and safe dose [30]. More recently, chemother-
apeutic agents and combination treatments have been implemented. The addition of
temozolomide (TMZ) during radiotherapy, followed by TMZ maintenance chemotherapy
(TMZm), further improved the median OS (again, by some months). Proof of evidence was
generated through a prospective RCT. In this trial, patients were stratified by World Health
Organization (WHO) performance status, type of surgery, and institution [13]. Later on,
the data were presented according to an adapted Recursive Partitioning Analysis (RPA)
classification, which included age, WHO performance status, extent of surgery, and mental
status as variables, resulting in Class III, Class IV, and Class V patients [14].

The MGMT promotor methylation status of the tumor was rapidly recognized as a
key factor in the efficacy of TMZ [31]. Retrospective analyses of available MGMT promotor
methylation data in relation to the survival data in the RCT have shed new light on such
data [14]. The progression-free survival (PFS) benefit attained through the addition of
TMZ to surgery and radiotherapy lost its significance in MGMT promotor unmethylated
patients, and the gain in median OS was only 0.8 months (i.e., 24 to 25 days), albeit still
being significant. Although the results of the original prospective RCT were published 15
years ago, this so-called Stupp regimen is still the standard of care world-wide for both
MGMT promotor-methylated and unmethylated patients. Due to its major effect, even
in multivariate analyses, the MGMT promotor methylation status has become part of the
in/exclusion criteria for RCTs or is used in the stratification of the randomization. Step
by step, more insight into the transcriptomic and genomic dimensions were found, and
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GBM molecular stratification appeared, pointing to EGFR, NF1, and PDGFRA/IDH1 as
playing roles in triggering intracellular pathways but also in influencing the response to
anti-GBM treatments, formation of the tumor microenvironment, and tumor spread [32]. A
further molecular biological analysis including epigenetic profiling unraveled at least six
sub-types of GBM, all having different disease characteristics and prognoses [33].

Radiotherapy and chemotherapy treatment modalities are directed against the cancer
itself, but cause acute and long-term side effects to the body. These treatments might,
however, also have important effects on the immune system. It is already well-known that
neurosurgical removal of the tumor transiently “relieves” the systemic immune system
from tumor-induced immunosuppression [34], which returns upon disease progression [35].
Both radiotherapy and TMZ have effects on inflammation and the systemic immune
compartment but may also influence the tumor microenvironment [36–40].

The improvement in therapeutic approaches has been paralleled by improvements
in imaging technologies. Furthermore, knowledge of the molecular biology domain has
increased rapidly, thereby introducing new approaches to the development of targeted
treatments with less toxicity. A whole series of targeted therapies have been investigated for
GBM, as single drugs in relapsed patients or as add-ons to the Stupp regimen [41–46]. Fast
molecular biological diagnostic procedures and initiation of adapted drug combinations
have opened the door to so-called personalized medicine. For the first time, a particular
tumor entity is no longer treated according to pre-designed treatments or study protocols
but may become adapted to the individual tumor biology profile of each individual patient.
Along the same line, targeted therapies can be implemented to treat any type of cancer,
regardless of where in the body it started or the type of tissue from which it developed,
pointing to the term “tumor-agnostic treatment” [47].

3. Challenges for RCTs

RCTs, originally conceived as a study concept by Sir Austin Bradford Hill (who also
developed the criteria for determining a causal association) and applied for the first time in
1948 [48], aim to control for selection bias and allocation bias by balancing patient groups
based on known and unknown prognostic factors. Blinding further reduces experimenter
and subject biases. The study methodology allows the efficacy of an intervention under
investigation to be demonstrated with the greatest amount of evidence in a defined patient
population compared to a control population without this particular intervention. RCTs
are the gold standard for proving the efficacy of an intervention. Nevertheless, over the
years, research has neglected the additional value of observational studies, demonstrating
the effectiveness of interventions [49–54].

Evolution towards the personalization of medicine is challenging for classic RCTs,
especially when related to GBM [55]. Stratification is a requirement to avoid differences
between patients treated in an experimental arm versus patients treated in a control arm.
The need for larger patient groups has resulted in longer recruitment periods and more
expensive clinical trials. The rapid introduction of new drugs has forced clinical researchers
to form innovative statistical designs for clinical trials, such as Continual Reassessment
Method designs, Sequential Multiple Assignment Randomized Trial designs, and Multi-
Arm Multi-Stage clinical designs [56].

At present, most (if not all) single-drug-targeted therapy trials for GBM have failed [57],
and a new challenge has emerged. Indeed, GBM is a mixture of different tumor cell clones,
including glioma cancer stem cells, and there are dynamic changes in emerging and
disappearing clones during the course of the disease and in relation to the treatment(s)
given [58,59]. Keeping a patient under a fixed treatment protocol over time, eventually in
clinical trials, to treat a dynamically and rapidly changing deadly tumor might no longer
be considered appropriate in light of advances in modern medicine. Much more effort
should be put into studies on liquid biopsies in patients with GBM [60]. These tests should
be performed repeatedly during treatment in order to monitor changes in tumor biology
during treatment, as has been shown for other cancer diseases [61].
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Inflammatory reactions occurring in the context of immunotherapy might necessitate
medical intervention, such as the use of steroids or Bevacizumab, for a short period of
time. Due to the deadly nature of the disease, changes over time should be taken into
account when treating the patient using a study protocol. Such changes during the protocol
might induce drop-out of the trial, which is—from a medical perspective—an emotional
burden for the patient. Otherwise, changes in treatment have to be taken as data within the
protocol, which creates statistical conflicts with the control group of patients, who must
then be treated differently.

One of the particular statistical challenges in demonstrating the efficacy of an active
specific immunotherapy is the need to assess the increase of percentage long-term OS,
rather than the shift of PFS [62], the latter being the usual primary read-out for testing
new drugs in late stage phase II RCTs. A phenomenon of GBM pseudo-progression due
to immunotherapy makes the read-out of PFS virtually impossible. Similar to the change
in using the MacDonald’s criteria [63] to the RANO criteria [64] to define progression at
a time when TMZ was implemented in routine clinical treatment, iRANO criteria have
been developed to assess the progression of GBM disease in the context of immunother-
apy [65,66]. The increase in the percentage of long-term OS due to DC vaccines as a
primary read-out necessitates the use of a much higher number of patients in a RCT, as
compared with examining a shift in the median PFS, to yield results showing a significant
difference with high enough power. Still, long-term OS is the only relevant read-out from
immunotherapy trials.

4. Immunotherapy for GBM

Immunotherapy was called a “break-through for cancer” by Science in 2013. In 2011
and 2018, Nobel Prizes for Medicine were devoted to researchers who discovered impor-
tant insights into the use of immunotherapy for cancer. At present, immunotherapy is
definitively an important pillar in anticancer treatment in general, including GBM. Im-
munotherapy is a very broad term, comprising several technologies. Immunomodulation
with checkpoint inhibitors is considered to belong to the domain of tumor-agnostic treat-
ments [47]. Immunotherapies generally do not point to the molecular biological character-
istics inside tumor cells, but, rather, to the surface of tumor cells, including a heterogeneous
number of known and unknown tumor antigens [67] and immune costimulatory and
inhibitory molecules on the surface [68–70], as well as the production of cytokines and
chemokines that influence the immune system and the inflammatory response [71]. Terms
like “cold” versus “hot” tumors, describing differences in lymphocyte infiltration in the
tumor microenvironment, have become highly relevant [72]. The tumor mutational burden
might be related to the presence of more or less tumor antigens on the surface [73,74].
Some genetic abnormalities, such as the p53 mutation, affect the extent of the expression
of MHC molecules on the tumor cell surface [75]. An immunogram is created using the
tumor foreignness, general immune status, immune cell infiltration, absence/presence
of checkpoints, absence/presence of soluble inhibitors, absence/presence of inhibitory
tumor metabolism, and sensitivity of the tumor to immune effectors [76]. The recognition
that almost half of GBM tumors consist of cells belonging to the myeloid compartment
(e.g., M1/M2 macrophages, tumor-associated macrophages, myeloid-derived suppressor
cells, microglia) makes the understanding of the response to treatment and the ultimate
outcome of patients more difficult [77,78]. Overall, the tumor microenvironment can be
categorized into three functional sub-types that play significant roles in the outcomes of
patients [79]. Interestingly, Hallaert et al. [80] also observed that the connection of GBM
to the sub-ventricular zone appears to be a novel, independent risk factor leading to a
worse prognosis. An association between sub-ventricular zone contact and markers related
to the epithelial–mesenchymal transition was discovered [81]. Moreover, there is a defi-
nite influence of the tumor and the response to treatment on the systemic immune and
inflammatory compartments [34]. Finally, steroids, radiotherapy, and chemotherapy all
influence antitumor immune responses [39]; this, again, differs from patient to patient. A
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strong correlation was found between OS and the systemic immune profile after neurosur-
gical resection and after radiochemotherapy when the extent of resection and timing of
immunotherapy were taken into account [40].

5. Risk Factors and Levels of Personalized Medicine

All in all, in addition to the clinical risk profile, the intracellular molecular biology,
and the epigenetic profiling of tumor cells, the anatomic location of the tumor, tumor–host
interactions in the tumor microenvironment, the systemic immune system, the combination
treatment design and the reaction of the body, and dynamic changes in the tumor should
be taken into account and used as mandatory stratification tools in the design of RCTs with
experimental versus control groups (Table 1). Some of these have been included in novel
molecular RPA classification (GBM-molRPA) systems [82].

Table 1. Risk factors for stratification in randomization or for in/exclusion criteria.

1. Recursive Partitioning Analysis (RPA) clinical classification
• Grading
• Extent of resection
• Age
• Karnofsky performance index
• Mental status
• Dose of radiotherapy
2. Molecular biology of tumor
• Tumor mutational burden
• Epigenetic sub-typing
• Molecular machinery of tumor cell clones
• Metabolic features of tumor
3. Load of glioma cancer stem cells in connection to periventricular zones of the brain
4. Tumor–host immune reaction
• Tumor antigen expression
• Check point expression
• Inflammatory response, M1/M2 balance, Tumor-associated macrophages,

myeloid-derived suppressor cells, microglia reactivity
• T-cell infiltration
• Vascularization and oxidative stress
5. Systemic immune compartment
• Cell numbers under standard of care treatment
• Th1/Th2 balance
• Presence of Treg
• Presence of MDSC
• Level of natural killer cell reactivity
6. Systemic treatments outside standard of care
• Steroids
• Anti-angiogenic drugs
• Complementary medicines

Immunotherapy covers many treatment modalities. Some of these treatment modali-
ties, such as cytokines, are not personalized to each patient. Other drugs, like antibodies, are
themselves not personalized, but are directed against personalized targets on the tumor cell
surface. For adoptive cell therapies with chimeric antigen receptor (CAR) T-cells or T cell
receptor-transduced T-cells, both the ATMP itself and the target are personalized [83–85].
In the domain of active specific immunotherapy with vaccines, the vaccine itself can be an
individual product at the level of the antigen carrier (like autologous DCs) and/or at the
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level of the antigen, such as tumor-derived antigens and, especially, highly individualized
tumor-specific epitopes [86–88]. Extensive individualization of the treatment drug and
target makes the design of a homogeneous experimental arm versus control arm very
challenging. By introducing immunotherapy into a first-line treatment combination, new
dimensions of personalization for the treatment of GBM have become clear (Table 2).

Table 2. Levels of personalized medicine for Glioblastoma Multiforme (GBM).

1. Molecular biology of tumor
• Tumor mutational burden
• Epigenetic sub-typing
• Molecular machinery of tumor cell clones
• Metabolic features of the tumor
2. Tumor–host immune reaction
• Tumor antigen expression
• Check point expression
• Inflammatory response, M1/M2 balance, TAM, MDSC, microglia reactivity
• T-cell infiltration
• Vascularization and oxidative stress
• Load of glioma cancer stem cells in connection to periventricular zones of the brain
3. Immune reactivity against the tumor
• Th1/Th2 balance
• Presence of Treg
• Presence of MDSC
• Level of NK cell reactivity
4. Reaction of the immune system upon other treatments
• Sensitivity to radiotherapy
• Sensitivity to chemotherapy
• Use of steroids
• Use of anti-angiogenic drugs
5. Response to treatment
6. Immunotherapy components
• Tumor antigens
• Patient-derived cell products

Overwhelming evidence of the efficacy of DC vaccination for GBM has been presented
in preclinical models [89–101], as well as in phase I and early phase II non-controlled clinical
trials [88,102–164]. The observation of long-term OS in patients after DC vaccination,
noting that the intervention abruptly changes the 100% lethality of disease, has generated
strong evidence of its efficacy. Several meta-analyses have demonstrated a significant
improvement in long-term OS when GBM patients were treated with DC vaccines as
compared with patients given a control treatment [21–25]. Of note, the latter meta-analysis
also demonstrated a lack of additional toxicity due to immunotherapy in comparison with
the standard of care. This means that the set-up of new phase I or phase IIa clinical trials is
no longer innovative.

As has already been pointed out for the changes in molecular sub-clones over time
during treatment, evidence that tumor–host immune interactions can also change over time
has been obtained. Examples are the downregulation of specific target antigens [165] or the
upregulation of PDL1 on tumor cells, allowing them to escape from immune attack during
immunotherapy [19]. Dynamic changes in the expression of tumor-associated antigens and
immunosuppressive factors in the tumor microenvironment during treatment have also
been described [164].
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6. Current Landscape

On 12 October 2020, we performed a search of Clinicaltrials.gov using the terms
“dendritic cell”, “interventional studies” “glioblastoma”, and “interventional phase 2 phase
3 phase 4”. Twenty-nine studies were available, with 12 of them reporting to be recruiting
(Table 3). Seven of these studies were RCTs, with six having OS in the read-out analysis.
Only one study (NCT04277221) was a phase 3 study. NCT03395587, NCT04115761, and
NCT01567202 integrated DC vaccination into the primary standard of care for IDH1wt
GBM. Similarly, NCT03548571 integrated DC vaccination into the primary standard of
care, but only for MGMT promotor non-methylated patients. The RCTs NCT02465268 and
NCT03688178 integrated DC vaccination into the standard of care, but did not mention the
requirement of IDH1 wild-type status.

Hence, at the moment of writing, seven RCTs are recruiting and studying DC vaccina-
tion for patients with initial diagnosis of GBM. None of these studies mentioned further
stratification. The median number of patients used for randomization was 106, ranging
from 24 to 136. Nevertheless, based on the analysis above, stratification at multiple levels
(as summarized in Table 1) should be used in order to design a proper control group.
Such stratification affects the number of patients recruited, and this number seems, in all
running trials, to be too small to yield a significant difference with sufficient power in the
efficacy of DC vaccination to increase the percentage of patients with long-term OS versus
an appropriate control group.
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7. Non-Scientific Challenges

In the design of larger RCTs with a control arm, clinical researchers have run into new
problems. GBM is a deadly disease. The first interest of the patient is the prolongation of
a good-quality life. As DC vaccination has already been shown to significantly prolong
long-term OS with a good quality of life, it eventually became unethical to prevent patients
in the control arm from being given this innovative fourth anti-GBM immunotherapy
modality. Therefore, some RCTs published with PFS as the primary endpoint used a cross-
over protocol from the control group to the DC vaccination group, either structurally within
the trial design (EudraCT 2009-018228-14) [151] or after reaching the primary end-point
(NCT00045968) [160]. By doing so, the OS assessment was, in fact, no longer controlled.
In the former study, stratification of RPA classification was used. In the latter study,
stratification for MGMT methylation was used.

It is notable that the three largest RCTs initiated to date have faced huge logis-
tic/financial problems, as follows: (1) The EudraCT 2009-018228-14 trial aimed to include
146 study objects but was abruptly closed by the sponsor after the inclusion of 135 pa-
tients. The reasons for this were kept confidential. Nevertheless, the scientific data were
made available, were extremely well-documented, and were partially transferred onto
the platform of the EU Project Computational Horizons in Cancer (www.chic-vph.eu).
Data on 132 patients were finally brought into a new study, named the Glioma Translat
Study, and published [166,167]; (2) NCT00045968 was designed to include 348 study objects
with PFS as the primary read-out and OS as the secondary read-out. Eighty sites in four
countries were used for recruitment. The study screened 1268 patients and ended up with
331 randomizations into the main study [160]. Patient recruitment was initiated in 2007
but was paused from 2009 to 2011 for economic reasons. The final patient was enrolled in
November 2015. This resulted in a recruitment period of nine years, an effective inclusion
period of six years, and a mean of four patients per recruiting site at an effective rate of less
than one patient per year per site. Five years later, at the time of writing, the final results
regarding the randomized data collected on these patients and the answer to the primary
question (PFS) have not yet been published; (3) NCT02546102 suspended further patient
randomization due to financial reasons [168]. It is not clear how many patients had already
been recruited into the trial.

Finally, patients have started searching on blogs and in social media communities for
solutions to surviving GBM. An impressive list of complementary medicines and diets
is available and freely accessible to patients. Some of these complementary medicines
surely influence the course of the disease or the reactivity of the host [169–173]. It seems
impossible to control for this when setting up and running RCTs at present.

8. Individualized Multimodal Immunotherapy for GBM

Two conclusions have become clear: (1) Individualized treatment at multiple levels,
with strategies that follow the dynamic changes in both the tumor and host (e.g., immu-
nity, inflammation) during treatment, is needed for the treatment of GBM; and (2) IMI is
becoming part of the first-line treatment for GBM, integrated into the standard of care.
The potential inherent immunization component of standard anti-GBM strategies (e.g.,
neurosurgery, radiotherapy, and chemotherapy) and the proven induction of immunogenic
cell death (ICD) through the use of innovative anti-cancer treatments (e.g., modulated
electrohyperthermia, oncolytic virus therapy) [174,175] should be exploited and strength-
ened with active immunization strategies and further optimized with immunomodulatory
strategies in the context of optimized complementary medicine. Only broad and long-term
immune control over GBM is able to induce long-term OS. The rationale of such a strategy
has been published [176]. In Sections 8–10, we aim to illustrate several elements discussed
in the former narrative review with observational data obtained by a retrospective analysis
of our own patient records. Over the years, we have developed a multistep treatment
approach, in which ICD is induced by the combination of bolus injections with NDV
and modulated electrohyperthermia (mEHT) integrated as an add-in treatment during
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the alkylating mode of tumor cell killing induced by TMZm chemotherapy, followed by
IO-Vac® DC vaccination, in order to actively induce an antitumor immune response in com-
bination with individually adapted immunomodulatory strategies. Finally, ICD treatment
is maintained with immunomodulation [19].

Of the 171 recorded patients with GBM in the IOZK database, 90 patients (53%)
received IMI in combination with first-line treatment for compassionate use (“individueller
Heilversuch”). For the current retrospective analysis, we excluded all patients below
18 and above 75 years of age, patients with a proven pre-history of low-grade glioma
and/or proven IDH1 mutation, patients with proven histone mutations, and patients with
radiotherapy-induced GBM as a second malignancy, leaving 70 patients for analysis.

The final patient group consisted of 70 patients (33 females, 37 males). The median
age of the patients was 50 years (range 18–69 years). The median Karnofsky performance
index score was 90 (range 50–100). Clinical patient characteristics are shown in Figure 1.
The patients presented for immune diagnostic blood sampling at IOZK at a median of
three months after operation (range 0.5–23 months); hence, most sampling was done after
radiochemotherapy. General blood counts and immune cell counts and functioning, as
analyzed in the routine clinical laboratory, are shown in Figure 2A. A large proportion of
patients were lymphopenic at that time—caused by the radiochemotherapy—a finding
compatible with published data [39].

Figure 1. Clinical characteristics of the patients. Seventy adults with primary GBM receiving first-line
standard of care in combination with individualized multimodal immunotherapy were included in
this retrospective analysis: (A) age distribution; (B) distribution of Karnofsky performance index
scores; (C) reported resection (number of patients); and (D) reported location (number of patients).
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Figure 2. Immune variables before the start of immunotherapy. (A) Before the start of individualized multimodal
immunotherapy, blood was drawn and sent to the routine clinical lab for analysis. Different immune variables are shown.
The percentages of patients with values above (blue), within (normal, green), or below (red) the normal range are shown.
(B) Blood was also sent to Biofocus in order to detect circulating tumor cells based on mRNA expression of GBM-related
oncogenes. When cells were detected, the RNA expression for PDL1 was subsequently analyzed and cells were defined as
negative (yellow) or positive (red) for the expression of mRNA for PDL1.

The MGMT promotor methylation status of the resected tumor was documented
in 52 cases, from which 32 patients were categorized as unmethylated. In 67 patients,
the presence of circulating tumor cells (CTCs) was investigated at the time of immune
diagnostic blood sampling. Blood samples were sent to Biofocus (https://www.biofocus.
de/) for analysis. In 28 patients, no CTCs were detected. CTCs were detected in 39 patients,
based on the presence of large cells with mRNA expression for specific oncogenes (EGFR,
ERBB2, C-kit, and Telomerase) above a cut-off in comparison with house-keeping mRNA
expression. In nine patients, mRNA expression for PDL1 was above the cut-off value of 2
(Figure 2B). In 11 patients, increased mRNA expression for MGMT was observed, of which
seven patients were histologically classified as being MGMT promotor unmethylated,
while three patients were classified as being methylated (one patient had an unknown
histology result). For 16 patients who had CTC without increased mRNA for MGMT, six
samples matched with a histologic classification as MGMT promotor methylated, while
nine samples mismatched with the histologic classification and were classified as MGMT
promotor unmethylated. It should be noted that the categories for both histology-based
MGMT promotor methylation and the mRNA expression of MGMT in CTCs were derived
from continuous variables linked with methylated versus unmethylated status. Moreover,
GBM might depict heterogeneity for MGMT promotor methylation, such that histology
sampling errors cannot be excluded. Finally, the presence of CTCs was investigated at a
median of three months after operation, thereby potentially illustrating clonal evolution
during the first period of radiochemotherapy.

To further illustrate the biological evolutions that occurred during treatment, we
looked at the evolution of mRNA expressions in CTCs for the oncogenes EGFR, ERBB2,
C-kit, and Telomerase, as well as the mRNA for MGMT and PDL1 over time. For this,
available data on mRNA expression in CTCs were sampled and put on a time line for each
patient starting from neurosurgery. As mentioned earlier, the patients started immunother-
apy at different time points and were treated individually. This is reflected by the use of
an individual monitoring schedule for each patient. Figure 3A shows the evolution of the
EGFR mRNA expression over time for individual patients. Changes in mRNA expression
were only observed in three patients. On the contrary, as shown in Figure 3B, mRNA
expression for ERBB2, C-kit, Telomerase, MGMT, and PDL1, in comparison to mRNA
expression for the house-keeping gene NADPH, clearly changed over time and was often
visible around the appearance of relapse. As an example, the mRNA expression for PDL1
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in the CTCs of patients 22,731 and 23,346 was low at the start of immunotherapy treatment.
These values, however, increased during treatment and were ultimately accompanied by
relapse. Patient 23,346 was treated with pembrolizumab. Patient 24,005 also had a very
high level of mRNA expression for PDL1 when the CTCs became positive for the first time.
This patient also received four doses of pembrolizumab, after which the CTCs became
negative for the PDL1 marker. These descriptive data indirectly demonstrate the possible
relative changes in sub-clones during the disease process, which might contribute to the
occurrence of relapse and which might be monitored for timely intervention. GBM is thus
a dynamic tumoral process. The descriptive analysis illustrates the heterogeneity within
these 70 patients at the levels of clinical risk factors, immune variables in the peripheral
blood, and molecular tumor biology data, as well as the dynamic processes occurring in
the molecular biology of the tumor.

The patients received IMI within the first-line treatment. Table 4 shows the details
of the IMI treatment. A median of two (range 0–5) IO-Vac® DC vaccines, 25 (range 0–77)
NDV administrations, and 30 (range 0–77) sessions of modulated electrohyperthermia
were given to each patient. One IO-Vac® DC vaccine consisted of a median of 12.2 × 106

autologous mature IO-Vac® DCs loaded with autologous tumor proteins derived from
tumor lysate (when available and appropriate to the GMP requirements) or obtained as
ICD-therapy-induced, serum-derived, antigenic, extracellular microvesicles, and apoptotic
bodies.

Figure 3. Cont.
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Figure 3. Evolution of oncogene expression in circulating tumor cells. Circulating tumor cells were
measured repetitively in 46 patients. Each patient is referenced with a number on the y-axis. Time
in months is indicated on the x-axis. The scale of the color of each test is shown on the right-hand
side. (A) The level of mRNA expression for EGFR is expressed as the ceq (cell equivalent). Most
of the values are negative (red). However, as indicated by the arrows, some patients showed an
upregulation of EGFR during the disease course. (B) This shows a similar data set-up as in panel A.
For each patient, data on mRNA expression are relative to the house-keeping gene GADPH and are
shown in a particular color, for which the scale is shown on the right-hand side. For each patient, up
to five lines are shown at different moments during the disease course. From top to bottom, values
for ERBB2, c-Kit, telomerase, MGMT, and PDL1 are shown for each patient. Stars indicate new events.
A † indicates when the patient died. An arrow to the right indicates the time at which the patient
was censored in the analysis.

Table 4. Treatment details.

Vaccine Local Hyperthermia NDV DC Total DC/Vaccine

N 69 70 69 70 112
Minimum 0 0 0 0 2,400,000

25%P 1 13 17 6,950,000 8,075,000
Median 2 25 30 20,115,000 12,200,000

75% 2 42 42 34,200,000 19,145,000
NDV: Newcastle Disease Virus.

9. A Case of Complete Remission and Specific T-Cell Response

In our retrospective analysis of these 70 patients, one particular innovative finding
emerged. As the tumor-specific antigens were not known when using tumor lysate or
serum-derived, extracellular vesicles and apoptotic bodies, the immune monitoring in our
clinical setting was not a major focus. Nevertheless, proof of principle of ICD therapy in
combination with TMZ maintenance chemotherapy followed by vaccination with IO-Vac®

DC vaccines loaded with ICD therapy-induced, serum-derived, antigenic, extracellular
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microvesicles, and apoptotic bodies [19] for the induction of a tumor-neo-epitope-specific
immune response was demonstrated in one patient. This 18-year-old patient had an
incomplete resection of a left frontal lobe IDH1 wild-type and MGMT unmethylated
GBM. The tumor mutational burden was low (0.5 variants/megabase), and there was
no evidence for microsatellite instability or germline variants. She was treated with
radiochemotherapy and, subsequently, five cycles of TMZm chemotherapy (Figure 4).
At presentation, her Karnofsky performance index was 90. She was lymphopenic with
279/uL CD3+ T-cells, 78/uL CD19+ B-cells, and 56/uL CD16+CD56+ NK cells. Her NK cell
functioning was below the reference value. She had Th2/Th17 skewing. Her CTCs showed
upregulated expression (3.44) of mRNA for MGMT, which was compatible with the known
unmethylated MGMT promotor status. The expression of mRNA for PDL1 was 1.13 (cut-off
for positivity = 2). She continued treatment for another seven TMZm chemotherapy cycles
combined with 5-day ICD treatments, which were given during each TMZm cycle at days
8 to 12. Afterwards, she received two IO-Vac® DC vaccinations loaded with ICD treatment-
induced, serum-derived, antigenic, extracellular microvesicles, and apoptotic bodies. Later
on, she received two IO-Vac® DC vaccines loaded with tumor-specific peptides based
on the individualized tumor-specific neo-antigen detection tests performed at CeGaT (
www.CeGaT.de). At the time of writing, she receives monthly maintenance ICD treatments
and is still in complete remission. Interestingly, we were able to monitor the tumor antigen-
specific T-cell responses as, in this case, the neo-antigens were known. A first sample was
available after the fifth TMZm cycle, prior to the addition of multimodal immunotherapy.
A second sample was available at the time of blood sampling to prepare the second IO-
Vac® DC vaccine (Figure 4). From the data, it is clear that surgery, radiochemotherapy,
and five cycles of TMZm did not induce a tumor-specific T-cell response. However, the
addition of seven ICD treatments to the last seven TMZm treatments and the first IO-Vac®

DC vaccine loaded with ICD-treatment-induced, serum-derived, antigenic, extracellular
microvesicles, and apoptotic bodies generated a clear tumor antigen-specific CD4+ and
CD8+ T-cell response. The impact of this observation might be meaningful. First, it is not
mandatory to have fresh frozen tumor material to prepare a tumor lysate as an antigenic
source. This avoids the critical challenges of yielding, freezing, transporting, analyzing,
and preparing tumor material within a GMP context. Secondly, and even more importantly,
if molecular subclones can change over time, their antigenic profiles can change as well.
ICD treatment allows the yield of tumor antigens that are expressed within the body at the
time of treatment and makes it possible for the vaccine to immunize against the antigens
that are actually present, instead of tumor antigens identified at the time of tumor resection
prior to radiotherapy and chemotherapy and hence prior to eventual treatment-induced
tumor clone changes.
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Figure 4. Detection of tumor-specific T-cell clones. The treatment timeline for patient 24442 and
its multiple components are shown in the bottom part of the figure. TMZm indicates five days of
temozolomide maintenance treatment in cycles (every 28 days). ICD indicates immunogenic cell
death (ICD) treatment consisting of the combination of five injections with Newcastle Disease Virus
and five sessions of modulated electrohyperthermia. IO-Vac indicates a vaccination cycle including
six ICD treatments and an injection of IO-Vac® DC vaccine, consisting of autologous mature dendritic
cells loaded with ICD-treatment-induced, serum-derived, antigenic, extracellular microvesicles and
apoptotic bodies. IO-Vac-P vaccination cycles are equal to IO-Vac vaccination cycles, but the DCs
are loaded with tumor-specific neo-peptides. The upper part of the curve shows the specific peptide
sequences, the respective gene and coding information, the Novel Allele Frequency (NAF), and the
HLA phenotype. TP1 and TP2 indicate the two respective time points at which T-cells were frozen
for immune monitoring purposes. SI is the stimulation index, the ratio of polyfunctional activated
CD4+ or CD8+ T-cells (positive for at least two activation markers from CD154, IFN-g, TNF, and/or
IL-2) in the peptide-stimulated sample, compared with the unstimulated control. Additionally,
the percentage of activated CD4+ or CD8+ T-cells (positive for at least one activation marker of
CD154, IFN-g, TNF, and/or IL2) above the background and after in vitro amplification is given. This
percentage does not directly reflect the frequencies in vivo. SI ≥ 2: weak response (+); SI ≥ 3: positive
response (++); SI > 5: strong response (+++); SI > 10: very strong response (++++). Peptides 1–3, 4–6,
and 7–10 were pooled for the analysis of TP1. Peptides 9 and 10 were pooled for the analysis of TP2.

10. Results in Term of OS

As we did not have reference radiology for the independent assessment of new
events, given the need to follow the iRANO criteria [65,66] and as OS is certainly the most
important outcome in the context of immunotherapy, we focused on the OS of the patients.
As described earlier in Section 8, the retrospectively analyzed group of 70 patients was
a heterogeneous group of patients. They best reflected adapted RPA class 4 patients, as
published by Stupp et al. [14]. This reference was used as a historical control. Data were
analyzed using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla,
CA, USA, www.graphpad.com). One patient was lost during follow up. The median OS
was 20.03 months (Figure 5A) with a 2-year OS of 38.83% (CI95%: +13.04, −13.25) and a
3-year OS of 31.41% (CI95%: +13.35, −12.55). Patients younger than 50 years (21 MGMT
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promoter unmethylated, 7 methylated, and 7 unknown) had a median OS of 22.07 months,
which was not statistically different from the median OS of 18.07 months observed for
patients older than 50 years (11 unmethylated, 13 methylated, and 11 unknown). We found
MGMT promotor methylation status to be a significant factor (Figure 5B, log-rank test: p =
0.0004): patients (n = 20) with patients with MGMT promotor methylation having a median
OS of 42.85 months versus 11.77 months for patients with unmethylated MGMT promotor
status (n = 32).

Figure 5. OS data: (A) OS data of the total patient group (CI95% values are shown). One patient
out of 70 was lost during the follow up period and (B) the patient group was divided according to
MGMT promotor methylation status—methylated (grey), unmethylated (black), data not registered
(light grey). The p-values show significance using the Log-rank (Mantel–Cox) test.

For 16 patients, local therapy (neurosurgery, radiochemotherapy) was followed by
IMI (Group 1). ICD therapy (the combination of IV bolus injections of NDV together with
mEHT [19]) integrated into the TMZm chemotherapy cycles followed by IO-Vac® DC
vaccines and maintenance ICD therapy was given to 46 patients (Group 2). Eight patients
started with IMI after the last TMZ maintenance chemotherapy cycle (Group 3). The OS
data were significantly different for the three treatment groups: 13.08 months for group
1, 22.46 months for group 2, and undefined for group 3 (median follow-up of surviving
patients: 28.59 months, range 26.3–55.9 months; Figure 6A). The latter likely points to
favorable selection of a small group of patients who experienced no events until after the
end of the maintenance chemotherapy and profited from subsequent IMI treatment. The
median OS of the patients with unmethylated MGMT promotor status was 11.25 months
for group 1 (n = 7) and 18.07 months for group 2 (n = 21), with a 2-year OS of 0% in group 1
versus 17.18% (CI95% +31.65, −15.86) in group 2 (Figure 6B, log-rank test: p = 0.0273). The
median OS of the patients with methylated MGMT promotor status was 42.85 months for
group 2 (n = 15) with a 2-year OS of 66.66% (CI95%: +19.3, −32.96). There were only three
patients in group 1 who had a tumor with MGMT promotor methylation status. Within
treatment group 2, the differences in the OS curve due to MGMT promotor methylation
status were significant (Figure 6C, Log-rank test: p = 0.0036).
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Figure 6. OS data for the treatment groups. As explained in the text, patients were categorized
into three different treatment groups: (A) OS data for the three different patient groups; (B) OS
data for the patients without MGMT promotor methylation belonging to treatment groups 1 (blue)
and 2 (green); and (C) OS data of patients from treatment group 2, divided according to MGMT
promotor methylation status. The p-values show the significance calculated using the Log-rank
(Mantel–Cox) test.

Considering these data and the data published by Stupp et al. [14], patients with
MGMT promotor unmethylated status have no relevant benefit from the addition of
TMZ [14] or from treatment with IMI alone. However, the data from treatment group 2
suggest the potential benefit of the integration of ICD treatment within TMZm chemother-
apy followed by IO-Vac® DC vaccinations, which was found to increase the median OS by
about six months. On the other hand, treatment with IMI after local therapy for patients
with MGMT promotor methylated GBM yielded similar median OS data as treatment with
TMZm chemotherapy, while the integration of ICD treatment with TMZm chemotherapy
followed by IO-Vac® DC vaccinations increased the median OS further—by about 18
months. These data are worth validating in prospective clinical research.

11. Conclusions

In this paper, we reviewed the multiple challenges related to the use of immunotherapy
RCTs for GBM (Sections 2–7) and illustrated these challenges in a retrospective analysis of
GBM patients treated at IOZK (Sections 8–10). GBM treatment is affected by the complexity
of the tumor, the complexity of the immune and inflammatory micro-environment, the
complexity of combined treatment approaches, and the complexity of dynamic changes
occurring within the tumor, the tumor microenvironment, and the immune system. The
set-up of immunotherapy RCTs for GBM is affected by the need for multiple stratifications
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to create an appropriate control group. Both stratification and the read-out of OS necessitate
the use of a large number of study participants. The costs to run such RCTs are related
not only to the Good Clinical Practice (GCP) documentation but also to the production of
the ATMP in a GMP environment. As already mentioned, there has been an abundance
of smaller phase I and phase II single-arm clinical trials, and several meta-analyses have
shown the efficacy and safety of DC vaccination for GBM treatment. The high cost of
non-innovative small RCTs with predicted negative outcomes due to a lack of appropriate
stratification makes them not appropriate at this time due to limited resources. Models
for OS and immunotherapy responses in patients with GBM based on DNA-methylation-
driven, gene-based, molecular classifications and multi-omic analyses may be better tools
for predicting the efficacy individually for each patient [177]. However, patients suffering
today from GBM need better treatments, including the use of first-line immunotherapy to
fight their cancers.

The multimodality of immunotherapy, besides the standard of care, presents a further
challenge to the classic step-wise research methodology used in clinical research. IOZK
aims to contribute to the general knowledge and communicate their gained experiences to
the wider scientific community. The ATMP IO-Vac® DC vaccine has been used as part of
IMI treatment in the framework of “Individueller Heilversuch”. Each patient is treated at
all personalized levels necessary. For each individual patient, the best possible solution for
their medical needs is worked out. Prospective medical research questions on groups of
patients are not generated. Nevertheless, the IOZK aims to repetitively freeze the database
at certain time points and sample patient data to carry out scientifically correct retrospective
analyses. The current analysis suggests that the addition of ICD treatment with NDV and
mEHT during the application of TMZ maintenance chemotherapy, followed by IO-Vac® DC
vaccinations and maintenance ICD treatment, may be beneficial for both MGMT promotor
unmethylated and methylated GBM patients.

A final challenge in the broad implementation of innovative therapies like IMI, given
that its effectiveness has been accepted without the use of RCTs, is the expected cost
versus the length of additional survival. The production of personalized ATMPs under
GMP conditions is expensive. The control over the ATMP quality, and hence over the
costs, belongs to the authorities, who are also responsible for health policies in general.
This topic points to the need for a cost-effectiveness analysis to compare the costs and
outcomes of treatment options. The aim is to ensure the greatest possible health benefits
are attained with a given budget. For macroeconomic considerations, cost-effectiveness
thresholds (CETs) are usually related to the gross domestic product (GDP) per capita [178].
To the best of our knowledge, no representative data related to the integration of IMI
into standard of care treatment of GBM are available. Single studies have appraised the
additional cost of targeted therapies per year of survival if combined with chemotherapy.
In non-small-cell lung cancer, for example, the additional cost for using atezolizumab in
combination with carboplatin/nab-paclitaxel amounts to 333,199 USD per quality-adjusted
life year [179]. Understandably, the respective costs are difficult to calculate and depend
heavily on the type of cancer, the treatment in question, and the parameters used in the
cost-effectiveness study. Accordingly, different methods have been described [180]. What
we can say is that overall spending on cancer drugs has been increasing. For example,
spending on cancer drugs rose from €7.6 billion in 2005 to €19.1 billion in 2014 in the
EU [181]. For some types of cancer, calculations are available. Between 2007 and 2012, the
mean amounts of money spent in the first year after diagnosis was $35,849, $26,295, $55,597,
and $63,063 for breast, prostate, lung, and colorectal cancers, respectively [182]. In view of
the overall increase in costs, even higher expenditure must be expected today. A more recent
study on breast cancer reported the average cost per patient in the year after diagnosis
as being between $60,637 and $134,682, depending on the cancer stage [183]. Newly
approved pharmaceuticals easily cost more than $100,000 US per year. Costs are driven by
various factors that are not proportional to their often modest additional benefits [184,185],
exceeding the cost-effectiveness thresholds. In comparison, the addition of modulated

363



Cancers 2021, 13, 32

electrohyperthermia to dose-dense temozolomide for the treatment of recurrent GBM has
proven to be cost-effective [186]. Taken together, it is methodically difficult to compare the
cost–benefit ratio of the integration of IMI into standard of care treatment. Considering the
far higher overall costs of targeted therapies, one may expect that the ratio would not be
unfavorable.
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Simple Summary: Glioblastoma (GBM) remains the most aggressive brain tumor. Treatment typ-
ically includes surgery and radio/chemotherapy, but in spite of intensive treatment, virtually all
tumors recur within the time-frame of months with insufficient and unsuccessful second line options.
This clinical reality is in contrast to preclinical animal experiments, which often show successful
outcomes of novel immunotherapeutic approaches. This discrepancy is largely explained by the
small number of animal models and their limited capacity to mimic the complexity of the human
disease. Moreover, new treatment options are typically administered as single treatments in animal
models, whereas patients receive them in combination with standard-of-care. In this review, we
provide an overview of the existing mouse models for GBM research and how each of them mimic
(parts of) the human disease spectrum. As such we provide an overview of the advantages and
limitations of the currently available options for in vivo drug testing for GBM.

Abstract: Glioblastoma (GBM) is the most aggressive intrinsic brain tumor in adults. Despite
maximal therapy consisting of surgery and radio/chemotherapy, GBM remains largely incurable
with a median survival of less than 15 months. GBM has a strong immunosuppressive nature with a
multitude of tumor and microenvironment (TME) derived factors that prohibit an effective immune
response. To date, all clinical trials failed to provide lasting clinical efficacy, despite the relatively
high success rates of preclinical studies to show effectivity of immunotherapy. Various factors
may explain this discrepancy, including the inability of a single mouse model to fully recapitulate
the complexity and heterogeneity of GBM. It is therefore critical to understand the features and
limitations of each model, which should probably be combined to grab the full spectrum of the
disease. In this review, we summarize the available knowledge concerning immune composition,
stem cell characteristics and response to standard-of-care and immunotherapeutics for the most
commonly available immunocompetent mouse models of GBM.

Keywords: glioblastoma; immunotherapy; model; animal model; preclinical; murine; immune re-
sponse

1. Introduction

Glioblastoma (GBM), is the most lethal brain tumor in adults, despite all therapeutic
efforts [1,2]. After standard-of-care treatment, consisting of maximal surgical resection
followed by radiotherapy (RT) and adjuvant temozolomide (TMZ), the median overall
survival generally does not exceed 15 months [3–5]. This underscores the unmet medi-
cal need for the development of more efficient treatments. Several immunotherapeutic

Cancers 2021, 13, 19. https://dx.doi.org/10.3390/cancers13010019 https://www.mdpi.com/journal/cancers373
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strategies, such as immune checkpoint inhibitors, cellular therapies and oncolytic viral
therapies, have been explored in GBM [6,7]. However, to date all randomized clinical trials
failed to provide lasting clinical efficacy [8–12], despite the many successes of pre-clinical
studies [13–15]. We are therefore facing an important translational gap.

We believe that the discrepancy between preclinical and clinical results for immunother-
apy in GBM can be explained by several factors, two of which play a pivotal role. First, cur-
rent experimental models probably insufficiently mimic the complex situation in the human
brain and are therefore unable to adequately predict the clinical scenario. In particular, the
immune suppressive tumor microenvironment and its impact on immunotherapy has been
mostly ignored or insufficiently characterized in previous preclinical studies [16,17]. Sec-
ond, preclinical studies have rarely implemented the standard-of-care treatment (surgery,
RT and TMZ) when testing the effect of immune modulators. This issue is particularly rele-
vant for immunotherapy, since conventional treatments can modify the immune biology of
GBM thereby altering the response to additional immunotherapy [8,18–21].

We believe that addressing these two problems would strongly boost the translational
impact of GBM preclinical studies. However, integrating the full standard-of-care in pre-
clinical research is challenging and require specific neurosurgical skills and equipment,
which are not always available. Conversely, preclinical testing with multiple immuno-
competent mouse models in order to better recapitulate multiple aspects of GBM biology
and inter-patient heterogeneity is relatively straightforward. Nevertheless, to this end it is
essential to know all relevant features of the available tumor models [22–29], in order to
make an appropriate evaluation of which are the most adequate for each specific research
question.

In this review, we will summarize the main features of the most relevant immunocom-
petent GBM mouse models (Tables 1 and 2). For each model, we collected the available
information on tumor immunity, cancer stemness, response to standard-of-care treatment
and the effect of immunotherapeutics. The final goal will be to provide a useful tool for
model selection and combination for the preclinical testing of new immunotherapeutic
approaches against GBM.

2. Oldest Available Immunocompetent Mouse Models for GBM

The development and characterization of these oldest models has already been re-
viewed in detail in a previous publication by Oh et al. in 2014 [30]. Therefore, for these
older models we will mainly focus on their most recent developments. An overview of
these mouse models and relevant information can be found in Figure 1 and Table 1.
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Figure 1. Schematic and chronological presentation of the old preclinical immunocompetent mouse
models for glioblastoma with information about stemness, immune cell composition, the effects of
standard of care and the efficiency of immunotherapy. RT: radiotherapy, TMZ: Temozolomide, PD-1:
programmed cell death protein 1, TIGIT: T cell immunoglobulin and ITIM domain, Treg: regulatory
T cell, TAM: tumor associated macrophage, TGF-β: transforming growth factor β, TIM-3: T cell
immunoglobulin and mucin-domain containing 3, LAG-3: lymphocyte activation gene 3, (+) presence
of stem cell populations and/or positive effect of treatment administration, (-) no effect of treatment
administration and (?) data not available in literature.

2.1. GL261
2.1.1. Origins and Tumor Characteristics

This chemically induced model was first developed in 1970 by Ausman et al. [116]. and
has by far been the most widely used in glioblastoma research. In vivo, GL261 cells have
been shown to express different general stem cell markers such as CD133 and nestin [31]
while exhibiting infiltrative capacity of brain-tumor derived mesenchymal stem cells posi-
tive for Sox2, nestin, Sca-1, CD9, CD44 and CD166 [32]. Khalsa et al. performed a bulk RNA
sequencing analysis on GL261 tumors which showed a strong enrichment of differentially
expressed genes related to several immune pathways compared to naïve control mice,
especially related to genes relevant for T cells, macrophages and eosinophils [33]. The same
study also indicated a higher frequency of activated microglia, more total T cells, a lower
frequency of regulatory T cells and antigen presenting cells compared to the ML/CT-2A
tumor model [33]. All findings point towards the fact that the GL261 tumor model is more
immunogenic than other models, such as the ML/CT-2A tumor model.

2.1.2. Effect of Standard-of-Care

Both whole brain and focal beam irradiation strategies have been evaluated in the
GL261 model. While whole brian irradiation was able to prolong survival and deliver
long-term surviving mice, focal beam irradiation didn’t show the same potential [34–37].
Administration of TMZ was able to provide similar survival benefits in the GL261 model
as is seen in GBM patients [38–40].

2.1.3. Immunotherapeutic Approaches

Many different immunotherapies have been tested in the GL261 model. These include
studies investigating programmed cell death protein 1 (PD-1) checkpoint blockade or other
immune checkpoint inhibitors, oncolytic virotherapy, chimeric antigen receptor (CAR) T
cell therapy, dendritic cell vaccination and many others [15,35,41–84]. In addition, the effi-
cacy of many other less common immunotherapeutic approaches have been investigated in
the GL261 models [85–109]. The vast majority of these therapies showed promising results,
with a stronger anti-tumor response and improved survival rates. These immunotherapeu-
tic strategies have been investigated as single treatments, in combination with other types
of immunotherapies or in combination with the standard-of-care treatment. However,
only part of the standard-of-care (usually TMZ, less commonly RT or RT-TMZ) was taken
into consideration [39,40,78,79,110–114]. Interestingly, the efficacy of checkpoint inhibition
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directed against PD-1 or its ligand (PD-L1) in combination with TMZ, RT, or both was
tested in six, two or one preclinical studies, respectively. Out of these eight combinatorial
studies, seven were conducted with the GL261 tumor model [21].

The effects of steroids, largely used in the clinic to reduce brain oedema in GBM pa-
tients, were analyzed in one study using the GL261 tumor model. This study demonstrates
that steroids have an inhibitory effect on anti-tumor immunity and that blocking cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), but not PD-1, could partially prevent such
negative modulation [115].

2.2. GL26
2.2.1. Origins and Tumor Characteristics

The GL26 model is the oldest immunocompetent preclinical model for GBM and has
been developed in 1969 by chemical induction [116]. It has been less extensively used than
the (similar) GL261 model. Although both models show a great histological resemblance,
the main difference is that GL26 tumors show a large extent of necrosis and vascularity
and therefore tend to be more hemorrhagic [116]. Crommentuijn et al. [117] described the
presence of a tumor antigen-specific CD8+ T cell population which displays a tolerogenic
phenotype with a high expression of several immune checkpoints such as PD-1 and T cell
immunoglobulin and ITIM domain (TIGIT). The infiltration of myeloid cells expressing
these immune checkpoint ligands was also observed [117]. Furthermore, the importance of
galactokinase (Gal1) in the immune suppression of the GL26 model was described, since
it masks tumor cells from immune recognition [118,119]. The importance of glial toll-like
receptor 2 (TLR2) as a bridge between the innate and the adaptive immune response was
also reported, which is crucial in providing an effective immune response against the
tumor [120]. Genetic analysis of GL26 tumors also revealed a specific acquisition of several
stem cell markers that were correlated to anti-tumor T cell activity [121].

2.2.2. Effect of Standard-of-Care

Radiotherapy (also if as whole body irradiation) and TMZ as a monotherapies have
both been proven to be effective in prolonging survival in the GL26 mouse model [122–126].
Furthermore, TMZ treatment was able to increase cross-priming of tumor antigen-specific
CD4+ T cells and CD8+ T cells and suppressed the frequency of regulatory T cells (Tregs) [125].

2.2.3. Immunotherapeutic Approaches

GBM is strongly invasive and tumor cells can be found embedded in the normal
parenchyma at great distance from the main tumor. This makes a complete resection not
feasible [117]. Yadav et al. analyzed this problem with the GL26 model, and they found
that down regulation of C-X-C chemokine receptor type 4 (CXCR4) led to less perivascular
invasion and increased survival. Furthermore, CXCR4 knockdown sensitizes the tumors to
irradiation, making this molecule an interesting therapeutic target [127]. Another novel
therapeutic strategy targets the proton/H+ eflux mechanism important for the maintance
of the intracellular pH. The inhibition of the H+ eflux mechanism (NHE1) reduced tumor
volume, invasion and prolonged overall survival in GL26 (and SB28) glioma models. This
type of treatment resulted in an accumulation of CD8+ T cells and sensitized animals
to anti-PD-1 therapy [128]. Also the mTOR pathway is a frequent target of anti-glioma
therapy. Targeting this pathway with rapamycin in combination with immunotherapy
had a synergistic effect and a long term survival advantage. Rapamycin administration
also resulted in a long lasting central memory CD8+ T cell response and a stronger anti-
tumor response after a second tumor challenge [129]. The combination of TMZ with
interferon (IFN)-β was also tested in the GL26 model and showed enhanced anti-tumor
effects compared to TMZ alone [130].
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2.3. ML/CT-2A
2.3.1. Origins and Tumor Characteristics

The CT-2A model was first described by Seyfried et al. in 1992 [131] and accurately
represents numerous GBM characteristics, including the intra-tumoral cellular heterogene-
ity and the proliferative and metabolic profiles [132]. CT-2A cells cultured as monolayer
cells (ML/CT-2A) in vitro express different stem cell markers such as CD133, nestin and
Oct4 [26]. Also in vivo the expression of CD133 and Nestin is observed in ML/CT-2A
tumors [133], indicating that the cells keep their stemness during tumor growth in mice.
Khalsa et al. performed RNA sequencing to identify the ML/CT-2A immune profile
in vitro [33]. In contrast to the highly immunogenic GL261 model, ML/CT-2A cells showed
no enrichment of any immune response-related pathway. In vivo, ML/CT-2A tumors had
lower numbers of CD45lowCD11blowCX3CR1+ microglial cells (considered activated or
resting based on MHCII positive or negative staining, respectively), but higher numbers
of CD11b+F4/80+CD64+Ly6C− resident macrophages and CD39+Tim3+Lag3+CD8+ ex-
hausted cytotoxic T cells compared to other glioblastoma tumor models. Furthermore,
70–80% of T cells in the tumor microenvironment of ML/CT-2A tumors exhibit prolonged
expression of T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) and
lymphocyte-activation gene 3 (LAG-3), both markers for dysfunctional T cells [33]. Overall,
the ML/CT-2A model is characterized by an immune suppressive tumor microenvironment
and exhausted effector T cell function, making it a very suitable tumor model for GBM
research in the field of immunotherapy since a similar immune phenotype is observed in
GBM patients [134].

2.3.2. Effect of Standard-of-Care

The ML/CT-2A model has not been widely used in preclinical studies assessing the
effects of the standard-of-care treatment. Only one study described the effects of RT in the
model [135], where whole brain irradiation was ineffective in prolonging survival in mice.
As already mentioned, the surgical removal has an influence on the immune composition
of the remaining/recurrent tumor, with obvious implications for immunotherapies. Never-
theless, this treatment has only occasionally been assessed in preclinical studies. Khalsa et
al. performed an immunophenotyping of the ML/CT-2A mouse model before and after
surgical resection of the tumor [33]. After tumor resection, an increase of CD4+ and CD8+ T
cells and activated microglia was observed with a decrease of resting macrophages and res-
ident microglia. Furthermore, PD-1 expression decreased and CD25 expression increased
on CD4+ T cells post-tumor resection [33]. These data suggest that tumor resection in
the ML/CT-2A model partially removes the immune suppressive microenvironment and
promotes immune activation, possibly creating a favorable momentum for administration
of immunotherapies.

2.3.3. Immunotherapeutic Approaches

Given the disappointing results of checkpoint blockade in GBM patients, the current
focus of preclinical research in this field is on combining checkpoint blockade with newly
identified targets such as interleukin 6 (IL-6), IL-7, IL-12 or phagocytosis pathways, in order
to overcome T cell exhaustion [136–138]. In the ML/CT-2A tumor model, the combination
of PD-1 checkpoint inhibition with anti-CD137 decreased TIL exhaustion, improved TIL
functionality and resulted in 50% long term survivors [139]. Another novel combination
treatment recently tested was the combination of anti-PD-L1 with gene-mediated cytotoxic
immunotherapy which resulted in more long term survivors as compared to the monother-
apies [140]. One last focus of interest has been to improve the delivery of checkpoint
inhibitors via lipid nanoparticles. In combination with RT, this strategy led to a depletion
of tumor-associated myeloid cells and a significantly improved survival in ML/CT-2A and
GL261 models [135].

Oncolytic virus (OV) therapy has great potential for success, however the best balance
between maximal anti-tumor activity and acceptable toxicity is difficult to find, especially
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following direct intracranial infusion. Certain OVs based on herpes simplex virus (HSV)
are safe but have only little anti-tumor response. To overcome this limitation Passaro et
al. engineered an HSV to express an antibody against PD-1 and injected it intratumorally.
This resulted in an increased median survival and immune memory against the both
ML/CT-2A and GL261 tumors [141]. The combination of OV therapy with PD-1/PD-L1
immunotherapy provided a synergistic effect leading to an improved overall survival
and an activation of the immune response capable to reverse the tumor-induced immune
suppression [142,143]. On the other hand, OVs based on vesicular stomatitis virus (VSV)
have a very robust anti-tumor effect but are extremely neurotoxic when injected in the
brain. Therefore, Balathasan et al. [144] used an intravenous pretreatment of VSVΔ51 as a
way to induce peripheral immunization before intracranial injection of an otherwise lethal
dose of VSVΔ51. This resulted in complete tumor regression in 20% of ML/CT-2A tumor
bearing mice. Also OVs based on Semliki Forest Virus (SFV) have been developed [145,146].
When injected intravenously, they resulted in a prolonged survival with 27% of the mice
bearing ML/CT-2A tumors cured, whereas there was no significant effect in the GL261
model [146].

In an interesting study, Ladomersky et al. used the ML/CT-2A model to demonstrate
increased immune suppression, decreased immunotherapeutic efficacy and decreased sur-
vival in old age animals (75 week old mice, corresponding to 58–59 year old humans) [77].
The impact of age on GBM development and treatment has been ignored most of times: in
the majority of studies, animals of young age (6–12 weeks, corresponding to early adult-
hood in humans) are used for preclinical GBM research [147]. Given that the median age at
diagnosis for GBM is 65 years, the age difference between tumor models and patients is
extremely relevant.

2.4. SMA-560
2.4.1. Origins and Tumor Characteristics

The SMA-560 model is one of the few models that spontaneously arose in VM/Dk
mice as initially described by Fraser et al. in 1971 [148]. It was established as a cell line in
1980 by Serano and colleagues [149]. The fact that the model developed spontaneously in
immunocompetent mice, makes it a very interesting model to study. A genetic characteri-
zation of the model revealed an upregulation of genes involved in antigen presentation,
interferon-related protein expression and a general increase in genes related to immunoreg-
ulatory pathways indicating the presence of an ineffective immune response in the tumor
microenvironment of the SMA-560 model [150]. Furthermore, the immune suppressive
protein transforming growth factor beta (TGF-β) has been shown to play an important
role in SMA-560 tumor development [151]. The expression of PD-1, TIM-3 and LAG-3
on tumor infiltrating lymphocytes is also increased in SMA-560 tumors [134]. In terms of
stemness characteristics, it has been described that in vitro SMA-560 cells express only a
limited amount of CD44 and nestin stem cell markers. However, when cultured in sphere
cultures the cells seem to increase their CD44 and Nestin expression, which was correlated
with a more aggressive tumor behaviour in vivo [152]. Schneider and colleagues described
the difference in tumorigeneic potential in young and old VM/Dk mice. Interestingly at
baseline, older SMA-560 mice had a significantly worse survival as compared to younger
mice, in contrast to the GL261 model where this difference was not observed [153].

2.4.2. Effect of Standard-of-Care

In vitro, SMA-560 cells were highly resistant to TMZ treatment and only responded
to high doses of irradiation [152]. However, only a few studies assessed these effects
in vivo [154]. Whole brain irradiation as a single treatment or combined with TMZ was
either ineffective or provided only a limited and non-significant improvement in survival
compared to control mice [154,155]. This indicates that the standard-of-care used in GBM
patients is ineffective in prolonging survival of the SMA-560 mouse model. Therefore, the
translational potential of the model should be considered carefully when translating results
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to the whole GBM patient population. However, a tumor model that does not respond to
RT or TMZ can be relevant in studying treatment options for patients who respond poorly
to this standard-of-care treatment regimen or for the recurrent situation where resistance
appeared.

2.4.3. Immunotherapeutic Approaches

An important immunological therapeutic target studied in the SMA-560 model is ex-
cessive TGF-β signaling [156,157]. As such, the administration of phosphorothioate-locked
nucleic acid (LNA)-modified antisense oligonucleotide gapmers targetting TGF-β resulted
in prolonged survival and increased CD3+ and CD8+ cytotoxic T cell infiltration [158].
Another emerging treatment strategy that has been tested in this model is CAR T cell
therapy, which was shown to generate a pro-inflammatory tumor microenvironment and
to significantly extend survival in the SMA-560 model [159]. Furthermore, anti-angiogenic
treatment has a positive effect on survival in the SMA-560 model [155]. One of the prob-
lems in GBM treatment is the delivery of the compound trough the blood brain barrier. In
this regard, microbubbles have been tested to increase the local concentration of certain
types of treatments. This strategy was succesfully tested for doxorubicin in the SMA-560
model [160].

2.5. C8
2.5.1. Origins and Tumor Characteristics

The 4C8 model was established in 1999 from clonal cell lines of a glial tumor (MOCH-
1) in B6D2F1 mice [161]. Gazdzinski et al. [162] compared the characteristics of this model
with the GL261 model. The 4C8 model is less aggressive, the tumor has higher cell
density, less necrosis and invasiveness with a more normal vasculature and less mitotic
cells as compared to the GL261 model. Both models have a large number of infiltrating
macrophages; however, these cells are located at the tumor periphery in the 4C8 model [162].
All these features, consistently pointing towards a lower aggressiveness in comparison to
the GL261 model, have strongly limited the used of the 4C8 tumor model.

2.5.2. Immunotherapeutic Approaches

This model has been used very limitedly in immunotherapeutic or anti-angiogenic
research [163,164]. The combination of an anti-angiogenic receptor tyrosine kinase inhibitor
with a proteasome inhibitor resulted in a significantly improved survival and an induction
of anti-angiogenic effects which leads to vascular normalization [164]. The effects of
oncolytic virotherapy were assessed in the model as well. In vitro, 4C8 cells showed the
same sensitivity as human glioma cells to a series of type HSV-1 [165]. In vivo studies
showed a prolongation of survival with an intracranial injection of an IL-12-expressing
HSV [165].

3. Recently Developed Immunocompetent Mouse Models for GBM

Various new GBM models have been developed in the last years. In most cases, this
has been done by means of viral vectors which were either used to manipulate isolated
mouse cells (mGB2, NSCL61 and bTiTs-G3) or injected directly into the animals’ brain
(SB28, 005 GSC and NFpp10 models). Additionally, tumor models have been generated
from spontaneously developed tumors in genetically altered mice (KR158B and Mut3) or by
culturing older cell lines in a different way (CT-2A). In all cases, stable cells lines amenable
of standard intracranial injection have been obtained [22–25,27,28,166]. An overview of
these mouse models and relevant information can be found in Figure 2 and Table 2.
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Figure 2. Schematic and chronological presentation of the more recent preclinical immunocompetent
mouse models for glioblastoma with information about stemness, immune cell composition, the
effects of standard of care and the efficiency of immunotherapy. RT: radiotherapy, TMZ: Temozolo-
mide, Treg: regulatory T cell, DC: dendritic cell, MHC-I/II: major histocompatibility complex I or II,
TAM: tumor associated macrophage, (+) presence of stem cell populations and/or positive effect of
treatment administration, (−) no effect of treatment administration, (?) data not available in literature
and (*) resistance to immune checkpoint blockade.

3.1. KR158B
3.1.1. Origins and Tumor Characteristics

This mouse model was developed in 2000 by Reilly et al. and it is the first astrocytoma
mouse model that was generated by knocking-down neurofibromin 1 (Nf1) and tumor
protein p53 in mice which then spontaneously developed brain tumors with variable
histology from low grade astrocytoma to GBM [29]. KR158B is the cell line derived from
the most aggressive variants, which recapitulate the main features of human GBM [166].
To date, information on the immune and stemness characterization of this model is not
available yet.

3.1.2. Effect of Standard-of-Care

The administration of whole brain irradiation and TMZ as single treatments wasn’t
able to positively affect survival in the KR158B model, and the combination of both re-
sulted in a small median survival benefit of only five days, in line with results in the
most aggressive human GBMs and making this a promising model for future preclinical
research [166].

3.1.3. Immunotherapeutic Approaches

In the KR158B model, the combination of myeloablative conditioning, dendritic cell
(DC) vaccination and adoptive cellular therapy resulted in a doubeling of the median
survival and 30% of cured mice [166]. This model has also been used to test alternative TMZ
treatment schedules in combination with immunotherapy [65,167,168]. The combination
of TMZ and anti-PD-1 treatment has been shown to decrease the expression of T cell
exhaustion markers. However, this had no effect on survival indicating that the model
can develop resistance mechanisms to both these treatments [65]. However, the combined
inhibition of PD-1 and C-C chemokine receptor type 2 (CCR2) lead to a synergistic effect
and improved mouse survival, overvcoming the resistance to anti-PD-1 monotherapy [168].
The recent failure of clinical trials involving anti-PD-1 treatment [12] has demonstrated
that human GBM are able to promote strong resistance mechanisms hampering the efficacy
of checkpoint inhibitors. Therefore, performing preclinical research in models showing the
same type of resistance, such as the KR158B, is of the utmost importance for an appropriate
design of future clinical trials.
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3.2. Mut3

The Mut3 tumor model was developed by Kwon et al. [169] in 2008 by generating
Nf1, p53 and Pten deficient mice which subsequently developed spontaneous high-grade
astrocytomas. Neural stem cells (NSCs) from presymptomatic mice already showed aber-
rant stem cell features including higher proliferation levels, increased glial fibrillary acidic
protein (GFAP) and increased Nestin expression [170]. The Mut3 cell line was generated
by isolating the spontaneously developed tumors and bringing them in culture where
they are maintained in neurosphere conditions [169]. Mut3 tumors are immunologically
characterized by high levels of both classical and exhausted infiltrating CD8+ T cells, CD4+

T cells, Tregs, and resting microglia, and by low levels of DC infiltration [33]. At this
moment, no data is available on effects of standard-of-care or immunotherapeutics in the
model.

3.3. 005 GSCs
3.3.1. Origins and Tumor Characteristics

Marumoto et al. [24] developed this mouse model by injecting Cre-loxP–controlled
lentiviral vectors expressing activated oncogenes AKT and Harvey-Ras in the hippocampus
of GFAP-Cre Tp53+/− mice. Subsequently, the obtained tumor cells were cultured as neu-
rospheres and the 005 GSCs cell line was established [24,171]. Next, Saha et al. developed
an immunocompetent model by reinjecting the 005 GSC cells in C57BL/6 mice [172,173].
005 GSC-derived tumors show the same features as the primary tumor. Furthermore, 005
GSC cells express several stem cell markers such as Nestin, CD133 and Sox2 and proan-
giogenic vascular endothelial growth factor (VEGF) both in vitro and in vivo [173]. Even
though RNA seq analysis performed by Khalsa et al. [33] showed that 005 GSC tumors
exhibit a more immunologically active profile, Cheema et al. [173] described the tumors as
non-immunogenic with the absence of major histocompatibility complex (MHC)-I expres-
sion and down regulation of co-stimulatory molecules. Nonetheless, Khalsa et al. showed
that 005 GSC tumors had large amounts of activated and resting microglia and CD4+ Tregs,
but low numbers of classical and exhausted CD8+ T cells [33]. This immunological pheno-
type strongly correlates with the immune microenvironment of GBM tumors in patients,
making it a highly translational mouse model to be used for preclinical studies involving
immunotherapeutic GBM research [33].

3.3.2. Effect of Standard-of-Care

Saha et al. [174] demonstrated that both low and high doses of TMZ treatment were
ineffective in providing a survival benefit in the 005 GSC tumor model. In combination
with OV, TMZ even counteracted the OVs positive effect on survival, indicating the chemo-
resistant nature of the 005 GSC tumor model and the importance of implementing standard-
of-care treatment in preclinical research. The effects of RT on 005 GSC tumors have not yet
been described.

3.3.3. Immunotherapeutic Approaches

005 GSC model has experienced occasional use in immunotherapy research to evaluate
the effect of combination treatments with OV, VEGF receptor (VEGFR) tyrosine kinase
inhibitors (TKI) and immune checkpoint blockade [172,173,175]. Cheema et al. [173]
showed the effect of a genetically engineered oncolytic HSV armed with IL-12 (G47Δ-
mIL12). Median survival was prolonged after intratumoral injection of G47Δ-mIL12.
Treatment with G47Δ-mIL12 doesn’t only target GSCs but also increases IFN-γ release,
inhibits angiogenesis, and reduces the number of Tregs in the tumor [173]. The combination
of G47Δ-mIL12 with the VEGFR TKI axitinib, anti-CTLA-4, anti-PD-1 or anti-PD-L1 further
enhanced the positive effects on survival [172,175] while monotherapy of checkpoint
inhibition with anti-CTLA-4, anti-PD-1 or anti-PD-L1 only showed positive but modest
effects [172]. Interestingly, a triple combination of G47Δ-mIL12 with anti-CTLA-4 and
anti-PD-1 showed a synergistic curative effect that was accompanied with M1 macrophage
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polarization and an increased CD8+ T cell / Treg ratio [172]. Additionally, targeting
myeloid-derived suppressor cells (MDSCs) by using a CCR2 antagonist was able to sensitize
005 GSC tumors to anti-PD-1 therapy [168].

3.4. NSCL61
3.4.1. Origins and Tumor Characteristics

The NSCL61 model was originally developed by Hide et al. [27] in 2009 by the
overexpression of oncogenic Harvey rat sarcoma viral oncogene homolog (HRas)L61 in p53
deficient NSCs that subsequently formed tumors in nude mice after stereotactic injection.
These tumors were grown in culture as the NSCL61 cells and consist of an heterogenous
population of both glioma initiating and non-tumorigenic cells [27]. An immunocompetent
tumor model can be established by injecting NSCL61 cells stereotactically in C57BL/6
mice [68]. An immunological evaluation of NSCL61 tumors has not yet been performed.

3.4.2. Immunotherapeutic Approaches

The NSCL61 has only been sparsly used in preclinical GBM research [68,72]. Tumor
cell lysate-based vaccination therapy in combination with immunotherapy targeting CD40
resulted in the induction of IFN-γ secretion from CD4+ T cells and prolonged survival [72].
The local delivery of anti-CD40 monoclonal antibodies resulted in an increased apoptosis,
T cell infiltration and significantly prolonged survival in the NSCL61 and bRiTs-G3 model,
but not in the GL261 model due to a lower CD40 expression [68].

3.5. bRiTs-G3
3.5.1. Origins and Tumor Characteristics

Sampetrean et al. [28] developed the bRiTs-G3 model in 2011 by retroviral transduc-
tion of constitutively active HRasV12 in normal neural stem/progenitor cells isolated from
the subventricular zone of adult mice with a homozygous deletion of the Ink4a/Arf locus.
Brain tumor-initiating cells were subsequently cultured as neurospheres. Molecular charac-
terization of bRiTs-G3 tumors showed expression of mesenchymal and stem cell markers
indicating a mesenchymal GBM subtype [28].

3.5.2. Effect of Standard-of-Care

The bRiTs-G3 tumor model was used to study resistance to RT by exposing the cells
in vitro to repeated cycles of irradiation. After stereotactic injection of the pretreated cells,
bRiTs-G3 tumors were resistant to subsequent treatment with RT, indicating the bRiTs-G3
cells acquire a radio-resistant phenotype after repeated exposure to irradiation [176].

3.5.3. Immunotherapeutic Approaches

When the bRiTs-G3 cells acquire their radioresistant phenotype, this also results in
upregulation of insulin-like growth factor 1 receptor (IGF1R). Therefore, IGF1R blockade
has been proposed as treatment option to prevent RT resistance and recurrence after
RT [176]. Additionally, the bRiTs-G3 models has been used in immunotherapy research
with anti-CD40 treatment where it significantly prolonged survival compared to control
mice [68].

3.6. NFpp10-GBM
3.6.1. Origins and Tumor Characteristics

NFpp10-GBM cells were created in 2017 by infecting embryonic C57Bl/6 NSCs with
lentiviral vectors containing shP53-shNF1 and shPten [13,24,25]. To date, this model has
not yet been fully characterized and has only experienced very limited use in preclinical
GBM research.
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3.6.2. Immunotherapeutic Approaches

The NFpp10-GBM model is mainly used to study tumor vasculature and angio-
genesis [13,177]. The combination treatment of VEGF inhibition and anti-PD-L1 had no
significant effect on survival. The ineffectiveness of the combination treatment was not
due to the lack of PD-L1 expression of the cells, but rather the lack of T cell infiltration
into the tumor [13]. To increase treatment efficacy a vascular targeting peptide (VTP) was
developed containing the tumor necrosis factor (TNF) superfamily cytokine LIGHT which
stimulates T cells, promotes vascular inflammation and is involved in lymph node neogene-
sis. Triple treatment with LIGHT-VTP, anti-VEGF and anti-PD-L1 resulted in a significantly
reduced tumor burden as compared to untreated controls. Additionally, this combination
treatment amplified high endothelial venules’ frequency and T cell accumulation [177].

3.7. NS/CT-2A
3.7.1. Origins and Tumor Characteristics

As highlighted in the already mentioned review by Oh et al. [30], culturing CT-2A cells
in neurospheres (NS/CT-2A) results in an increase of their stemness features. However,
the difference in immunogenicity between CT-2A cells cultured in ML and NS was not
described yet [26]. In a study performed by our group in 2019, NS/CT-2A tumors have
been shown to induce a shorter survival and a higher expression of stemness and vascular
markers compared with their ML counterpart. Furthermore, NS/CT-2A tumors showed an
increase in CD8+ T cells and a decrease in the number of Tregs compared to ML/CT-2A
tumors [133]. These features of the NS/CT-2A tumor model make it suitable for preclinical
research aimed at developing therapeutic strategies against tumor stem cells and immune
suppression.

3.7.2. Effect of Standard-of-Care

In the NS/CT-2A model, TMZ and stereotactic RT were able to prolong survival
when administered as monotherapies or in combination. As monotherapy, stereotactic RT
positively modulated both the adaptive and the innate immune system (increased CD8+

T cells and decreased M2 macrophages and monocytic MDSCs (mMDSCs)) while TMZ
only improved innate immunity (reduced mMDSCs) and to a lower extent than stereotactic
RT [21]. Interestingly, the combination of these two treatments, despite prolonging survival,
was immunologically detrimental compared to RT alone. This model was also used
to assess the effects of stereotactic RT dose-escalation and dose-fractionation. RT dose-
escalation was associated with prolonged survival, improved anti-tumor immunity and
reduced expression of stem cell markers. Conversely, RT dose-fractionation drastically
reduced this positive effect [178]. Given the fact that GBM patients are currently treated
with a fractionated RT schedule, these results highlight the need for studies aimed at
identifying new RT schedules capable to induce a better immune modulation and a more
efficient combination with immunotherapeutics.

3.7.3. Immunotherapeutic Approaches

As already mentioned, the combination of stereotactic RT and TMZ in the NS/CT-
2A model induced a less favorable immune microenvironment compared to RT alone.
The model also appeared quite resistant to anti-PD-1 since this treatment could only
induce minor modifications of survival and tumor immunity when administered alone or
following RT-TMZ [21].

3.8. SB28
3.8.1. Origins and Tumor Characteristics

The SB28 cell line was developed by Kosaka et al. [23] via intraventricular injection of
the oncogenes neuroblastoma reticular activating system (NRas), platelet-derived growth
factor (PDGF) and short hairpin p53 in neonate C56BL/6 mice. Seven weeks following
glioma induction, brain tissue was harvested, minced and seeded. The clone with the
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highest luciferase activity was selected and the SB28 cell-line was established [23]. There
was an inverse correlation between the number of injected SB28 cells and the median
survival [58]. The tumors can be classified as proneural, as indicated by the presence of
PDGF alterations, and they are weakly immunogenic, as is the case for human GBMs [23,
58]. High cellularity of the tumor area, invasion of the normal brain parenchyma and
areas of hypervascularization are also common characteristics of SB28 tumors and human
GBM. Very few infiltrating T cells can be found, in contrast to abundant macrophage and
microglial infiltration. Due to the absence of constitutive MHC-I and MHC-II expression,
SB28 tumors are less susceptible of T cell immunosurveillance compared to GL261 tumors.
SB28 tumors exhibit a very low mutational load (50-fold less than GL261 tumors), resulting
in only a few neoepitopes and explaining the weak immunogenicity. The mutated genes
were equally distributed across several pathways, but 10% of all mutations were found in
the PDGF signaling pathway, confirming the proneural classification [58].

3.8.2. Immunotherapeutic Approaches

The use of combined anti-PD-1 and anti-CTLA-4 was curative in over 50% of GL261
bearing mice, whereas it was ineffective in SB28 tumors [58]. This indicates that the
SB28 model is more representative to human disease where immune checkpoint blockade
provided unsatisfactory results so far [9,12]. Another study investigated the modulation
of CD40 signaling and cyclooxygenase (COX)-2 blockade in the SB28 and GL261 models.
The combination strategy promoted M1 cells, enhanced T cell effectors and prolonged
survival [23].

3.9. mGB2

The mGB2 tumor model was generated by Costa et al. [22] in 2019 by means of a
double knockout (DKO) of Pten and p53 specifically in NSCs. Histopathological analysis of
the developed tumors showed microvascular proliferation, necrotic areas and positivity
for markers such as GFAP, oligodendrocyte transcription factor (OLIG2) and Ki67, all
characteristics of human high-grade gliomas [22]. Subsequently, NSCs were isolated from
the DKO mice and grown in culture. Reinjection of the cells in adult C57Bl/6 mice resulted
in tumor induction 6–8 months later with a median survival of 170 days and with similar
characteristics as the original tumor [22]. In order to try to reduce the survival time, tumor
cells from a fully established invasive high-grade glioma (murine glioblastoma 0; mGB0)
were isolated. Cells were serially implanted for two in vivo passages (mGB1 and mGB2)
resulting in tumor development in all mice and a progressive shortening of the median
survival. Based on genomic and transcriptomic data, mGB0 can be classified as the classical
subtype, mGB1 as the proneural subtype and mGB2 as the mesenchymal subtype. mGB2
was selected as the most representative cell line compared to human disease with the worst
prognosis and many histopathological features of high-grade gliomas. Also similar to what
is observed in human GBMs, abundant myeloid cells and only few lymphocytes were
found [179]. No therapies have been tested so far.

4. Conclusions

Immunocompetent mouse models are essential in preclinical GBM research, especially
in the search for new immunotherapeutic strategies. When we compare all relevant mouse
models based on their stemness, immune characteristics and response to standard-of-
care treatment, it is clear that there is not one mouse model that perfectly recapitulates
the heterogeneity of a human GBM tumor. However, the overview we present here can
help in deciding which model is best suited for which type of research. For instance,
the translational impact of research involving immune checkpoint blockade might not
be recommended for a mouse model such as GL261 that is very sensitive to this type of
immunotherapy (which is not compatible with the clinical situation). A better choice would
be to use mouse models that show a certain degree of resistance to immune checkpoint
blockade such as KR158B, 005 GSC, Nfpp10-GBM or SB28. In addition, if we want to take
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into account any type of model-intrinsic response to certain treatments, it would be even
better to evaluate new treatment modalities in multiple models. Furthermore, different
tumor models might correlate to different patient populations of GBM. Therefore, the
heterogeneity of GBM would be better addressed in preclinical research if a heterogeneous
composition of tumor models is used. Interestingly, a recent study highlighted a variable
response to immune checkpoint inhibitors in syngeneic mice inoculated with the same
type of cells (GL261) [180]. If individual factors are relevant in a standardize situation such
as a syngeneic model, it is reasonable to expect that they play a dramatic role in actual
patients. For all these reasons, we believe that understanding and modelling patients’
heterogeneity in preclinical research will be one of the most relevant challenges in future
preclinical research for GBM.

Another outstanding question relates to how the genomic aberrations of each tumor
model correlate to aberrations in its microenvironment, and, even more importantly, how
this compares to the human situation. Indeed, ongoing trials for targeted therapies are
mainly based on genomic matching; however, the identification of those patient populations
with similar immunologic features as observed in the mouse models is still lacking, but
could be key in targeting the right approaches to the right patients.

Lastly, it is striking that only very few preclinical studies have incorporated the
standard-of-care regimen when testing new treatments. Moreover, in the limited cases
where standard-of-care is taken into account, this usually only consisted of RT and/or TMZ
and rarely included a surgical resection of the tumor, nevertheless the corner stone of the
clinical treatment. It is well known that GBMs at first diagnosis and at recurrence (therefore,
after the whole standard of care treatment) harbor important differences in term of molec-
ular features and druggable targets [181]. In this view, it is of paramount importance to
integrate in the pipeline of preclinical studies surgery, focal radiotherapy and TMZ-based
chemotherapy in order to model such longitudinal neoplastic evolution. A paradigm shift
is necessary: preclinical research should not only be aimed at discovering new treatments,
but also at identifying the most appropriate momentum for their administration in order
to maximize their effect in synergy with standard therapies.
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Simple Summary: Cells undergoing stress, viral infection, and malignant transformation express
natural killer group 2 member D (NKG2D) ligands on their surface, rendering them susceptible to
immunosurveillance. Given this selective pressure exerted on viruses and cancer cells, many viruses
and several cancers have evolved means of evading NKG2D recognition. This review highlights
the various ways in which stresses, viruses and cancers induce the expression of NKG2D ligands,
before comparing the similarities and differences between viral and cancer mechanisms to subsequently
prevent recognition by the NKG2D system.

Abstract: The natural killer group 2 member D (NKG2D) receptor and its family of NKG2D
ligands (NKG2DLs) are key components in the innate immune system, triggering NK, γδ and
CD8+ T cell-mediated immune responses. While surface NKG2DL are rarely found on healthy cells,
expression is significantly increased in response to various types of cellular stress, viral infection,
and tumour cell transformation. In order to evade immune-mediated cytotoxicity, both pathogenic
viruses and cancer cells have evolved various mechanisms of subverting immune defences and
preventing NKG2DL expression. Comparisons of the mechanisms employed following virus infection
or malignant transformation reveal a pattern of converging evolution at many of the key regulatory
steps involved in NKG2DL expression and subsequent immune responses. Exploring ways to target
these shared steps in virus- and cancer-mediated immune evasion may provide new mechanistic
insights and therapeutic opportunities, for example, using oncolytic virotherapy to re-engage the
innate immune system towards cancer cells.

Keywords: NKG2D ligands; NKG2D receptor; NK cells; immune evasion; convergent evolution;
cancer; viruses; immunotherapy

1. Introduction

Cancer cells have long been defined with a set of characteristics, known as the ‘hallmarks of
cancer’, with immune evasion rapidly emerging as a key player in cancer progression [1]. Viruses share
several of these hallmarks with cancer cells to achieve a successful infection, as immune evasion is also
critically important for viruses.

1.1. NKG2D Receptor and NK Cell Activation

Natural killer (NK) cells play a critical role in the innate immunosurveillance of both virally
infected cells and tumours. They possess an extensive repertoire of both activatory and inhibitory
receptors that recognise a range of ligands on target cells [2]. In contrast to T cell activation by
clonotypic T cell receptor (TCR) interacting with specific peptides presented in the context of major
histocompatibility complex (MHC), NK cells are inhibited by MHC molecules, and are instead activated
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by the lack of MHC, referred to as ‘missing-self’ [3]. NK cells also interpret other positive and negative
signals from their environment and the target cell. Some of the activatory receptors responsible for
processing positive signals include NKp46, NKp44 and NKp30 [2]. One of the most well-documented
activatory receptors is the natural killer group 2 member D (NKG2D) receptor. NKG2D receptor and
its ligands (NKG2DLs) are part of the early warning signals for the innate immune system; flagging
up cells that may represent danger to the host organism. NKG2D receptor is an activatory receptor
expressed on the surface of NK cells, CD8+ T cells, natural killer T (NKT) cells, γδ T cells and some CD4+

T cell subsets [4–6]. NKG2D is an invariant homodimeric receptor, with each monomer consisting of a
type-II transmembrane domain and a C-type lectin-like extracellular domain, and is associated with
DNAX activating protein 10 (DAP10) or DAP12 in mice, and DAP10 only in humans [4] (Figure 1a).

Figure 1. NKG2D receptor and ligands. (a) The natural killer group 2 member D (NKG2D) receptor is
expressed by natural killer (NK) cells, γδ T cells, CD8+ T cells, and some CD4+ T cells. The NKG2D
receptor is associated with DNAX activating protein (DAP) 10 in humans, but DAP10 and DAP12 in
mice. (b) NKG2D ligands (NKG2DLs) include MHC-class-I-polypeptide-related sequence (MIC) A and
MICB, and UL16 binding protein (ULBP) 1-6 in humans, and retinoic acid early inducible (RAE-1) α-ε,
H60a-c, and murine UL16 binding protein-like transcript (MULT) 1 in mice. All NKG2DLs feature
MHC-class-I-like α1 and α2 domains, whilst MICA and MICB also have an α3-like domain but do not
bind to β2-microglobulin. Some NKG2DLs are transmembrane proteins (TM), while others are linked
to the membrane via glycophosphatidylinositol (GPI) anchors. Diagram created with BioRender.com.

NKG2D binding to NKG2DLs can directly activate NK cells that have already been stimulated
with interleukin (IL) -2 or IL-15 [7,8], whereas additional costimulatory signals are required to
activate T cells and freshly isolated NK cells [9,10]. Binding of NKG2D to its ligands recruits
phosphatidylinositol 3-kinase (PI3K) and growth factor receptor-bound protein 2 (GRB2), triggering a
subsequent phosphorylation cascade. If the balance of the overall signalling favours NK cell activation,
it can stimulate effector functions including cytokine release and perforin/granzyme-mediated
cytotoxicity [11].

1.2. NKG2D Ligands

Although the NKG2D receptor is germline-encoded, it can recognise a diverse range of
MHC-class-I-related ligands. In humans, these NKG2DLs include MHC-class-I-polypeptide-related
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sequence A (MIC) A and MICB, and UL16 binding protein (ULBP) 1-6, also known as retinoic acid early
inducible transcript 1 (RAET1) proteins [6,12–17]. In contrast, murine NKG2DLs include retinoic acid
early inducible (RAE-1) α-ε, H60a-c, and murine UL16 binding protein-like transcript (MULT) 1 [18,19].
All NKG2DLs share homology with MHC class I molecules, featuring α1 and α2 domains, while
MICA and MICB also have an α3 domain. However, unlike MHC class I molecules, they cannot bind
and present antigenic peptides and are not associated with β2-microglobulin. Despite their overall
similarities, NKG2DLs vary from each other in sequence; binding affinity to NKG2D; and membrane
anchorage, either transmembrane proteins or glycophosphatidylinositol (GPI)-linked [20] (Figure 1b).
NKG2DLs also display a high degree of polymorphism in humans, with 104 and 37 distinct alleles
currently assigned for MICA and MICB genes, respectively [21]. These polymorphisms can vary
certain properties of the NKG2DLs, such as binding affinity to NKG2D receptor [22,23] or protein
length [24,25].

The expression of NKG2DLs on normal, healthy cells is low or absent. However, expression dramatically
increases during events of cellular stress, virus infection or malignant transformation. This expression pattern
in stressed, virus-infected or cancer cells is often referred to as ‘induced self’; whereby germline-encoded
NKG2DLs are upregulated, enabling NK or T cell recognition, and often occurs in parallel with viral- or
cancer-mediated downregulation of MHC class I expression (i.e., ‘missing-self’) [26]. Upregulation of
NKG2DLs allows for rapid NK or T cell-mediated immunosurveillance and elimination of cells that
may pose as a threat to the organism: cells that have undergone DNA damage after heat or oxidative
shock, and may therefore have acquired oncogenic mutations; cells that have been infected by a viral
pathogen, and may lead to a larger-scale infection if left unchecked; or rapidly proliferating cells that
may progress to become cancer.

1.3. Evading Detection by NKG2D

In the constant battle between the host immune system and cancer or viruses, a plethora
of mechanisms are employed by both cancer cells and virus-infected cells to counteract the
NKG2D-mediated immune response. A detailed insight into regulatory mechanisms for NKG2DL
expression is reviewed by Raulet et al. [20]. This review covers in detail the various mechanisms in which
stresses, viruses and cancers can induce the expression of NKG2DLs, before discussing the strategies
employed by viruses and cancers to subsequently evade the NKG2D response. Finally, this review
highlights the converging evolution displayed by both viruses and cancers to target the critical stages
in its regulation.

2. NKG2DL Expression in Healthy Cells and Autoimmunity

NKG2DL expression can lead to NK and T cell-mediated cytotoxicity and inflammation.
Therefore, surface expression of these ligands is minimal in healthy quiescent cells to prevent
autoimmunity. For example, although MICA is expressed at a low level by healthy intestinal epithelial
cells (IECs), patients with Crohn’s Disease demonstrate increased MICA expression on these IECs
compared to healthy controls, leading to activation and autoimmunity from a subset of CD4+NKG2D+

T cells [5]. Interestingly, Schrambach and colleagues revealed MICA and MICB mRNA transcripts
in healthy organ tissue as well as various tumours [27], suggesting regulation of surface NKG2DL
expression is not solely controlled at a transcriptional level.

2.1. Cell Stress Induces NKG2DL mRNA and Protein Expression

NKG2DL expression in normal cells is increased following a variety of cellular insults. Human IECs
exposed to heat shock demonstrated increased MICA and MICB mRNAs and surface protein expression,
along with an increase in heat shock protein (hsp) 70 mRNA [28]. The heat shock-induced upregulation
of MICA and MICB also sensitised the target cells to lysis by γδ T cells [28]. A study using human
colorectal carcinoma cell lines demonstrated that MICA and MICB mRNA and surface protein
expression were low when cells were at high confluency and quiescent. However, the expression of
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both mRNAs and surface protein was greatly increased in response to oxidative or heat stress, or when
cells were proliferating [29]. This stress response is thought to be mediated, at least initially, at the
level of transcription, since the promoter regions for MICA and MICB contained conserved heat shock
elements (HSE), which are capable of binding heat shock factor 1 (HSF1) in response to heat shock
and oxidative stress in a manner similar to regulation of hsp70 expression [12,29]. In a similar study
performed on the human colorectal carcinoma cell line CaCo-2, oxidative stress induced by H2O2 also
increased MICA and MICB mRNA expression, although surface protein levels were not measured [30].

Other forms of cell stress have also been reported to induce NKG2DL expression. Endoplasmic
reticulum (ER) stress, induced with an inhibitor of the ER Ca2+ pump, increased ULBP1, 2, 5,
and 6 mRNAs and surface protein in a range of human intestinal epithelial cell lines, as well as MULT1
in murine cells in vivo [31].

DNA damage is another form of cellular stress capable of upregulating surface NKG2DL expression.
Gasser et al. demonstrated that activation of the DNA damage response (DDR) by chemotherapeutic
agents, ionising radiation or stalling of DNA replication cycles increased NKG2DL expression.
This increased NKG2DL expression was found to occur in an ataxia telangiectasia, mutated- (ATM),
ATM- and Rad3-related- (ATR) and checkpoint kinase (Chk) 1-dependent manner, sensitising cells to
lysis by NK cells [32]. Further evidence towards the link between reactive oxygen species, DNA damage
and NKG2DL upregulation was demonstrated by using sublethal doses of chemotherapeutic agents
which cause oxidative stress, such as doxorubicin and melphalan, which triggered MICA upregulation
in multiple myeloma cells. This transcriptional increase in MICA was attributed to DDR-dependent
activity of the transcription factor E2F1 [33]. Additionally, the ULBP1 and ULBP2 genes have a response
element for the tumour suppressor protein p53, which is stabilised during the DDR. Hence p53
stabilisation during the DDR directly causes an increase in ULBP1 and ULBP2 transcription [34,35].

2.2. Post-Transcriptional Regulation of NKG2DL Expression During Cell Stress

Protein expression is not only controlled at the level of transcription; mRNA stability,
protein stability and intracellular localisation also play a significant role in regulating functional
protein expression. As mentioned earlier, Schrambach et al. observed that MICA and MICB mRNA
transcripts were expressed in various healthy human tissues [27], which appears in contrast to the
concept that NKG2DL proteins are not expressed by healthy cells, indicating that other regulatory
mechanisms are involved beyond gene transcription.

Interestingly, Vantourout et al. describe a mechanism in which ultraviolet B (UVB) radiation
upregulated MICA, MICB and ULBP2 in human epithelial cells via stress-induced epidermal growth
factor receptor (EGFR) signalling, rather than due to the DDR [36]. They found that under normal
conditions, AU-rich element/poly(U)-binding/degradation factor 1 (AUF1) protein targets AU-rich
elements (AREs) in the 3′ untranslated region (UTR) of human NKG2DL mRNAs. AUF1 binding to
NKG2DL transcripts causes mRNA destabilisation and degradation. However, stress-induced EGFR
signalling prevents AUF1 binding and NKG2DL mRNA destabilisation, thus, allowing translation and
NKG2DL protein expression.

MicroRNAs (miRNAs) have also been implicated in the regulation of many genes, including
MICA and MICB. A particular set of miRNAs found to be expressed in normal human cells can
bind to the 3′ UTR of MICA and MICB mRNA transcripts, resulting in their destabilisation and
degradation, hence preventing protein translation [37]. It has been hypothesised that these miRNAs
play a critical part in the regulation of MICA and MICB protein expression and preventing unwanted
autoimmunity. During normal conditions, these miRNAs are expressed, establishing a threshold for
MICA and MICB mRNA to reach for protein expression and NKG2D recognition and subsequent cell
lysis. During transient cell stress, such as heat shock, the MICA and MICB mRNA levels dramatically
increase, while the miRNA expression remains relatively unchanged, enabling a saturation of the
miRNAs and for some MICA/B mRNA transcripts to escape miRNA-mediated degradation, and thus,
allow protein translation. It has been speculated that this system endows several advantages, such as
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rapid increases in protein expression, while preventing NKG2D recognition of otherwise healthy cells,
due to small fluctuations in MICA or MICB expression [37].

In contrast to the findings regarding p53-mediated increase in ULBP1 and ULBP2 transcription
mentioned earlier [34,35], p53 also induces expression of miR-34a and miR-34c, which target ULBP2
mRNA for destabilisation [38]. These observations suggest two possibly contrasting roles for p53 in
NKG2DL expression and requires more investigation into how the regulation is fine-tuned.

Additionally, healthy primary human bronchial epithelial cells constitutively expressed NKG2DL
mRNA transcripts but lacked surface protein expression. However, increased surface NKG2DL
expression was detected upon exposure to oxidative stress in the form of H2O2, although the
mRNA and total protein levels remained consistent, indicating a stress-mediated activation of protein
translocation to the surface [39]. This rapid method of protein translocation and increased surface
expression may allow quicker responses and immunological detection of oxidatively-stressed cells
within the well-oxygenated pulmonary environment.

Protein stability has also been reported to play a role in regulating murine NKG2DL expression [40].
Nice et al. report that during normal conditions, MULT1 is targeted by membrane-associated RING-CH
(MARCH) 4 and MARCH9 E3 ubiquitin ligases and is subsequently degraded. Upon heat shock
treatment, however, this degradation was inhibited, and surface MULT1 increased [40].

3. NKG2DL Expression Is Induced in Virally Infected Cells

Viral infection of a cell and the subsequent virus-mediated change of the cellular phenotype
to enable viral genome replication, immune evasion and proliferation leads to a highly stressful
environment for the host cell. Viral genomic replication [41–43], production of viral proteins [42,44],
altering cellular metabolism [45], and manipulating signalling pathways to support the infection [46–48]
are all common traits shared by many viruses during infection, all of which can induce some degree
of stress to the host cell. Therefore, the process of viral infection is likely to trigger many of the
cellular stresses mentioned in the previous section, such as DDR activation [41], oxidative stress [49,50],
and heat shock [51], which would induce the expression of NKG2DLs. However, as described below,
viruses also employ a variety of mechanisms to subsequently downregulate these ligands.

As mentioned earlier, the DDR is one of the major regulators of NKG2DL expression in stressed
cells, but it is also heavily involved in upregulation of NKG2DL expression in virus-infected cells.
Many viruses, especially double-stranded DNA (dsDNA) viruses, have been demonstrated to
trigger the DDR during early stages of infection. Some examples include herpes simplex virus
(HSV) [52], Epstein-Barr virus (EBV) [43], adenovirus [53], and human immunodeficiency virus
(HIV) [42]. Given that DDR activation induces NKG2DL expression [32], viruses that do trigger
the DDR during early stages of virus infection subsequently induce NKG2DL expression [54].
Furthermore, if left unrestrained, the DDR would likely concatemerise the nascent virus DNA
genomes together. Accordingly, most viruses have also evolved means to inhibit the prolonged
activation of the DDR during infection by inhibiting various proteins involved in the response [55].

Other viruses, or viral gene products have also been implicated in directly increasing NKG2DL
expression, including: adenovirus serotype 5 (Ad5) E1A oncogene, which binds to a transcriptional
co-adaptor protein p300, resulting in increased NKG2DL expression in mice and human tumour
cells [44]; the HIV-1 viral gene product Vpr specifically increases expression ULBP1 and ULBP2 on
CD4+ T cells by activating ATR [42]; influenza virus increases surface expression of ULBP1, 2 and 3
on infected dendritic cells [56]; and ectromelia virus (ECTV) induces MULT1 expression in murine
embryonic fibroblasts [57].

Viruses modulate cell signalling pathways upon infection to enable productive replication
and biosynthesis, while preventing the host cell from undergoing apoptosis. One important
pathway which is commonly hijacked by many viruses is the PI3K-Akt-mammalian target of
rapamycin (mTOR) pathway, whereby, activation promotes cell survival, pro-viral metabolism and
biosynthesis [46,58]. Several viruses have been shown to activate PI3K, including adenovirus [48],
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HSV-1 [59], human cytomegalovirus (HCMV) [47] and murine cytomegalovirus (MCMV) [60].
MCMV-induced PI3K activation has been demonstrated to increase expression of RAE-1 ligands
in mouse cells [60]. However, PI3K activation alone was not sufficient to induce expression without
viral infection, suggesting other additional signals and virus-induced stresses were also required for
NKG2DL expression [60].

4. Virus Immune Evasion

Much of our understanding of how cell biology and immunology works has been gained from
studying how viruses exploit, inhibit, or subvert these mechanisms for their own gain. Investigations
into the viral attempts to inhibit the NKG2D system to achieve immune evasion have revealed the
importance of the NKG2D response and helped to uncover various mechanistic details. Comparing
the evolution of viruses from a range of distinct viral families reveals that many have independently
converged on interfering with the NKG2D immune response [61].

Some viruses result in persistent infections, such as those from the Herpesviridae family including
HCMV and HSV. Herpesviruses are enveloped dsDNA viruses with large genomes. The HCMV
genome contains over 150 open reading frames (ORFs), enabling the virus to encode a wide array of
proteins, each with distinct and specific functions. This large genome size endows herpesviruses with
the potential to modulate the infected host cell, enabling immune evasion and persistent infections via
a host of different viral proteins. In light of this, herpesviruses represent a significant proportion of the
examples mentioned below in their strategies to interfere with the NKG2D immune response by using
a variety of viral gene products [62].

4.1. Viral Proteins Use a Range of Strategies to Downregulate NKG2DL Expression

Much of the early work investigating the effects of viral modulation of NKG2DLs was conducted
using cytomegaloviruses, MCMV and HCMV. MCMV has been shown to downregulate surface
expression of each of the murine NKG2DLs through a variety of means: (1) MCMV glycoprotein gp40,
encoded by the gene m152, resulted in the specific downregulation of surface expression of RAE-1α, β,
δ, ε and γ [63]; (2) a protein encoded by MCMV gene m155 was found to target H60 for lysosomal
degradation, thus reducing surface expression [64]; (3) an MCMV glycoprotein encoded by gene m145
downregulates MULT1 [65]; (4) fcr-1 protein, encoded by the gene m138, rapidly decreased surface
expression of both MULT1 and H60 [66].

Early studies investigating the immune evasion mechanisms of HCMV demonstrated that HCMV
membrane glycoprotein UL16 is capable of binding to MICB, ULBP1 and ULBP2, and that exogenous
addition of soluble UL16 was able to block the binding of these ligands to the NKG2D receptor on NK
cells [13]. Further investigations demonstrated enhanced NK cell-mediated killing of fibroblasts infected
with UL16-deleted HCMV compared to the wild type virus, and was attributed to the downregulation
of surface MICB, ULBP1 and ULBP2 [67]. Two studies by Welte et al. and Dunn et al. later demonstrated
the mechanism of HCMV UL16-mediated downregulation of MICB, ULBP1 and ULBP2. They showed
that UL16 is retained in the ER and cis-Golgi apparatus membranes, whilst simultaneously sequestering
the NKG2DLs intracellularly by binding via the UL16 ectodomain [68,69]. Wu et al. were able to
demonstrate that the intracellular retention of MICB was due to a tyrosine-based motif in the cytoplasmic
domain of UL16, and deletion of this motif restored MICB trafficking to the cell surface [70].

Beyond UL16, HCMV also has other mechanisms to downregulate NKG2DLs. HCMV protein
UL142 blocks surface expression of full-length MICA protein, again by retaining it in the cis-Golgi
apparatus [71]. Interestingly however, not all alleles of MICA were affected equally. The MICA*008
allele has a truncated transmembrane region and has no cytoplasmic tail, masking it from UL142 binding
and enabling surface expression in HCMV-infected cells [25,72]. This suggests a possible evolutionary
pressure for this mutant allele to be selected for human resistance to HCMV infection, as MICA*008
is the most prevalent allele in several populations, including North American Caucasians [24].
However, recently evidence has emerged to suggest HCMV has since co-evolved alongside the
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MICA*008 allele, as the US9 protein has been found to specifically target MICA*008 for proteasomal
degradation [73].

After performing a genome-wide screen for other HCMV proteins that may interact with NKG2DLs,
Fielding et al. further identified a number of proteins in the US12 family [74,75]. They revealed that
US18 and US20 were capable of targeting MICA for lysosomal degradation, and functioned either
independently or together in concert [74]. They also reported that US12, US13 and US20 were involved
in downregulating MICB and ULBP2 [75].

Other herpesviruses, such as HSV-1 and varicella-zoster virus (VZV), also downregulate
NKG2DLs, although precise mechanistic details remain uncertain. For example, VZV upregulates
MICA, but downregulates ULBP2 and ULBP3 surface expression, whereas HSV-1 decreases total
MICA, ULPB2 and ULBP3 protein, and downregulates surface ULBP1 surface expression only [76].
However, Schepis et al. reported a downregulation in surface expression of MICA and ULBP2 only,
with total protein remaining unchanged, and attributed this to a late viral gene product retaining
the proteins intracellularly [77]. The discrepancies observed here may be due to the different cell
lines tested, as Campbell et al. noted similar decreases in ARPE-19 epithelial cells, human foreskin
fibroblasts and 293T human embryonic kidney cells, whereas Schepis et al. used tumour cell lines
including U373 astroglioma cell line and HeLa epithelial tumour cell line.

Human herpesvirus (HHV)-7 U21 gene product has been demonstrated to bind and direct ULBP1
for lysosomal degradation, and downregulate surface MICA and MICB expression via an unknown
mechanism [78]. Similarly, an unknown early viral gene product of HHV-6 downregulates surface MICB,
ULBP1 and ULBP3 by targeting them for degradation [79]. Meanwhile, Kaposi’s sarcoma-associated
herpesvirus (KSHV) expresses the protein K5 which has E3 ubiquitin ligase activity, resulting in
ubiquitinylation of MICA (and other immunoreceptors including MHC class I) and the redistribution
of MICA away from the cell surface and into intracellular compartments [80].

Other viruses have also evolved proteins to downregulate NKG2DL expression. Hepatitis C virus
(HCV) non-structural protease NS3/4A has been implicated in reduced MICA and MICB expression,
although the mechanism remains unclear [81].

Adenovirus also uses proteins to enable immune evasion. Although the Ad5 early gene E1A alone
is capable of inducing expression of NKG2DLs when expressed by human cancer cells [44], Ad5 also
has evolved other mechanisms to negate this effect and avoid NK cell killing. The Ad5 E3/19K gene
not only downregulates HLA-1 during infection, but has also been demonstrated to directly cause
retention of MICA and MICB in the ER, thus countering the immunogenic effects of the E1A gene and
enabling immune evasion [82].

Hepatitis B virus (HBV) uses viral proteins to downregulate NKG2DLs via yet another mechanism.
The HBV protein HBx promotes increased expression of the transcription factors GATA-2 and GATA-3
and forms a trimeric protein complex with HBx and GATA-2/3. This protein complex then binds to the
promoter region for MICA and MICB and represses transcription [83]. Additionally, the HBV protein
HBc also binds to CpG islands in the MICA/B promoters to further repress MICA/B transcription [83].

While the HIV-1 Vpr protein increases ULBP1 and ULBP2 expression in infected CD4+ T cells via
induction of DNA damage sensors [42], HIV-1 also expresses a protein called Nef which subsequently
downregulates MICA, ULBP1 and especially ULBP2 [84]. The Nef protein has already been implicated
in its role in directing various immune receptors away from the cell surface such as CD4, CD28 and
MHC class I molecules [85], however the precise mechanism for how Nef downregulates surface
NKG2DLs appears to differ compared to other surface receptors [84].

Vesicular stomatitis virus (VSV) has been shown to dramatically increase MICA mRNA expression
upon infection of Jurkat T cells; however, surface MICA protein expression is decreased on infected
Jurkat T cells and melanoma cell lines [86]. Investigation into the possible mechanism of this MICA
protein downregulation revealed that it was not dependent on: the matrix (M) protein, which is
responsible for VSV immune evasion of type I interferon (IFN); or VSV-mediated global inhibition of host
translation; or intracellular retention of MICA, as seen in HCMV-infected cells [86]. Although the exact
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mechanism and protein responsible could not be elucidated, the authors concluded the downregulation
likely occurs at an early post-transcriptional level [86].

The sheer number and variety of examples outlined above of different viral proteins capable of
limiting NKG2DL expression highlights the importance of evading the NKG2D immune response for
viruses. Herpesviruses, in particular, represent a large proportion of these examples, with multiple
distinct viral proteins responsible for limiting NKG2DL protein stability or surface localisation.
The diversity of examples suggests that intracellular retention or degradation of NKG2DLs is a highly
effective immune evasion strategy.

4.2. Viral Strategies to Evade Pattern Recognition Receptors

Double-stranded RNA (dsRNA) or dsDNA viral genomes present in the cytoplasm are
sensed by the pattern recognition receptors (PRRs) such as retinoic acid-inducible gene (RIG)-1,
melanoma differentiation-associated protein (MDA)-5 and cyclic-GMP-AMP synthase (cGAS).
These PRRs can trigger increases in NKG2DL expression upon infection with cytoplasmic DNA
viruses, such as vaccinia virus (VV). To counter this, the VV gene EL3 encodes a dsRNA binding protein,
which shields dsRNA produced during infection from recognition by PRRs. Avoiding detection by
PRRs is a surprisingly effective mechanism, as infection of fibroblasts with EL3-deleted VVs shows
increased surface NKG2DL expression and sensitises them to NK cell lysis [87].

HIV-1 also has an indirect method of avoiding detection by the host cell and thus preventing the
expression of NKG2DLs. Apolipoprotein B-editing complex 3G (APOBEC3G or A3G) is an antiviral
factor which forms part of the innate immune defence system against viruses, by deaminating cytidine
residues in viral genomes and causing viral hypermutation and inactivation. The activity of A3G
induces the DDR in infected cells, thus triggering NKG2DL expression and sensitivity to NK cell
lysis [88]. To counteract this however, the HIV-1 viral infectivity factor (Vif) targets A3G for proteasomal
degradation and thus prevents DDR-induced NKG2DL expression [88].

4.3. Viruses Can Use miRNAs to Regulate NKG2DL Expression at a Post-Transcriptional Level

The 3′ UTRs of MICA and MICB mRNAs have conserved sites that are targeted by cellular miRNAs
that destabilise the transcripts and trigger mRNA degradation. miRNA destabilisation is believed to
be part of the normal regulation of MICA/B expression in healthy cells [37]. Interestingly, HCMV also
exploits this system of regulation. HCMV miRNA-UL112 targets the same 3′ UTR of MICA and
MICB mRNA transcripts as the cellular miRNAs, resulting in destabilisation and degradation of
MICA and MICB mRNAs and preventing protein translation [37,89]. Other herpesviruses like KSHV
and EBV also express miRNAs, miR-K12-7 and miR-BART2-5p respectively, that target the 3′ UTR
of MICB transcripts similarly to HCMV [90]. These miRNAs share no sequence homology between
HCMV, KSHV and EBV however, and bind to different sites within the 3′ UTR, suggesting a degree of
convergent evolution between different herpesviruses to target MICB [90].

Self-defence using miRNAs targeting NKG2DLs is also observed in other families of virus.
For example, human polyomaviruses (PyVs) JCV and BK strains both express an identical miRNA,
miR-J1-3p, which reduces surface ULBP3 expression [91]. However, the authors reported that the
ULBP3 mRNA transcripts were not degraded, suggesting an alternative post-transcriptional means of
repression, such as translation inhibition.

HSV-1 has developed an alternative, indirect method of using miRNAs to downregulate NKG2DLs
at a post-transcriptional level. HSV-1 miR-H8 does not bind to NKG2DL mRNA transcripts directly;
instead, it targets mRNA transcripts for one of the key proteins involved in covalently attaching
proteins to GPI anchors at the cell surface [92]. Therefore, by preventing translation of part of the
GPI-anchoring machinery, it reduces surface expression of some of the GPI-anchored NKG2DLs such
as ULBP2 and ULBP3 [92].
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4.4. Virus-Mediated Shedding of NKG2DL

HCMV miRNAs have been further implicated in downregulation of surface NKG2DL, albeit via
a different and indirect mechanism. HCMV miRNA-US25-2-3p binds to the 3′ UTR of mRNA
transcripts encoding for tissue inhibitor of metalloproteinases-3 (TIMP-3) and leads to degradation of
the mRNA. TIMP-3 is an inhibitor of metalloproteinases on the surface of cells such as a disintegrin
and metalloprotease (ADAM) 17 and matrix metalloprotease (MMP) 14. The subsequent reduction in
TIMP-3 protein results in enhanced activity of such metalloproteases, leading to an increased cleavage
and shedding of MICA and MICB from the surface of HCMV infected cells [93].

Patients with chronic HIV-1 infections have been reported to have increased levels of soluble
NKG2DLs in their sera, and HIV-1 infection of CD4+ T cells in vitro lead to increased MICA, MICB
and ULBP2 surface expression but also increased protein shedding, [94]. Furthermore, the shedding of
NKG2DLs in HIV-1 infected lymphocytes could be prevented with the addition of MMP inhibitors,
implying possible a link between viral upregulation of cellular MMPs [94].

4.5. Virus-Mediated Immune Subversion

While many viruses have evolved mechanisms to downregulate the NKG2DLs on the infected
host cells to achieve immune evasion, some viruses instead use other mechanisms to avoid destruction.
For example, zoonotic orthopoxviruses (ZPXVs), such as cowpox and monkeypox have evolved an
entirely alternative strategy to evade NKG2D mediated detection. These ZPXVs express a highly
conserved orthopox MHC class I-like protein (OMCP), which is secreted from infected cells and
antagonises NKG2D receptors themselves with high affinity [95]. Alternatively, HCV non-structural
protein NS5A stimulates monocytes to shift their cytokine profile via binding to Toll-like receptor
(TLR4), increasing IL-10 whilst decreasing IL-12 secretion levels. The increased IL-10 secretion leads to
a concomitant increase in transforming growth factor (TGF) β, which downregulates NKG2D receptor
expression on circulating NK cells [96].

Other cytokines produced in response to viral infection have also been identified. Muntasell et al.
revealed that peripheral blood mononuclear cells (PBMCs) infected with HCMV in vitro caused a
selective decrease in NKG2D receptor on NK cells [97]. However, this downregulation was found to
be transient, with normal expression returning 7 days after infection. Interestingly, this effect could be
abrogated by antagonising type I IFN, IL-12 or IFN-γ, indicating that these proinflammatory cytokines
were responsible. The authors suggested that this cytokine-mediated downregulation of NKG2D
receptor may be part of a physiological negative feedback system to limit NK cell responses against
healthy cells expressing NKG2DLs during inflammatory responses [97].

As mentioned above, elevated levels of soluble NKG2DLs in patient sera have been observed
in HIV+ patients, attributed to shedding of ligands from HIV-1 infected lymphocytes [94].
Furthermore, in vitro experiments using plasma from HIV-1-infected patients caused a significant
downregulation of NKG2D receptor on NK cells and CD8+ T cells obtained from healthy donors [94].
Compared to patients receiving highly active antiretroviral therapy (HAART) with lower soluble
NKG2DL levels, naïve HIV+ patients with elevated soluble NKG2DL levels displayed reduced
NKG2D receptor expression on circulating NK cells and CD8+ T cells [94]. These findings suggest
that soluble NKG2DLs not only decrease target ligands on the infected cell surface, but also affect
the capacity for an NKG2D-mediated immune response on a systemic level by downregulating
NKG2D receptor. Following these findings, it not unlikely that shedding of MICA and MICB due
to HCMV miRNA-US25-2-3p mentioned above [93] may also cause a systemic decrease in NKG2D
receptor levels on immune cells, although this has not yet been investigated. The mechanism of
soluble NKG2DL-mediated downregulation of NKG2D receptor expression will be discussed later in
Section 6.2.
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4.6. Evolution of Viral Immune Evasion Has Converged on Disrupting the NKG2D System

The NKG2D system appears to be a critical component in immune control of viral infection,
given the examples of multiple viruses from entirely distinct families deploying various strategies to
prevent NKG2D signalling (Table 1). While some viruses directly reduce the expression of NKG2DLs
of the infected host cell, others achieve the same results via different means instead, by targeting the
NKG2D receptor itself either directly or subverting the immune response indirectly. These examples of
convergent evolution by multiple related and unrelated viruses demonstrate the importance of the
NKG2D system in controlling viral infection.

Table 1. Summary of viral mechanisms of NKG2D immune evasion.

Virus Immunoevasin Mechanism Reference

MCMV

gp40 Downregulation of surface
RAE-1α-γ expression [63]

m155 Targets H60 for degradation [64]

m145 Downregulation of MULT1
surface expression [65]

Fcr-1 Downregulation of MULT1
and H60 surface expression [66]

HCMV

UL16
Retention of MICB, ULBP2

and ULBP3 in ER and
cis-Golgi apparatus

[13,67–70]

UL142 Retention of MICA in
cis-Golgi apparatus [25,71,72]

US9 Targets MICA *008 for
degradation [73]

US12, US13, US18, US20 Target MICA, MICB and
ULBP2 for degradation [74,75]

miR-UL112
Targets 3′ UTR of MICA and

MICB transcripts, causing
mRNA destabilisation

[37,89]

miR-US25-2-3p

Downregulation of TIMP3,
causing increasing shedding

by ADAM17 and MMP14
Shedding

[93]

VZV Unknown
Downregulation of ULBP2 and

ULBP3 by unknown
mechanism

[76]

HSV-1

Late viral gene product(s)

Downregulation of MICA,
ULBP1, ULBP2 and ULBP3

(cell-dependent) at a
post-translational stage

[76,77]

miR-H8

Disrupts expression of
GPI-anchoring machinery,

reducing ULBP2 and ULBP3
surface expression

[92]

HHV-7 U21

Targets ULBP1 for degradation
and downregulates MICA and

MICB by unknown
mechanism

[78]

HHV-6 Early viral gene product(s) Targets MICB, ULBP1 and
ULBP3 for degradation [79]
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Table 1. Cont.

Virus Immunoevasin Mechanism Reference

KSHV

K5
Ubiquitinylates MICA,

causing redistribution from
surface

[80]

miR-K12-7
Targets 3′ UTR of MICB

transcripts, causing mRNA
destabilisation

[90]

EBV miR-BART2-5p
Targets 3′ UTR of MICB

transcripts, causing mRNA
destabilisation

[90]

HBV

HBx
Forms complex with

GATA-2/3 to repress MICA
and MICB transcription

[83]

HBc
Binds to CpG islands in

MICA/B promoters to repress
transcription

[83]

HCV

NS3/4a Decreases MICA and MICB by
unknown mechanism [81]

NS5a

Stimulates
immunosuppressive cytokine

production and NKG2D
receptor downregulation

[96]

Ad5 E3/19K Retention of MICA and MICB
in ER [82]

HIV-1

Nef Downregulation of MICA,
ULBP1 and ULBP2 [84]

Vif
Degradation of A3G,

preventing DDR-mediated
NKG2DL expression

[88]

Unknown Shedding of MICA, MICB and
ULBP2 by host MMP shedding [94]

VSV Unknown Unknown
(post-transcriptional) [86]

VV EL3 Prevents detection of dsRNA
viral genome from PRRs [87]

PyVs (JCV and BK) miR-J1-3p
Targets 3′ UTR of ULBP3

mRNA and prevents
translation

[91]

ZPXV OMCP Antagonism of NKG2D
receptor [95]

Murine cytomegalovirus (MCMV), human cytomegalovirus (HCMV), varicella-zoster virus (VZV), herpes simplex
virus-1 (HSV-1), human herpesvirus (HHV), Kaposi’s sarcoma-associated herpesvirus (KSHV), Epstein-Barr virus
(EBV), hepatitis B virus (HBV), hepatitis C virus (HCV), adenovirus serotype 5 (Ad5), human immunodeficiency virus-1
(HIV-1), vesicular stomatitis virus (VSV), vaccinia virus (VV), polyomavirus (PyV), zoonotic orthopoxvirus (ZPXV).

5. NKG2DL Expression in Transformed Cells

Early observations that tumour cell lines were killed by NK cells and T cells lead to the discovery of
the NKG2D receptor and its ligands [6]. Various studies revealed tumour cells induced to express RAE-1
and H60 proteins resulted in tumour rejection in mice in an NK cell-dependent manner [18,98–100].
The importance of NKG2D immune surveillance has been made clear in NKG2D-deficient mouse
models, which spontaneously developed cancer much more than wild type mice [101].
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5.1. Tumours Upregulate NKG2DLs via Chronic DDR

Increased NKG2DL expression has been reported in many human cancers including
leukaemia [102], colorectal carcinoma [103], hepatocellular carcinoma [104], melanoma [105],
pancreatic carcinoma [106], breast carcinoma [107] and glioma [108].

Active DNA damage responses have been identified in cells undergoing the early stages of
tumourigenesis in precursor lesions, including phosphorylated histone H2AX, p53 and kinases ATM
and Chk2 [109,110]. These activated proteins are part of the DNA damage checkpoint, which can
trigger cell cycle arrest or apoptosis of these cells undergoing the first stages of transformation to
prevent tumourigenesis. Gasser et al. provided a mechanistic link between this DNA damage response
and immune surveillance of premalignant lesions by the upregulation of NKG2DLs. By using various
genotoxic stressors on both mouse and human non-tumour cell lines to induce an ATM/ATR-mediated
DNA damage checkpoint, they demonstrated increased NKG2DL expression. This upregulation could
be abrogated by specific inhibition of this DNA damage checkpoint. Furthermore, they suggest that
established tumour cells sustain their increased NKG2DL expression due to chronic activation of the
DNA damage checkpoint [32].

A further link between DNA damage in cancer cells and NKG2DL expression was later made
with the observation that doxycyclin-inducible wild type (but not a DNA-binding mutant variant)
p53 mediated ULBP1 and ULBP2 surface upregulation via increased levels of mRNA transcription in
p53-null human non-small cell lung cancer cells [35].

Detection of cytosolic dsDNA by PRRs is critical in triggering the innate immune response
towards cytosolic DNA, either of viral origin, or because of DNA damage associated with cancer
cells. Cytosolic dsDNA is detected and bound to by the enzyme cGAS, which synthesises the soluble
secondary messenger cyclic-GMP-AMP (cGAMP). cGAMP molecules then potently activate stimulator
of interferon genes protein (STING), leading to phosphorylation of IFN regulatory factor (IRF) 3.
Activated pIRF3 then causes transcriptional upregulation of type I IFN genes and triggers innate
immune responses [111]. A study using mouse lymphoma cell lines demonstrated that the DDR in
cancer cells resulted in cytosolic dsDNA, which activated the cGAS-STING pathway, triggering an
IRF3-dependent induction of RAE-1 ligands [112].

5.2. NKG2DLs Are Upregulated in Tumours through Deregulation of the Cell Cycle and Activated Cell Signalling

Excessive and dysregulated cell cycle entry is a feature of cancer cells. E2F transcription factors
play a crucial role in regulating the transition from G1 phase to S phase and entering the cell cycle.
Studies using proliferating mouse cancer cells, as well as normal primary murine fibroblasts induced
to proliferate, and other highly proliferative tissues demonstrated that the proliferative signals in these
cells induced increased transcription of Raet1e [113]. This increased transcription was dependent on
E2F transcription factors, which have binding sites in the Raet1e promoter [113].

The PI3K pathway is a key regulator of cell survival and proliferation, and is commonly activated
in the early stages of tumourigenesis [114]. PI3K activation is involved in maintaining sustained
expression of RAE-1 and MULT1 in transformed mouse cell lines [60]. However, the activation of
the PI3K pathway alone was not sufficient to induce expression in cells, suggesting other factors also
influenced expression [60]. In line with this evidence, c-Myc activity (downstream of PI3K pathway) is
involved in NKG2DL expression during early stages of tumourigenesis in a spontaneously developing
murine lymphoma model [115].

As mentioned earlier, UVB stress-induced EGFR signalling can cause MICA, MICB and ULBP2
upregulation in human epithelial cells [36]. Given the EGFR signalling pathway is commonly
hyperactivated in human cancers, and the positive correlation between EGFR and NKG2DL expression
in human carcinomas [36]. This may highlight another mechanism in which cancer cell phenotypes
induce NKG2DL expression.
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6. Cancer Strategies to Evade NKG2D

As observed with a variety of different viruses, there is also a significant selective pressure for
immune evasion in to cells undergoing malignant transformation, and effective immune evasion is
now recognised as one of the hallmarks of cancer [1].

Given this selective pressure applied to cancer cells, it is unsurprising that, similarly to several
viral infections, many cancers also acquire mechanisms to promote immune escape by modulating
the NKG2D response. For example, experimentally induced tumour cells were positive for RAE-1
protein expression in perforin-deficient mice, whereas expression was low or absent in WT mice [116],
indicating a selection pressure exerted by the immune system for cancer cells to reduce or lose
expression of NKG2DLs.

6.1. Loss of NKG2DLs May Be Involved in Metastatic Progression

Cancer stage progression has also been linked to NKG2DL expression in uveal melanoma patients.
In a study by Vetter et al., half of the primary tumours sampled were positive for MICA/B, yet all
metastatic lesions were absent for MICA/B, suggesting an involvement of the loss of MIC expression in
tumour progression and metastasis [117].

6.2. Downregulation of NKG2Ds on Immune Cells by Cell-Bound and Soluble NKG2DLs

Groh and colleagues made an early observation in patients with a range of human epithelial
tumours, including breast, lung, ovarian, colon and melanoma, that NKG2D receptor expression was
significantly decreased on CD8+ tumour-infiltrating lymphocytes (TILs), NK cells and γδ T cells in
patients with tumours positive for MIC [118]. By coculturing PBMCs with B cells transfected with
MICA or MICB, they noted that surface NKG2D expression was significantly decreased on CD8+ T
cells compared to PBMCs cocultured with un-transfected controls after 48 h. Additionally, they noted
that total NKG2D receptor expression was decreased in these PBMCs, suggesting protein recycling
from the cell surface and degradation. Subsequent treatments with bafilomycin A1 or chloroquine
(inhibitors of lysosomal acidification and protein degradation) prevented the decrease in total protein.
They concluded that surface NKG2D protein was recycled and degraded upon interaction with MICA
or MICB positive cells, in a process of ligand-induced recycling in a manner similar to CD28 and
TCR-CD3 complexes, following antigenic stimulation [119,120].

However, Groh and colleagues observed a similar decrease in surface and total NKG2D receptor
expression in circulating PBMCs, not just those in the tumour, in patients with MIC-positive tumours.
This observation ruled out the possibility that this downregulation was solely due to interactions with
NKG2DL-expressing cancer cells. They subsequently discovered that the patients with MIC-positive
tumours and low NKG2D receptor expression on TILs and PBMCs had soluble MIC (sMIC) A and
sMICB in their blood sera, but patients with MIC-negative tumours did not. Treatment of CD8+ T cells
with recombinant sMICA recreated the NKG2D receptor decrease [118]. This observation of epithelial
tumours shedding NKG2DLs was one of the first immune evasion mechanisms of the NKG2D system
to be discovered.

Shed NKG2DLs in the form of sMICA and sMICB have not only been observed in epithelial cancer
patients, but also haematopoietic malignancies such as leukaemia [102]. Strikingly, in a comprehensive
analysis of 205 leukaemia patients, all patient sera contained soluble NKG2DLs [121].

6.3. Mechanisms of NKG2DL Shedding by Tumour Cells

Investigations into the mechanisms of NKG2DL shedding have revealed this process is mediated
by metalloproteases on the surface of the cancer cells, and that shedding can be inhibited with the
addition of metalloprotease inhibitors [122]. Various metalloproteases have been implicated in NKG2DL
shedding, particularly enzymes from the ADAM family, specifically ADAM10 and ADAM17 being
responsible for MICA [123] and MICB cleavage [124]. Additional evidence suggests the thioreductase
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activity of ER protein 5 (ERp5) is also required for MICA shedding [125]. Furthermore, MICA and
MICB shedding from a range of tumour cell lines was attributed to either or both ADAM10 and
ADAM17, but the regulation of this process was different depending on the cancer cell lines tested [126].
Additionally, genotoxic stressors such as doxorubicin and melphalan have been demonstrated to
upregulate ADAM10 activity on multiple myeloma cells, resulting in increased MIC shedding [127].

In contrast to the reported ADAM10 and ADAM17 activity for MICA/B shedding, MMP14 has
been demonstrated to cause MICA shedding in prostate and breast cancer cell lines, independent of
ADAM activity [128]. Additionally, studies on malignant glioma cells revealed that only ULBP2 was
shed via ADAM10 and ADAM17 activity [129]. Similar observations have also been seen with glioma
stem-like cells, with ADAM10- and ADAM17-dependent shedding of ULBP2 [130].

These discrepancies observed in the precise mechanisms and enzymes involved in NKG2DL
shedding are likely to be due to the heterogeneities between the various cancer cells and cell lines used
in the experimental models, as well as the allelic heterogeneity within the population. However, it does
reveal a degree of complexity in the regulation of NKG2DL shedding.

Interestingly, the most common allele for MICA, MICA*008, which features a different
transmembrane region and a truncated cytoplasmic tail compared to other alleles, is shed in a
protease-independent manner. Instead of being shed by proteolytic cleavage at the cell surface,
MICA*008 is released from cancer cells within the membranes of exosomes. These MICA*008-containing
exosomes are still able to downregulate the NKG2D receptor on NK cells [131]. The selection of an allele
for MICA in the population, which is resistant both to viral MICA-binding proteins as well as proteolytic
cleavage by host cell metalloproteases upregulated in cancers, may highlight another example of
human evolution to bypass cancer and virus-mediated immune evasion. However, cancer shedding
of MICA*008 via exosome secretion appears to be one way in which cancers have adapted to
circumvent this.

6.4. Soluble NKG2DLs Affect Other Immune Cell Types

While sMIC has been shown to decrease surface expression of NKG2D receptors on CD8+

T cells and NK cells, Xiao et al. demonstrated that mouse bone marrow cells differentiated into
myeloid-derived suppressor cells (MSDCs) when treated with sMIC, while macrophages differentiated
into ‘alternatively’ activated immunosuppressive macrophages [132]. This suggests tumour shedding
of MIC not only directly enables immune evasion on a systemic level by global downregulation of
NKG2D receptors on PBMCs and TILs, but also helps to establish an immunosuppressive tumour
microenvironment through the repolarisation of myeloid cells.

Interestingly, Deng et al. provided evidence in contrast to the concept that soluble NKG2DLs
exclusively suppress NK cell activity by downregulating NKG2D receptor [133]. These new findings
led to the proposal that soluble MULT1 (sMULT1) actually enhanced NK cell-mediated tumour rejection.
This was attributed to high affinity sMULT1 being able to bind to NKG2D receptors on NK cells,
out-competing the binding of lower affinity NKG2DLs expressed by tumour-associated myeloid cells
which would trigger NKG2D receptor downregulation, similarly to sNKG2DLs [133].

6.5. Tumours Use miRNAs to Downregulate NKG2DL Expression at the Post-Transcriptional Level

The use of miRNAs to regulate the stability of MICA/B mRNA transcripts has already been
mentioned in the context of healthy and stressed cells, and that HCMV miRNA-UL112 exploits this
system to enable immune evasion. This strategy has also been implicated in cancer immune evasion.
Cellular miRNAs such as miR-20a, miR-93 and miR-106b which bind to the 3′ UTRs of MICA/B
transcripts are upregulated in many human cancers, and are responsible for the downregulation
in MICA and MICB protein [37]. Interestingly, some of these same cellular miRNAs had already
been identified as cancer-associated miRNAs, with involvement in other pro-tumour processes in
cancers, including breast cancer [134] and leukaemia [135]. Various other examples include: miR-10b,
a metastasis-associated miRNA, which targets MICB transcripts in breast cancer cell lines [136]; miR-20a
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targets MICA and MICB transcripts, and also inhibits the MAPK/ERK pathway to downregulate ULBP2
in breast cancer [137]; miR-34a and miR-34c downregulate ULBP2 [38]; miR-93, miR-20a and miR-106b
reduced expression of MICA, MICB, ULBP2 and ULBP3 in glioma cells [138]; and miR-889 which
targets MICB transcripts in hepatocellular carcinoma cells [139]. Interestingly, both miR-20a [137]
and miR-889 [139] expression decreased upon treatment with histone deacetylase (HDAC) inhibitors,
resulting in an increase in NKG2DLs. These findings may provide some mechanistic insight as to why
HDAC inhibitors increase cancer cell susceptibility to NK cell lysis [140].

6.6. Other Strategies Used by Tumours Subvert the NKG2D Immune Response

Other mechanisms to downregulate NKG2DL expression by cancer cells have also been observed.
Isocitrate dehydrogenase (IDH) is mutated in many glioma patients and results in the production of
the oncometabolite 2-hydroxyglutarate (2-HG). 2-HG inhibits histone demethylases and can cause
epigenetic hypermethylation [141]. In primary human glioma stem-like cell lines, IDH mutated cells
led to NKG2DLs becoming transcriptionally silenced as a result of 2-HG accumulation [142].

While some tumours intervene in NKG2DL expression before the protein translation stage,
examples from melanoma cell lines and patient-derived metastases revealed a strategy more similar to
that observed by viruses: intracellular retention of NKG2DL proteins [143]. These cells lacked surface
MICA expression but still expressed intracellular protein, which was accumulated in the ER before
being transported back to the cytoplasm for proteasomal degradation [143].

Cytokines in the tumour microenvironment can also influence immune evasion via the NKG2D
system. TGF-β expressed by glioma cells enables immune evasion from the NKG2D system in several
ways: (1) downregulation of NKG2DLs on the surface of glioma cells by inhibiting MICA, ULBP2 and
ULBP4 transcription [144,145], (2) increased expression of inhibitory receptor CD94/NKG2A to prevent
NK cell activation [144], and (3) downregulation of NKG2D receptors on CD8+ T cells and NK cells [146].
These findings suggest that TGF- β produced by glioma cells acts in both an autocrine and paracrine
modality to mediate immune evasion from NK cells and CD8+ T cells. Additionally, Eisele et al.
demonstrated by immunohistochemistry of gliomas that MICA and ULBP2 expression is inversely
correlated with WHO grade of malignancy, although tumour expression was significantly higher than
normal brain [145]. Furthermore, although TGF-β signalling increases metalloproteinase expression
on glioma cells [147], the increased shedding of MICA and ULBP2 by glioma cells was not due to
TGF-β-dependent metalloproteinases [145].

Further examples of cancer cells subverting the anti-cancer immune response by secretion of
soluble factors have been observed in glioblastoma patients. Glioblastoma cells were found to express
lactate dehydrogenase (LDH) isoform 5, which induced the expression of NKG2DLs on autologous
tumour infiltrating myeloid cells and circulating monocytes in patients, as well as on monocytes
isolated from healthy individuals [148]. These myeloid cells expressing NKG2DLs behaved similarly to
soluble ligands upon interaction with NK cells and resulted in NKG2D receptor downregulation [148].

Surprisingly, pro-inflammatory IFNs appear to play a role in NKG2DL expression. Bui et al.
reported that either IFN-γ or IFN-α reduced H60 expression on 3′methylchloanthrene
sarcomas in mice [149]. Additionally, Zhang et al. reported IFN-α increased MICA
expression, meanwhile IFN-γ decreased MICA expression in various human cancer cell lines,
including cervical cancer and erythroleukemia, by promoting MMP-mediated shedding of MICA [150].
Furthermore, IFN-γ decreased transcription of MICA, ULBP1 and ULBP2 in patient-derived melanoma
and glioma cell lines in a dose- and time-dependent fashion [151]. Investigations into the mechanism
of this IFN-γ-mediated downregulation revealed that IFN-γ induced the expression of miR-520b,
a miRNA that targets the 3′ UTR of MICA mRNA transcripts in a range of cancer cell lines including
melanoma, HeLa, breast and colorectal [152]. It has been speculated that the downregulation of
NKG2DLs in response to IFN-γ may be a regulatory mechanism that allows switching from innate
immune surveillance via NKG2DLs to adaptive immune responses via MHC and T cells [149].
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7. Viral and Cancer Immune Evasion Strategies Converge on the NKG2D Response

The focus of this review is to bring attention to the similarities between virus and cancer immune
evasion via the NKG2D system. Several viruses from a wide range of viral families use strategies
to interfere with the key stages in the pathway, ranging from avoiding initial detection by PRRs,
to transcriptional repression, mRNA stabilisation, NKG2DL protein stability and cellular localisation,
shedding from the protein surface and subversion of the subsequent immune response. Several different
cancers also interfere with many of these critical stages, sharing a striking similarity with viral immune
evasion (Figure 2).

 

Figure 2. Converging evolution of viruses and cancers to interfere with the NKG2D immune
response. Viruses and cancers induce various signalling pathways that induce natural killer group 2
member D ligand (NKG2DL) expression, including the phosphatidylinositol 3-kinase (PI3K) pathway,
DNA damage response (DDR) and stress-induced epidermal growth factor receptor (EGFR) signalling.
Various viruses and cancers interfere with the key stages in NKG2DL expression, including detection
of stress, transcription, mRNA stability, translation, protein stability and transport, surface protein
levels, NKG2D signalling and immune cell subversion. Vaccinia virus (VV), human immunodeficiency
virus-1 (HIV-1), hepatitis B virus (HBV), human cytomegalovirus (HCMV), murine cytomegalovirus
(MCMV), Kaposi’s sarcoma-associated herpesvirus (KSHV), Epstein-Barr virus (EBV), polyomavirus
(PyV), vesicular stomatitis virus (VSV), adenovirus serotype 5 (Ad5), herpes simplex virus-1 (HSV-1),
varicella-zoster virus (VZV), human herpesvirus (HHV), hepatitis C virus (HCV), zoonotic orthopoxvirus
(ZPXV). Diagram created with BioRender.com.
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Viruses can use an expansive toolkit to achieve immune evasion, using wholly new proteins or
miRNAs acquired through countless generations of evolution that are well-suited to carry out their
specific task. However, cancers must make use of a relatively limited toolkit in comparison to achieve
the same goal, as they are constrained by a shorter evolutionary timeframe, and must rely on proteins
or miRNAs already encoded in their genomes, or slight variations thereof. Therefore, cancers must
find ways to manipulate their toolkit, turning tools which normally serve the cell, tissue, and organism,
into tools which enable cancer survival. This observation is highlighted by the abundance and variety
of viral proteins that are unique to those viruses, which directly bind to, interfere with, or degrade
NKG2DLs. Meanwhile, cancers appear to have a reliance on the tools already available to them,
albeit by dysregulating them, such as upregulating cellular miRNAs to destabilise mRNA transcripts,
or by activating surface proteases to increase NKG2DL shedding. Given the differences in the tools
available at their disposal, is perhaps surprising to see such a high degree of functional convergence
between the immune evasion strategies of both viruses and cancers.

8. Strategies Employed by the Immune System to Counter Viral and Tumour Immune Evasion

In parallel to the selection pressures exerted on viral and tumour evolution, they impart their own
selection pressure on the immune system, driven by the necessity to constantly adapt and counter
immune evasion tactics employed by pathogens and cancers. While viruses and cancer cells develop
ways to downregulate or subvert the NKG2D response, the immune system has developed various
means to counteract.

For example, using a family of multiple different ligands that are all capable of binding to
the NKG2D receptor endows certain advantages to the organism. It enables a degree of functional
redundancy, in which various signals and pathways induce the expression of different ligands,
all of which converge on binding to NKG2D and bringing about a similar immune response [153].
However, evidence is emerging to suggest that NKG2DLs are non-redundant, and that induced
expression of certain ligands reflects a specific danger signal and threat [154]. For example,
ULBP1 expression positively correlates with leukaemia sensitivity to NKG2D-mediated lysis by
γδ T cells, and loss of ULBP1 conferred resistance to lysis, whereas MICA downregulation did not [155].
Although specific pathways may induce the expression of certain ligands, the pathways themselves tend
to be shared by a general cellular phenotype that reflects danger: either stress, infection, or neoplastic
transformation. Furthermore, ligand diversity makes total immune evasion as a result of viral gene
products or a mutation during malignant transformation far more unlikely [153,154].

In addition to the range of different NKG2DLs, they are also some of the most polymorphic
genes in humans. Different ligands, and even different alleles can change the extent of NKG2D
receptor signalling. For example, the MICA-129Met variant has a far greater binding affinity to
NKG2D compared to the MICA-129Val isoform, and results in stronger signalling and faster activation
kinetics [22]. Conversely however, the ULBP0602 isoform has a greater binding affinity compared
to other isoforms, but resulted in reduced NKG2D-mediated activation [23]. These findings suggest
different polymorphisms of NKG2DLs in the population that differ in binding affinities may influence
the intensity of the immune response towards the target cell.

Further evidence for the evolution of the NKG2D system being driven by viruses is the MICA*008
allele, which lacks the cytoplasmic tail and thus cannot be bound and downregulated by HCMV UL142
protein [25,72]. The prevalence of this allele in the human population may highlight the selective
advantage of this allele in conferring resistance to HCMV infection.

9. Conclusions and Outlook

Cancer immunotherapy is a rapidly advancing field, with vast potential for using the patient’s
own immune system, or genetically engineered immune cells to eradicate the tumours at multiple
sites throughout the body. Given NKG2DLs are expressed by many different cancer cells, they appear
as an attractive ‘pan-cancer’ antigen to target using immunotherapies, and could circumvent issues
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with other immunotherapies associated with tumour heterogeneity and loss of MHC class I expression
in tumours. This strategy has already been pursued, such as by the use of NKG2D chimeric antigen
receptor (CAR) T cells, with evidence of efficacy even in heterogeneous tumours in vivo [156].
Furthermore, NKG2D-targeted immunotherapies may combine advantageously with conventional
therapies which further induce NKG2DL expression. For example, Weiss and colleagues demonstrated
synergy between radiotherapy and NKG2D CAR T cells in murine glioblastoma models [157].
However, more understanding of NKG2DL expression in non-tumour cells is needed, given some
on-target, off-tumour toxicities have been observed using NKG2D-CAR T cells [158].

Asides from using engineered immune cells, other strategies have been investigated to enhance
natural innate immune responses towards tumour cells expressing NKG2DLs. Techniques to inhibit
proteolytic shedding of NKG2DLs, using chemical inhibitors [159,160] or antibodies which block
the proteolytic cleavage site [161], have been explored. Additionally, antibodies to neutralise
sMIC, preventing NKG2D receptor downregulation have also been investigated [162]. These are
particularly attractive strategies and may work together in concert with NKG2D CAR T cells or other
NKG2D-targeting cell therapies.

Oncolytic virotherapy (OVT) is a rapidly developing area for cancer immunotherapy. OVT uses
modified viruses that selectively infect and replicate within cancer cells, causing lytic cancer cell
death [163]. Many different viruses are being investigated for use as OVT, including adenovirus [164],
HSV-1 [165] and VSV [86]. A notable example being an oncolytic HSV-1, Talimogene laherparevec
(T-VEC), which gained FDA approval in 2015 [166]. As well as their ability for direct tumour lysis [167],
oncolytic viruses can also be used as gene therapy vectors, delivering therapeutic agents in situ in
the tumour. OVT for the treatment of cancer represents a cross-over between viruses and cancers.
Targeting shared strategies of viral and cancer immune evasion of the NKG2D immune response
could therefore provide significant, or even synergistic efficacy. One specific example could be to
use the oncolytic virus as a gene therapy vector to deliver small interfering RNA (siRNA) within the
cancer cell, knocking down ADAM10 and ADAM17 expression, and thus prevent NKG2DL shedding.
The cumulative effects of heightened NKG2DL expression normally associated with cancer cells,
alongside virus-induced NKG2DL expression, with further siRNA-mediated inhibition of NKG2DL
shedding could drastically increase the likelihood of immune detection and cancer cell lysis.

As the field of immunology ever advances and we understand more about the similarities between
viral and cancer immune evasion, we may gain further insight into new potential strategies to exploit
the NKG2D system for anti-cancer therapy. Furthermore, NKG2DL-targeting therapies used for cancer
treatment may even have a possible benefit for antiviral therapy.
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Simple Summary: The immune system is capable of eliminating solid cancers through the action
of immune cells that recognise antigens that are unique to tumour tissue. However, the activity of
tumour-specific immune cells is often blunted by the immunosuppressive environment within the
tumour core. One strategy to overcome this limitation is to inject immune modulators directly into
the tumour bed to stimulate the local network of immune cells. Not only does this promote local
antitumour activity, but also facilitates the infiltration of immune cells with antitumour activity at
distant tumour sites. A major class of compounds used for this purpose are recognised by pattern
recognition receptors (PRR), providing molecular cues typically associated with infection or tissue
damage to inflate the response. In this review, we summarise research into the use of such compounds
in preclinical studies, including promising studies conducted in combination with conventional
cancer therapies and other immunotherapies.

Abstract: Signalling through pattern recognition receptors (PRRs) leads to strong proinflammatory
responses, enhancing the activity of antigen presenting cells and shaping adaptive immune responses
against tumour associated antigens. Unfortunately, toxicities associated with systemic administration
of these agonists have limited their clinical use to date. Direct injection of PRR agonists into the
tumour can enhance immune responses by directly modulating the cells present in the tumour
microenvironment. This can improve local antitumour activity, but importantly, also facilitates
systemic responses that limit tumour growth at distant sites. As such, this form of therapy could be
used clinically where metastatic tumour lesions are accessible, or as neoadjuvant therapy. In this
review, we summarise current preclinical data on intratumoural administration of PRR agonists,
including new strategies to optimise delivery and impact, and combination studies with current and
promising new cancer therapies.

Keywords: pattern-recognition receptors; toll-like receptors; intratumoural; tumour microenvironment

1. Introduction

There have been significant advances in the development and use of immunomodulatory
compounds to reverse immune tolerance and exhaustion in order to facilitate anti-tumour immune
responses. While the most clinically relevant advance has been the development of immune checkpoint
inhibitors to block negative signalling in anti-tumour T cells, other approaches have focused on
delivering stimulatory signals, either to T cells directly, or to the antigen-presenting cells (APCs) that
ultimately orchestrate adaptive immunity. One broad class of such immunostimulatory compounds are
agonists for patter recognition receptors (PRRs), a series of innate receptors that screen the environment
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for molecular cues associated with infection or tissue distress [1]. Integration of signals facilitated by
these innate immune-sensing pathways plays a significant role in regulating immediate host innate
immunity, and also shaping the quality of induced adaptive responses featuring T cells and B cells [2].

It is now recognised that a critical barrier to effective immunity against solid tumours is the
local tumour microenvironment (TME), with its unique local milieu of immunosuppressive cells
and hypoxia-induced factors that ultimately serve to limit the activity of infiltrating immune effector
cells [3–5]. By administering PRR agonists to the host, it is possible to deliver positive signals that
can overcome some of these immunosuppressive networks [6–8]. Furthermore, the administration
of PRR agonists into an environment where APCs have captured tumour antigens can create an
immunopermissive environment where antigen-specific adaptive responses can be initiated, or existing
ones given an effective boost [9]. To maximise the likelihood of stimulating appropriate antigen-loaded
APCs, it may be necessary to introduce the PRR agonists directly into the TME. This can be achieved in
some clinical situations by intratumoural administration, the focus of this review.

Many PRRs have been described, with the main families explored in the context of intratumoural
administration being the Toll-like receptors (TLR), retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs), and DNA sensors such as stimulator of interferon genes (STING). All of these receptors transmit
signals when they encounter agonists in the form of pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs) [10,11]. PAMPs are structures typically observed
in pathogenic prokaryotes, such as lipopolysaccharide (LPS), peptidoglycans, and lipoproteins derived
from bacterial cell walls, bacterial structural proteins such as flagellin, nucleic structures such the
unmethylated deoxyribonucleic acid (DNA) associated with bacteria and some fungi and parasites,
or double stranded ribonucleic acid (dsRNA) typically seen in viral species [12]. DAMPs result
from cellular stress, apoptosis, and necrosis, such as chromatin-associated protein high-mobility
group box 1 (HMGB1) [13], heat shock proteins (HSPs) [14], extracellular adenosine triphosphate
(ATP) [15], and proteolytically digested fragments of the extracellular matrix, such as biglycan and
fibrinogen [16,17]. Although their intracellular signalling pathways are often distinct, they ultimately
lead (alone or in combination) to increased transcription of genes involved in inflammatory responses.
These include proinflammatory cytokines such as IL-1, IL-6, IL-12, and tumour necrosis factor (TNF),
type-I interferons (IFNs) that promote APC maturation and the cytotoxic activity of macrophages and
natural killer (NK) cells [18–22], and chemokines that recruit lymphocytes and neutrophils [23,24].
Combined, these factors contribute to the mobilisation of adaptive immune responses. While PRR
agonists have been investigated as systemic therapies, advancement to the clinic has been hampered
by systemic toxicities [25–27]. However, studies suggest that an intratumoural route of administration
can lead to high local concentrations of PRR agonists in the TME while limiting systemic exposure that
can potentially lead to toxicity [6,28], even when used in a repetitive dosing regimen [29–31].

While PRRs are highly expressed by APC lineages that are known to infiltrate the TME, including
conventional myeloid dendritic cells (cDC), plasmacytoid dendritic cells (pDC), and tumour associated
macrophages (TAMs), they can also be expressed on CD8+ and CD4+ T cells, regulatory T cells (Treg),
and B cells [32]. The impact of PRR agonism on the adaptive immune response can therefore be
indirect, through the activation of APCs, or direct, through direct stimulation of adaptive effectors
cells. Importantly, although the immediate response to intratumoural delivery of an agonist is to
alter the function of cells in the local TME, numerous studies have shown that it is possible to create
an environment that supports a systemic immune response that can initiate tumour regression in
non-injected distal tumour sites, referred to as an abscopal effect. Here we discuss the recent advances
in our understanding of how the TME can be shaped by intratumoural PRR agonists (Figure 1). In much
of this preclinical work, PRR agonists have been studied in combination with other immunomodulatory
strategies, such as with checkpoint inhibitors, or with conventional therapies such as radiation and
chemotherapy, in order to promote long-term tumour eradication (summarised in Table 1).
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Figure 1. Intratumoural pattern recognition receptors (PRR) agonists induce a proinflammatory tumour
microenvironment. PRR engagement on antigen-presenting cells (APCs) results in the activation of
APCs including conventional myeloid dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs) and
macrophages. These activated APCs produce cytokine profiles mostly dominated by type I interferons
(IFN) as well as proinflammatory cytokines, such as IL-12p70, IL-6, IL-1 and tumour necrosis factor
(TNF). This creates an environment that favours the activation or restimulation of T cells, decreases
the activity of myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), and polarises
macrophages to an anti-tumoural M1-type phenotype. Activated APCs also appear in tumour-draining
lymph nodes, where they can contribute to presentation of tumour-associated antigens to T cells.
Chemokines released in the tumour help recruit circulating T cells, natural killer (NK) cells, monocytes,
and neutrophils. Ultimately, a systemic immune response is generated that can be capable of inducing
regression at distant tumours.

Table 1. Intratumoural PRR agonists and effective treatment combinations in a preclinical setting.

Intratumoural
Agonist

Analogues
PRR

Receptors
Notable

Cytokines
Effects on APCs

Critical
Effector Cells

Beneficial Combinations

Pam3CSK4
TLR1
TLR2 IFN-γ Limited effects

alone
Limited effects

alone Anti-CTLA-4 [33]

acGM-1.8 TLR2 TNF, IL-12p70
and IFN-γ

Increased M1/M2
macrophage ratio

Increased
Teff/Treg ratio

Poly I:C BO-112 TLR3
RIG-I Type I IFN Dependent on

cDC1
Increased

Teff/Treg ratio

Flt3 ligand with anti-PD-L1
mAb and BRAF inhibition [34];

CpG-ODN [35]

Poly A:U TLR3 Type I IFN Activate cDCs

Increased
Teff/Treg ratio
and granzyme
B-producing
CD8+ T cells

LPS MPL
G100 TLR4 Type I IFN

Activate cDC1s
Increased M1/M2
macrophage ratio

Increased Teff
Increased NK

cells

Anti-CD40 mAb [36]; anti-PD1
or anti-PD-L1 [37]

Resiquimod
(R848)

TLR7
TLR8 Type I IFN

Activate pDCs
Activation of cDCs
Increased M1/M2
macrophage ratio

Increased Teff
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Table 1. Cont.

Intratumoural
Agonist

Analogues
PRR

Receptors
Notable

Cytokines
Effects on APCs

Critical
Effector Cells

Beneficial Combinations

Telratolimod TLR7
TLR8 Type I IFN

Activate pDCs
Activation of cDCs
Increased M1/M2
macrophage ratio

Increased Teff

Anti-PD-L1 mAb [29];
anti-PD-1 mAb [38];

anti-CTLA-4 and anti-PD-L1
mAb [39]; anti-OX40 mAb [29]

CpG ODN
SD-101

CMP-001
IMO-2125

TLR9 Type I IFN

Macrophages
responsible for
early rejection

phase
Activate pDCs

Accumulation and
activation of cDCs

Reduced MDSC
function

Increased
infiltration of

antigen-specific
T cells

Increased NK
cells

Anti-CD40 antibody [40];
anti-CTLA4 [41]; anti-OX40

mAb alone [42] or in
combination with

anti-CTLA-4 [43]; anti-PD-1
mAb alone [44] or in

combination with local
radiotherapy [45]; metronomic

cyclophosphamide [31],
doxorubicin [46]; ibrutinib [47];

poly I:C [35]; 3M-052 [48]

MK461 RIG-I Type I IFN Dependent on
T and NK cells

SLR14 RIG-I Type I IFN
Phagocytosed by
CD11b+ myeloid

cells

Increased
Teff/Treg ratio Anti-PD-1 [49]

Murine CDNs DMXAA
CDG STING Type I IFN Dependent on

cDC1
Dependent on

T cells

Anti-CTLA-4, anti-PD-1 and
agonistic anti-CD137 [50];

carboplatin and anti-PD1 [51]

Synthetic
human CDNs

ADU-S100
cGAMP
GSK532

STING Type I IFN Activate cDCs Dependent on
CD8+ T cells

VEGFR2 blockade and
anti-CTLA-4 or anti-PD1
mAb [52]; anti-PD-1 with

anti-CTLA4 [53]

2. Intratumoural PRR Ligands and the TME

2.1. TLR Agonists

Downstream TLR signalling involves the recruitment of adapter proteins, with myeloid
differentiation factor 88 (MyD88) utilised by all TLRs excluding TLR3, and TIR domain-containing
adapter inducing interferon β (TRIF) used by both TLR3 and TLR4. Engagement of these adapters
ultimately transmits signals through nuclear factor-κB (NF-κB), mitogen-activated protein (MAP)
kinases, and interferon-regulatory factors (IRFs) to influence the expression of genes relevant to
inflammation (reviewed extensively elsewhere; [54]). When considering APCs such as DCs, signalling
through TLRs expressed on the cell surface (TLR1, 2, 4, 5, 6) generally induces a cytokine profile
featuring IL-1, IL-12, and TNF, while TLRs within the endosomal compartment (TLR3, 7, 8, 9) promote
significant type I IFN release [55–57]. Through direct signalling, or via the cytokines induced, TLRs
can regulate essential processes for initiating T cell immunity, including altering rates of antigen
uptake, processing and presentation of antigen by APCs, as well as inducing enhanced expression
of molecules required for T cell activation, including the critical co-stimulatory molecules of the B7
family (e.g., CD80 and CD86) and TNFR family (e.g., CD40, OX40L) [58–62]. Below, we review the
effect of agonists for the different TLRs in the context of intratumoural cancer treatment. Although
TLR signalling occurs in cells that are not regarded as APCs, much of the data indicates a critical role
for enhancing APC function in the efficacy of these treatments.

2.1.1. TLR9

Perhaps the most clinically advanced of the PRR agonists evaluated target TLR9 (reviewed
in [63,64]). In general, monotherapy with intratumoural administration has shown to be safe, but with
limited clinical efficacy observed to date, although more promising results have been observed when
injected in combination with other cancer therapies. Further preclinical studies, like those described
below, are needed to optimise this therapy for the clinic.
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Primarily expressed on B cells and pDCs, TLR9 is located in intracellular vesicles, where it detects
the presence of unmethylated cytidine phosphate guanosine (CpG) dinucleotides associated with
the genomes of most bacteria and DNA viruses, inducing signalling via the MyD88 pathway [65].
Synthetic TLR9 agonists have been developed based on CpG-oligodinucleotides (ODN) containing
hexamer CpG motifs that are not common in vertebrate DNA. Early studies with intratumoural
CpG-ODNs in Lewis rats implanted with syngeneic glioma cells showed increased tumour infiltration
with macrophage/microglial cells, CD8+ T cells, and NK cells, and protection against a second tumour
challenge. In follow-up studies in mice, the effect was lost in nude mice, suggesting that CpG-ODN
was not directly cytotoxic and required immunostimulation for the antitumour effect [66]. Specific
cell depletion studies showed that macrophages played a critical role in the early phase of tumour
rejection, capable of controlling growth temporarily in nude mice, but full rejection required a later
phase only seen in T cell-replete animals [67]. Several studies in different tumour models in mice
confirmed a critical role for CD8+ T cells, and establishment of a memory response [68], with transfer
of activated T cells sufficient to mount fully protective responses in RAG-1 knockout mice (which are
otherwise deficient in adaptive immune cells) [69]. Initial priming was shown to involve modulation
of DC function in a CT26 colon carcinoma model, with CpG-ODN treatment shown to induce the
expression of CCL20 in the tumour, attracting large numbers of circulating DCs into the tumour mass.
Whereas the TME typically caused inhibition of DC activation in this model, CPG-ODN treatment
enabled tumoural DCs to effectively cross-present tumour antigens to activate CD8+ T cells. This
local effect on tumoural DC number and function was critical, as systemic delivery of the DC growth
factor, Flt3 ligand could increase circulating DCs, but had no effect on the number of tumoural DCs or
impact on tumour growth [70]. More mechanistic insight came from studies comparing intratumoural
CpG-ODN to intravenous treatment, where intratumoural treatment was shown to lead to more
extensive infiltration of antigen-specific T cells, which was attributed to significantly higher levels of
inflammatory chemokines (RANTES, IP-10, MCP-1, MCP5, MIP1α, and MIP1β) in the TME. In vivo,
depletion of pDCs, which are known to express TLR9 [71,72], greatly reduced the levels of chemokines
induced, and impaired T cell accumulation and the antitumour effect [73]. Given the known capacity
for pDCs to produce type I IFNs, this cytokine response was likely key to the improved T cell activity,
through its effects on APC function, including improved cross-priming [74–76], and also its direct effect
on T cell memory formation [77,78]. Indeed, a type I IFN response is now a feature used in developing
this intratumoural therapy. For example, in a recent study, twenty novel CpG-C ODNs were screened
for their ability to induce secretion of IFN-α (along with IL-6 and TNF) in human peripheral blood
mononuclear cells (PBMCs) to select new efficacious agonists for further evaluation [79]. Interestingly,
one study did not show a role for pDC in response to CpG-ODN in a mouse model of T cell lymphoma;
instead, CpG-B ODN stimulation recruited neutrophils into the milieu, resulting in the activation of
cDCs, with subsequent increased antitumour T cell priming in draining lymph nodes [80]. Another
important facet of the intratumoural effect of CpG-ODN is the impact on myeloid-derived suppressor
cells (MDSC), which represents an important constituent of the immunosuppressive TME. Delivery
of CpG-ODN directly into the tumour has been shown to reduce the immunosuppressive activity of
monocytic MDSC (which express TLR9) and cause their differentiation into macrophages with direct
tumouricidal capability [81].

Intratumoural CpG-ODN treatment has been evaluated in combination with evolving new
therapies based on antibody-mediated modulation of T cells. Intravenously administered monoclonal
antibodies against OX40, which enhance T cell activation, or against CTLA4 to block a cell-intrinsic
negative regulatory immune checkpoint in T cells, combined effectively with the intratumoural
CpG-ODN treatment in a mouse model of B cell lymphoma [40]. In fact, B cell lymphoma may
represent an unusual case, as it was unexpectedly found that tumour rejection did not require host
expression of TLR9, and was associated with increased expression of the co-stimulatory molecules CD80
and CD86 on the lymphoma cells; the lymphoma cells themselves may therefore be acting as APCs [82].
In some studies, CpG-ODN induced the upregulation of PD-1 expression on immune cells [83], making
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this an obvious, clinically relevant combination to explore. Durable rejection of injected tumours,
and activity against un-injected distant tumours, was observed when CpG-ODN was combined
with anti-PD-1 in models of CT26 colon carcinoma, TSA mammary adenocarcinoma, and MCA38
colon carcinoma—all models that showed little response to PD-1 blockade alone [44]. The effect
of PD-1 blockade was to alter CpG-ODN-mediated differentiation of tumour-specific CD8+ T cells
into short-lived effector cells, and preferentially expand long-lived memory precursors, which likely
accounted for the increased durability of the combination [44]. Studies of CpG-ODN treatment with
anti-CTLA-4 in B16 melanoma were also encouraging, although when evaluated further, only the
more immunogenic model, B16.OVA, resulted in full synergy with abscopal effect, whereas in the less
immunogenic B16.F10 melanoma model, only the locally injected site responded to the combination [41].
Combining with a CTLA-4 antibody of increased potency improved the distant response. Interestingly,
in some studies, CpG-ODN administration was found to increase OX40 co-stimulatory receptor
expression on CD4+ T cells, and combining intratumoural treatment with intravenous agonistic
anti-OX40 antibody was found to be particularly effective [42]. Successful combination therapy
with anti-OX40 and anti-CTLA-4 could be achieved by administering the antibodies intratumourally,
which helped deplete immunosuppressive Tregs in the TME [43]. The upregulation of OX40 has been
investigated as an early predictor of response to CpG-ODN, with increased uptake of a near-infrared
(NIR) fluorescence probe affixed to an antibody for OX40 seen with CpG-ODN treatment in a model
of hepatocellular carcinoma [84]. In the clinic, checkpoint blockade is currently being evaluated in
combination with other conventional therapies, such as radiation treatment [85]. However, promising
preclinical studies indicate that intratumoural CpG-ODN treatment could be added to the mix.
For example, local radiotherapy, intratumoural CpG-ODN, and systemic PD-1 blockade were shown to
be particularly effective in lung cancer models, associated with increased DC activation and infiltration
of cytokine-producing CD8+ T cells [45].

Low-dose metronomic cyclophosphamide complements the actions of an intratumoural CpG-ODN
to potentiate innate immunity and drive anti-tumour responses [31]. In this setting, the chemotherapy
shaped the immune response, with a reduction in Tregs, and an increase in M1-type macrophages,
a phenotype typically associated with antitumour effects through direct tumouricidal activity and
release of factors such as IL-12, CXCL9, and CXCL10 that enhance T cell and NK cell function
and migration to the tumour. A corresponding decrease in M2-type macrophages was observed.
These pro-tumourigenic cells produce the immunosuppressive cytokine IL-10, are able to recruit
Tregs, and express PD-L1, which triggers negative signalling via PD-1 in T cells; they also promote
angiogenesis and tumour progression through the production of VEGF and the release of chemokines
such as CCL18 and CCL22, and enzymes like matrix metalloproteinase [86–88]. Another way to exploit
chemotherapeutic agents in combination therapy is to use agents such as doxorubicin and oxaliplatin
that induce immunogenic cell death (ICD) to release antigens and broaden the immune response.
A recent study used intratumoural injection of an ICD inducer in combination with a cell-labelling
version of CpG-ODN that is retained at the injection site to generate an in situ apoptotic cell-adjuvant
complex to drive antitumour responses [46]. Ibrutinib, an irreversible inhibitor of Bruton’s tyrosine
kinase, that is an effective treatment against many types of B cell lymphomas, also causes ICD and was
shown to combine effectively with intratumoural CpG-ODN in a mouse model of lymphoma [47].

Many recent preclinical studies have focused on improving the delivery of CpG-ODN to the TME
and have often been conducted in combination with other therapies. Potent anti-tumour responses were
observed in mice by incorporating CpG-ODN and anti-CD40 agonist antibody into liposomal carriers,
with elimination of systemic toxic side effects achieved by focused sequestration in the TME [89].
As the phosphodiester-backbones of CpG-ODN can be susceptible to nuclease activity, encapsulation
into liposomes has been used to improve stability in vivo [90]. This was also achieved using a
poly(L-glutamic acid)-modified CpG-ODN [91], or modified with polyethyleneimine [92]. Conjugating
CpG-ODN to carbon nanotubes proved to be effective in intracranial treatment, abrogating tumour
growth not only in the brain, but also subcutaneous tumours [93]. In a recent study, the challenge of
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delivering a payload into the compressed TME was overcome by loading CpG onto apoptotic bodies,
which were phagocytosed by inflammatory monocytes that actively infiltrate the tumour centre [94].
Others have utilised delivery on synthetic high density lipoproteins (together with a chemotherapeutic
agent) [95] or used the specific targeting of some peptide moieties for the TME to direct uptake into
the tumour [96]. An albumin-binding analogue of CpG-ODN was shown to accumulate in tumours
after the local tumour area was subjected to radiation therapy [97]. In some studies, the delivery
vehicles were functionalised to provide additional antitumour activity. For example, CpG-ODN
and tumour antigens were integrated with gold nanorods capable of photo-heat conversion, so that
illumination of the tumour area with NIR light resulted in a local rise in temperature that caused
additional tumour destruction [98]. CpG-ODN has also been incorporated into carbon nanotubes,
which have a photohyperthermic effect induced by NIR irradiation [99], and a similar concept has been
used with a hydrogel containing gold nanoparticles exposed to laser irradiation at 780 nm to cause
the local temperature rise [100]. Tumour elimination with a low radioactivity dose was achieved by
intratumoural injection of a sodium alginate formulation containing CpG-ODN and a catalase labelled
with the therapeutic 131I radioisotope [101].

The CpG-ODNs evaluated preclinically fall into three general classes. Class-A CpG ODNs
stimulate pDC to produce high quantities of IFN-α, induce maturation of APC, and activate NK
cells indirectly via the IFN-α produced. Class-B CpG-ODNs activate B cells and NK cells, but are
associated with lower levels of DC activation and IFN-α induction, while Class-C CpG-ODNs combine
the properties of class-A and Class-B. Toxicities associated with repeated administration (with systemic
access) can cause splenomegaly, lymphoid follicle destruction, and hepatotoxicity in mice [102–104].
Some hematologic adverse events and influenza-like symptoms have been observed in human cancer
clinical trials [105,106], and some adverse events, such as platelet activation, complement activation,
and clotting time prolongation are caused by the unnatural phosphorothioate backbone used in
Class-B CpG-ODNs [107–109]. In contrast, Class-A CpG-ODNs are composed of mostly natural
phosphodiester backbones, but as such are susceptible to degradation [110]. To address this, in a
recent study Class-A CpG-ODN was encapsulated into lipid nanoparticles, which showed potential
as a safe and effective alternative formulation for cancer immunotherapy [111]. Another downside
of Class-B CpG-ODNs is that they can limit their immune stimulatory activity through activation of
the signal transducer and activator of transcription 3 (STAT3), which is responsible for orchestrating
immunosuppressive networks in the TME. A recent study showed in vitro that while Class-B CpG-ODN
alone can induce activation of DCs, combined inhibition of the JAK2/STAT3 pathway resulted in
superior DC activity [112].

Another strategy to improve intratumoural responses to intratumoural administration involves
combining TLR signalling via both the TRIF and MyD88 pathways to activate separate kinetics. It has
been shown that combining CpG-ODN with the TLR3 agonist poly I:C can synergistically upregulate
the expression of IL-12p40 in murine peritoneal macrophages, and potentially lead to enhanced
antigen cross-presentation [113]. Intratumoural administration of both poly I:C and CpG-ODN,
combined with systemic transfer of melanoma-specific T cells, led to the eradication of established
tumours [35], which was attributed to improved activity of host DCs. The improved T cell activity was
lost in Tap-deficient mice, suggesting an enhanced capacity for cross-presentation was essential to the
response. In another study involving co-delivery of agonists, concurrent targeting of TLRs 7, 8, and 9
by intratumoural injection increased the number and tumouricidal activity of tumour infiltrating CD8+

T cells and NK cells, and reduced the frequency of immunosuppressive MDSCs [48].

2.1.2. TLR2

TLR2 recognises bacterial-derived lipopeptides and signals as a heterodimer with either TLR1 or
TLR6. The activity of Bacillus Calmette-Guerin (BCG), a clinically approved intratumoural therapy for
bladder cancer, has been attributed to a number of PAMPs, including the activation of TLR1/TLR2
signalling via recognition of lipopeptides within the cell wall [114]. Pam3CysSerLys4 (Pam3CSK4) is
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a triacylated lipopeptide that mimics the acylated amino terminus of bacterial lipoproteins and is
commonly used as a synthetic TLR1/TLR2 agonist [115]. Intratumoural administration of Pam3CSK4

alone has been attempted, but had no significant effect on tumour growth in a B16.F10 melanoma
model [33]. A recently described TLR2-specific agonist based on a glucomannan polysaccharide
modified with acetyl groups (acGM-1.8) displayed a much higher safety profile than Pam3CSK4,
with some antitumour activity as a single agent [116]. Following intratumoural administration of
acGM-1.8 into mice with established sarcoma lesions on both flanks, strong anti-tumour responses
were observed against both the treated and untreated bilateral tumours. The local response was
abrogated by intratumoural clodronate liposome injection, highlighting a role for macrophage activity.
In support of this, large changes in the phenotype of TAMs were observed, with an increase in M1-type
macrophages and decrease in M2-type macrophages. In fact, intratumoural acGM-1.8 changed the
overall cytokine profile within the tumour, with an increase in levels of TNF, IL-12p70, and IFN-γ,
and an increased ratio of effector T cells (Teff) to Tregs. Furthermore, the antitumour response was not
induced in Rag−/− mice, suggesting induction of a crucial adaptive immune response [116].

Studies in mice conducted with intratumoural Pam3CSK4 combined with systemic administration
of anti-CTLA-4 showed enhanced efficacy in a B16.F10 melanoma model [33]. Interestingly, in this
combination setting, there was an increase in Fcγ receptor IV expression on macrophages, resulting
in greater antibody-dependent macrophage-mediated depletion of CTLA-4-positive Tregs in the
tumour [33,117]. Thus, intratumoural delivery of PRR agonists can play unexpected supporting roles
in established treatments, and carefully selected combinations can result in synergistic effects.

2.1.3. TLR3

TLR3 recognises exogenous and endogenous dsRNA in endosomes, stimulating a signalling
pathway via TRIF that culminates with the secretion of inflammatory cytokines and type I IFN. Poly I:C
is an analogue of viral dsRNA that acts as an agonist of endosomal TLR3 [118]. In mice, intratumoural
administration of poly I:C delayed B16.OVA melanoma and E0771 breast cancer outgrowth [83].
Moreover, intratumoural administration of a nanoparticle form of poly I:C, BO-112, induced strong
anti-tumour activity in multiple mouse tumour models where subcutaneous administration failed [119].
The antitumour effects were associated with enhanced infiltration of antigen-specific T cells into the
tumour and tumour-draining lymph nodes, with an increased Teff/Treg ratio. The protection provided
by either intratumoural BO-112 or poly I:C was lost in Batf3−/− mice, which lack conventional DC-1
cells (cDC1), a population with a heightened propensity for cross-priming CD8+ T cells, that was shown
to be the major TLR3-positive DC population in the tumour tissue in wild-type animals [34,119,120].
The anti-tumour effects of the TLR3 agonists were also abolished in IFNAR1 knockout mice [34,119,120],
highlighting a key role for type I IFN signalling.

Intratumoural administration of poly A:U, a double-stranded polyribonucleotide that is less toxic
(but also less potent) than poly I:C, could also delay the growth of B16 melanomas, which was again
associated with an increased Teff/Treg ratio, and also a greater number of CD8+ T cells expressing the
effector molecule granzyme B [120–122]. There was also increased expression of PD-1 on CD8+ T cells
and PD-L1 on myeloid cell populations including M2-type macrophages, suggesting combinations
of poly A:U with inhibitors to neutralise this immune checkpoint may enhance the response [120].
Combining intratumoural poly I:C with systemic administration of Flt3 ligand resulted in enhanced
cDC1 accumulation in the tumour and was associated with an increased tumour antigen-specific
CD8+ T cell response. Taking this a step further, responses were improved again when Flt3 and poly
I:C were used in conjunction with PD-L1 blockade and B-Raf proto-oncogene (BRAF) blockade [34],
two commonly used treatments in the clinic. Overall, given that combination treatments have been
more effective in preclinical studies, intratumoural TLR3 agonists like BO-112 are currently being
investigated in patients with solid tumours in combination with systemic anti-PD-1 (NCT02828098;
NCT04508140; NCT02423863) [123].
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2.1.4. TLR4

Agonists for TLR4 are already clinically approved for use as immune adjuvants in vaccine therapy,
as exemplified by the use of monophosphoryl lipid A (MPL), a detoxified version of the well-known
TLR4 agonist LPS, in the human papillomavirus (HPV) vaccine, CervarixTM [124,125]. Preclinical
studies in mice have shown that intratumoural administration of LPS can result in antitumour
effects, with more consistent tumour control observed compared to subcutaneous administration
at a contralateral site or intraperitoneal administration [36,126,127]. Assessment of tumours after
intratumoural treatment with LPS, or with a synthetic lipid A derivative (formulated glucopyranosyl
lipid A; G100), revealed an inflamed tumour milieu, with an influx of effector T cells and NK cells and
increased expression of activation markers on tumour-resident cDC1s [30,128]. Interestingly, as seen
with CpG-ODN, in a model of B cell lymphoma, G100 induced a protective CD8+ T cell response that
was dependent on tumour cell expression of TLR4 [129].

It is widely known that exposure to LPS can polarise macrophages to an M1 phenotype [130–132].
Others have shown that TLR4 signalling in the TME can promote the recruitment of macrophages
from the systemic circulation into the tumour environment [133–135]. However, these effects have not
been consistently seen with intratumoural treatment. A minor increase in macrophage infiltrate within
the TME was observed following G100 administration, but not with LPS [30,128]. Interestingly, low
dose LPS resulted in increased infiltration of M1-type macrophages and elevated type I IFN, but failed
to control tumour growth in a model of 4T1 breast cancer [136]. Instead, this treatment enhanced
tumour growth, resulting in larger primary tumour volume and greater metastasis to the lungs.
As intratumourally LPS treated mice displayed elevated systemic inflammatory cytokines, including
IL-1α, IL-1β, and TNF, it was suggested that systemic inflammation hindered the antitumour response.
Indeed, in a separate study, intratumoural LPS was found to enhance the antitumour response of
an oncolytic virus targeting OVA in a model of B16.OVA melanoma, but this combination actually
resulted in rapid morbidity and mortality in the majority of mice [137]. Together these findings suggest
that strategies to improve sequestration in the tumour with limited leakage are needed, or perhaps the
evaluation of TLR4 agonists with less potent activity.

Combination treatments may be required to extract benefit from intratumoural treatment with
TLR4 agonists. The combination of intratumoural MPL and agonistic anti-CD40, which is known to
activate macrophages, enhanced macrophage-induced killing of tumour cells, resulting in a significant
increase in anti-tumour activity in mice compared to either treatment alone [36]. The alarmin, HMGN1,
has been identified as a TLR4 ligand, and when injected intratumourally with cyclophosphamide and the
TLR7/8 ligand, resiquimod (R848), caused the elimination of established CT26 colon carcinomas [138].
This response correlated with an increase in tumour infiltrating T cells and increased activation and
homing of tumour DCs to the draining lymph node. Systemic administration of G100 has been reported
to enhance the antitumour response when combined with either anti-PD1 or anti-PDL1 in a model of
B16.F10 melanoma [37]. However, the impact of intratumoural delivery has not to our knowledge been
reported. Despite this, numerous clinical trials are currently investigating the intratumoural effects
of G100 as a monotherapy or in combination with checkpoint inhibitors, radiotherapy, and antigen
(NCT02035657, NCT02180698, NCT02320305, NCT02501473).

2.1.5. TLR7/8

The intracellular TLR7/TLR8 receptors recognise single-stranded RNA and RNA viruses,
and induce signalling via the MyD88 pathway. The activation of TLR7/8 on cDCs leads to their
maturation and improves antigen cross-presentation via increased formation of MHC-peptide
complexes, up-regulation of costimulatory molecules (CD80/86, CD40), and release of IL-12,
while ligation by TLR7/8 agonists on pDCs induces the production of type I IFNs, further amplifying
antigen cross-presentation [139].

The two dual TLR7/8 agonists, resiquimod and telratolimod (also known as MEDI9197 and
3M-052), have been observed to delay tumour growth when administered intratumourally in models
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of squamous cell carcinoma [140], melanoma [39], colon adenocarcinoma [29], breast cancer [38],
and glioma [141]. Both promote polarisation of the TME towards a Th1 phenotype, with increases
in effector T cells and M1-type macrophages and the production of IFN-α by pDCs alongside DC
maturation. Intratumoural PD-1/PD-L1 expression was increased following telratolimod administration
and consequently, the combination of telratolimod and systemic anti-PD-L1 led to increases in median
survival in a B16.OVA model and induced tumour regression [29]. Furthermore, combination with
anti-PD1 increased survival and prevented metastases in the triple negative 4T1 breast cancer model [38].
Combining telratolimod with both anti-CTLA-4 and anti-PD-L1 resulted in superior activity against
treated and untreated tumours than single agents in B16.F10 melanomas, with both tumours displaying
an increase in antigen-specific CD8+ T cells [39]. Significant tumour growth inhibition was achieved
when combining intratumoural telratolimod with systemic agonistic anti-OX40 compared to either
agent given alone, which may be due to observed increases in OX40 receptor expression in treated
tumours as a result of TLR7/8 agonism [29]. As observed with TLR9 agonists, attempts to improve the
retention of TLR7/8 agonists in the tumour by formulating resiquimod into thermosensitive liposomes
have been investigated [142].

Telratolimod has been evaluated in a phase I trial in patients with advanced solid tumours either
as a monotherapy or in combination with anti-PD-L1 therapy and/or palliative radiation therapy.
However, no patient responses were observed, despite both systemic and intratumoural immune
activation, suggesting further investigation into the patient populations or combinations that best work
with TLR7/8 agonists is needed [143].

2.2. STING, RIG-I, or NLR Agonists

2.2.1. RIG-I

RIG-I is a cytosolic PRR that plays a prominent role in antiviral defence by detecting viral and
endogenous RNA and triggering binding to the mitochondrial antiviral signalling protein MAVS [144].
Its activation induces apoptosis preferentially in tumour cells and simultaneously activates the innate
immune system via type I IFN signalling [145,146]. Intratumoural administration of the RIG-I agonist,
MK461, resulted in a rapid antitumour response dependent on NK cells followed by long-term tumour
control, most likely mediated by T cells [74,147]. In support, the RIG-I agonist stem loop RNA 14
(SLR14) was found to induce a strong anti-tumour response at both treated and untreated tumour sites,
with residual antitumour activity observed in RAG−/− mice [49]. Therefore, both T cells and non-T
cells appear to be involved in the response triggered by intratumoural RIG-I signalling. Interestingly,
fluorescence-labelled SLR14 is mainly taken up by CD11b+ myeloid cells in the TME, however, further
investigation into what subtype of myeloid cells and how this enhanced the inflammatory profile in
the tumour is required.

An identified advantage of therapy utilising RLR signalling is that tumour cells are highly
sensitive to RLR-induced apoptosis, whereas non-malignant cells are protected by endogenous B-cell
lymphoma-extra large (Bcl-xL) expression [145,148]. Therefore, RIG-I agonists have been combined
with checkpoint inhibitors, with the addition of the agonist overcoming tumour resistance to anti-PD-1
and anti-CTLA4 by enhancing tumour cell death and cross-priming by cDC1s to potentiate systemic
cytotoxic T lymphocyte (CTL) antitumour responses [49,149].

2.2.2. STING

STING is a transmembrane receptor that responds to cyclic dinucleotide (CDN) binding, resulting
in downstream signalling involving TBK1 activation, IRF-3 phosphorylation, and the production
primarily of IFN-β, as well as IFN-α, TNF, and IL-1β [150–153]. Intratumoural administration of
a mouse-selective STING agonist, 5,6-dimethylxanthenone-4acetic acid (DMXAA), was shown to
generate potent T cell responses in multiple tumour models, including B16.SIY and methylcholanthrene
(MCA)-induced sarcomas, resulting in tumour rejection in the majority of mice [154,155]. A significant
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portion of the anti-tumour response induced by DMXAA was lost in IFNAR-deficient mice and
Batf3−/− mice, supporting the role of cDC1s and type I IFN signalling in STING agonist activity [155].
The response was abrogated in Rag−/− mice, indicating a crucial antitumour T cell response [52].

STING activation increases expression of OX40 and CD27 in the TME, while also upregulating
inhibitory immune checkpoints such as the PD-1/PD-L1 axis and CTLA-4 [52], suggesting STING
agonists should be used in combination with immune checkpoint inhibitors. Indeed, one study
found that the agonist, cyclic di-GMP (CDG), potentiated the effects of a triple combination including
anti-CTLA-4, anti-PD-1, and agonistic anti-CD137, in a model of prostate cancer [50]. Effective
therapy was correlated with increased Teff/Treg ratio and increased M1-type macrophages. A separate
study found that STING agonism in a combination with chemotherapeutic carboplatin and anti-PD1
significantly increased survival in an ovarian carcinoma model relative to the carboplatin and anti-PD-1
double combination [51].

The synthetic CDNs, 2′3′-c-di-AM(PS)2 (ADU-S100, also called MIW815 or RR-CDA) and
3′3′-cGAMP (cGAMP) and GSK532, and CDN-unrelated STING agonists, TTI-10001 and CRD5500
(also called LB-061), activate human STING alleles and have exhibited antitumour efficacy when
administered intratumourally in several mouse tumour models including CT26 colon [53,156,157],
MC-38 colon [158], Lewis lung carcinoma [52], and 4T1 breast carcinomas [159]. Similar to studies
with murine agonists, induction of a strong type I IFN signal within the TME was central to the
response alongside an increase in the Teff/Treg ratio. The dosing regimen was found to important in one
study, with repetitive low doses of ADU-S100 shown to be more effective than a high dose regimen at
inducing a tumour-specific CD8+ T cell response and durable anti-tumour immunity [53]. When used
in combination therapy, STING agonists were found to help remodel the tumour vasculature, with the
triple combination of ADU-S100 with vascular endothelial growth factor receptor 2 (VEGFR2) blockade
and either anti-PD1 or anti-CTLA4 resulting in improved antitumour activity and overall survival [52].
These strong antitumour effects have provided the rationale for clinical assessment of intratumoural
STING agonists alone (NCT03937141; NCT04220866; NCT03843359) or in combination with anti-PD1
and anti-CTLA4 (NCT03172936; NCT02675439; NCT03010176).

2.3. Available Local Antigen Dose—The Missing Ingredient?

The key threshold in determining the efficacy of intratumoural treatment with PRR agonists is the
initial priming (or boosting) of sufficient numbers of T cells to elicit an effective response. Efficacy
may, therefore, be down to the antigen dose released within the immunostimulatory environment that
is created by treatment. As already noted, antigen dose can be enhanced with the use of agents that
induce ICD, and this is likely to be the reason intratumoural PRR agonists often work in synergy with
conventional treatments, such as chemotherapy or radiation therapy. This also likely explains the
success in preclinical models in combining intratumoural PRR agonists with antibodies that cause
antibody-dependent cellular cytotoxicity, such as anti-CD20 and anti-Mucin-1 [160–162]. In exploring
the concept of raising local antigen dose, an early study showed enhanced antitumour activity with
intratumoural CpG-ODN in combination with tumour lysate-pulsed DCs [163]. In another study,
CpG-ODNs were combined with a recombinant adenovirus encoding tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL) to induce tumour cell apoptosis and thereby release antigens [164].
Absorption of LPS onto a GM-CSF-secreting whole tumour cell vaccine (GVAX) enhanced the
therapeutic efficacy when injected intratumourally compared to GVAX alone in a CT26 colon carcinoma
model [165]. Where tumour antigens are known, it may be possible to inject specific tumour antigens
to increase the local dose. A recombinant adenovirus encoding a tumour-associated antigen was used
successfully with CpG-ODN to increase survival times [166], and CpG-ODN also supported induction
of antigen-specific responses following injection of a fusion protein containing a viral oncoprotein
antigen [167]. Studies incorporating CpG-ODN and antigen into an injectable hydrogel were recently
followed up with the additional incorporation of immune cells, which enhanced the antitumour
effect [168]. In another study of note, tumours were injected with CpG-ODN and antigen that was
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not even expressed in the tumour [169]. In this case, the choice of a particularly immunodominant
epitope may have generated memory CD8+ T cells that performed immunologic helper functions.
The authors speculated that other irrelevant antigens may be used similarly, and had previously shown
that injecting the pan MHC class II-binding peptide (pan HLA-DR reactive epitope; PADRE) helped
control tumours through the generation of CD4+ T helper cells [170]. As there have been significant
advances in using bioinformatics to quickly develop personalised vaccines against patient-specific
neoantigens [171], it is possible that in the future these vaccines could be repurposed for intratumoural
delivery with PRR agonists.

With adoptive T cell therapies finding clinical application, current protocols may also be increased
by timely intratumoural administration of PRR agonists. In mouse models, the efficacy of transfer of
melanoma-specific CTL therapy was increased in this manner, with the PRR agonists activating host
cells to enhance the IFN-γ production and killing by adoptively transferred T cells [35]. Intratumoural
injection may also be used to help increase tumour-specific T cell numbers in vivo for subsequent ex
vivo expansion and transfer [172].

We note that anti-tumour responses to PRR agonists alone have tended to be observed in
tumour models known to respond to checkpoint inhibitors, such as CT26, MC38, and 4T1 [29,147,173],
suggesting that some level of pre-existing immunity is advantageous. However, as noted earlier,
combining checkpoint blockade with PRR agonists can often result in more animals responding,
suggesting that the PRR agonists can to some extent turn a “cold” tumour, with limited immune
infiltration, into a “hot” one with increased infiltration. While this is could be a major benefit of the
combined approach, a potential side effect could be increased toxicity, which is not insignificant with
checkpoint blockade alone. However, increased toxicity has not been noted in the clinical application
of intratumoural CpG-ODN and anti-PD1 [174], suggesting that the localised effect of intratumoural
administration may limit deleterious effects. Nonetheless, the dose of PRR agonists used in the clinic
should be considered carefully, especially where repeated dosing in the context of combined treatment
could potentially amplify risks.

3. Concluding Statement

Preclinical studies have highlighted the unique added benefit of delivering PRR agonists directly
into the tumour bed. However, full regression is rarely seen with this treatment alone, which has also
been seen in clinical studies. The future of this form of treatment is therefore likely to be in combination
with other cancer therapies, whether this is chemotherapy, radiation therapy, or recently developed
immunotherapies based on T cell modulation. The major advantage of such “in situ vaccination” with
PRR agonists is that the tumour antigens targeted do not have to be defined. Nonetheless, it may
be possible to incorporate this untargeted element of the treatment with targeted therapies, be they
antigen-specific or personalised vaccines, or adoptive T cell therapies.
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Simple Summary: Cancer immunology is a rapidly evolving field. In this context, this review article
has three objectives. First, to explain the genomic origin of tumor antigens and to emphasize that
many of them are encoded by unconventional RNAs. Second, to discuss the inherent limitations of
all strategies aimed at discovering tumor antigens, and to highlight the importance of using mass
spectrometry validation for each antigen considered for clinical trials. Third, to explain that many
tumor antigens are not spontaneously detected by the immune system, because they are not presented
adequately by dendritic cells. Concepts presented in this article must be taken into account in the
design of cancer immunotherapies and of cancer vaccines in particular.

Abstract: The dominant paradigm holds that spontaneous and therapeutically induced anti-tumor
responses are mediated mainly by CD8 T cells and directed against tumor-specific antigens (TSAs).
The presence of specific TSAs on cancer cells can only be proven by mass spectrometry analyses.
Bioinformatic predictions and reverse immunology studies cannot provide this type of conclusive
evidence. Most TSAs are coded by unmutated non-canonical transcripts that arise from cancer-specific
epigenetic and splicing aberrations. When searching for TSAs, it is therefore important to perform
mass spectrometry analyses that interrogate not only the canonical reading frame of annotated exome
but all reading frames of the entire translatome. The majority of aberrantly expressed TSAs (aeTSAs)
derive from unstable short-lived proteins that are good substrates for direct major histocompatibility
complex (MHC) I presentation but poor substrates for cross-presentation. This is an important
caveat, because cancer cells are poor antigen-presenting cells, and the immune system, therefore,
depends on cross-presentation by dendritic cells (DCs) to detect the presence of TSAs. We, therefore,
postulate that, in the untreated host, most aeTSAs are undetected by the immune system. We present
evidence suggesting that vaccines inducing direct aeTSA presentation by DCs may represent an
attractive strategy for cancer treatment.

Keywords: antigen processing and presentation; cancer immunotherapy; cross-priming;
immunogenicity; major histocompatibility complex; T lymphocyte; tumor-infiltrating lymphocytes;
tumor microenvironment; tumor-specific antigen

1. Introduction

The introduction of immune checkpoint therapy in the treatment of several cancer types has
dramatically changed the landscape of oncology [1,2]. The success of this approach is based on
the paradigm that T lymphocytes, and in particular the CD8 subset [3], recognize tumor antigens
that can elicit vigorous immune responses and tumor rejection [4]. Attention has focused on major
histocompatibility complex (MHC)-associated peptides (MAPs), which are the ligands recognized by
classic T cells. However, the precise nature of the MAPs capable of causing tumor rejection remains
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unclear. Seen as promising for decades, tumor-associated antigens (TAAs) have recently fallen into
disfavor. TAAs are MAPs that are not cancer-specific but are overexpressed in cancer cells (Table 1).
Since they are part of the normal immune self, TAAs are not highly immunogenic and TAA vaccines
have yielded disappointing results [5,6]. Strong evidence suggests that anti-tumor immune responses
potentiated by immune checkpoint therapy are directed against tumor-specific antigens (TSAs); that is,
MAPs found only on cancer cells [4,7,8]. Nonetheless the molecular landscape of actionable TSAs
remains largely elusive.

Table 1. Features of tumor antigens.

Feature TAAs mTSAs aeTSAs

Cancer-specific No Yes Yes
Mutation No Yes No

Shared among tumors Yes No Yes
Number per tumor Medium-High Very low Medium-High

Selected studies containing MS analyses [9–12] [13–17] [18,19]

aeTSA, aberrantly expressed tumor-specific antigen; MS, mass spectrometry; mTSA, mutated tumor-specific antigen;
TAA, tumor-associated antigen.

2. Misconceptions about TSAs

2.1. Neoantigens and the Fallacy of the Converse

Efforts seeking to discover TSAs initially focused on MAPs coded by mutated exons. This makes
sense, because the cancer specificity of mutated MAPs is unquestionable, and exons have long been
considered the sole protein-coding genomic sequences. These efforts led to the discovery of mutated
TSAs (mTSAs), only a few of which were validated by mass spectrometry [4,20]. Furthermore, in several
cases, tumor-infiltrating lymphocytes specific for mTSAs were shown to have the ability to mediate
tumor regression [21,22]. Unfortunately, excitement over the discovery of exonic mTSAs led to a
misconception with major implications. As exonic mTSAs were, in selected cases, sufficient to elicit
anti-tumor responses, it was assumed that they were necessary to elicit anti-tumor responses (fallacy
of the converse). In other words, it was postulated that exonic mTSAs were the sole actionable
TSAs. This reasoning was incorrect, because the term TSA should designate any cancer-specific MAP,
whatever its genomic origin (exonic or not) and irrespective of its mutational status (i.e., mutated or not).
This concept has important implications. First, annotated exons represent only 2% of the genome
and many allegedly non-protein coding (non exonic) sequences are coding for proteins and do
generate MAPs [23–26]. Second, epigenetic and splicing aberrations as well as frameshift translation
in cancer cells lead to the appearance of numerous proteins and MAPs that are not found in normal
cells. Cancer-specific MAPs resulting from translation of any open reading frames not expressed
in normal adult cells are referred to as aberrantly expressed TSAs (aeTSAs) (Table 1). aeTSAs can
derive from i) canonical (annotated) onco-fetal genes that are normally repressed in the adult organism
(e.g., MAGEA3) or ii) from non-canonical transcripts that arise from cancer-specific epigenetic changes,
frameshift translation, or splicing aberrations. Notably, translation of a whole cancer-specific transcript
can yield more numerous TSAs than a single base pair substitution [27]. When compared to mTSAs,
aeTSAs display two advantageous features. First, they are more numerous [18]. Indeed, in a recent
study of 23 ovarian cancers, 103 TSAs were identified of which only three were exonic mTSAs [19].
Second, whereas mTSAs are generally unique to individual patients, aeTSAs are shared by many
tumors. In ovarian cancer, 78% of transcripts coding for individual aeTSAs were found in at least 10%
of tumors and 18% in at least 80% of tumors [19].

When exonic mTSAs were discovered, they were frequently labeled as neoantigens. In fact,
the terms TSA and neoantigens should be synonymous. Accordingly, we would have no objection to
talk of neoantigens and to classify them into mutated and aberrantly expressed neoantigens. However,
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many scientists still believe that neoantigens means exonic mTSAs. Therefore, as recommended by
Haen et al. [5], we will refrain from using the term neoantigen in order to avoid any ambiguity.

2.2. Can mTSAs Be Identified without Mass Spectrometry Analyses?

Mass spectrometry remains the only method that allows direct and definitive identification of
the amino acid sequence of MAPs and TSAs [5,28–30]. However, mass spectrometry analyses require
(i) large tumor samples and (ii) specialized equipment and expertise, which are not widely available.
Hence, research teams have tried to identify TSAs using genomic data (exome and/or transcriptome
sequencing) and algorithms to predict MHC-binding affinity. Unfortunately, two types of evidence
suggest that most “predicted TSAs” are false discoveries: one type is based on mass spectrometry
validation of predicted TSAs, the second on in-depth genomic analyses. Almost all studies have
focused exclusively on exonic mTSAs.

2.2.1. Mass Spectrometry Validation of Predicted mTSAs

In 16 primary human hepatocellular carcinomas, Löffler et al. predicted the occurrence of 1888
exonic mTSAs (a mean of 118 per tumor), none of which was validated by mass spectrometry [13].
In colorectal carcinomas, Newey et al. predicted the occurrence of 304 mTSAs, of which only three
were validated by mass spectrometry. In smaller scale studies, not a single mTSA was validated
by mass spectrometry analyses of four acute lymphoblastic leukemias [18] and three pancreatic
adenocarcinomas [16].

2.2.2. In-Depth Genomic Analyses

According to the tenets of immunoediting [31], exonic mTSAs should be under negative selection
pressure (enforced by TSA-responsive T cells). This negative selection should decrease the ratio of
non-synonymous over synonymous mutations in mTSA-coding sequences. However, no such decrease
was found in analyses of genomic data from 8,683 tumor samples [32]. Likewise, comprehensive
analyses of over 1,000 melanoma exomes revealed no evidence of HLA-restricted negative selection
against exonic mutations [33]. Furthermore, response to immune checkpoint therapy in patients with
lung cancer did not correlate more with predicted mTSAs than with the global mutation load [34].
These data mean that the number of exonic mTSAs has been grossly overestimated in many studies
and that the mTSA repertoire of a tumor cannot be predicted with current algorithms. The reason for
this is that while these algorithms can accurately predict with reasonable accuracy the MHC-binding
affinity of a peptide, they fail to take into account the numerous translational and post-translational
events that regulate MAP biogenesis and presentation [35–37].

2.2.3. Can Reverse Immunology Eliminate False Positive TSA Predictions?

Testing the immunogenicity of validated TSAs using various in vitro methods (MHC-MAP
multimers binding, cytokine production, etc.) provides useful information. It shows which TSAs are
more likely to stimulate anti-tumor responses in vivo. However, it is commonly assumed that if a
predicted mTSA (not validated by mass spectrometry) can elicit T-cell responses from peripheral blood
mononuclear cells, it is more likely to be a genuine TSA. We disagree with this assumption. The fact that
a predicted TSA is immunogenic simply means that it can be recognized by some T cells; this does not
increase the likelihood that this predicted TSA is a genuine TSA (present on cancer cells). Two “peptide
stories” illustrate this point: those of ELAGIGILTV and RIAECILGM. The ELAGIGILTV peptide is
an in vitro modified version of the wild-type EAAGIGILTV MART-1/Melan-A26-35 decamer. Hence,
for the immune system, ELAGIGILTV is akin to an mTSA. While this peptide is not found on cancer
cells, it is so immunogenic that it is commonly used as a positive control in ex vivo immunogenicity
assays [38,39]. The TEL-AML1 fusion protein results from a 12:21 chromosomal translocation and is
frequently found in B-cell precursor acute lymphoblastic leukemia. A peptide resulting from this fusion
protein, RIAECILGM, was predicted to be presented by HLA-A*02:01, and priming of T cells against this
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peptide generated cytotoxic T cells that killed autologous leukemic cells [40]. Further in-depth studies
showed that this epitope is not presented by leukemic cells; it is not endogenously processed, because it
is cleaved by proteasomes [41]. Killing of leukemic cells by T cells primed against RIAECILGM was
most likely due to the inherent cross-reactivity of T cells, which is further amplified in T-cell lines [42].
Indeed, positive selection in the thymus preferentially rescues cross-reactive T cells [43], and a single
T-cell receptor may recognize more than a million different MAPs [44].

3. Strategies for Mass Spectrometry-Based Identification of aeTSAs

aeTSAs present several attractive features. They are more common than mTSAs, and they are
shared by many tumors of a given type (Table 1). Furthermore, in pre-clinical models, they were
shown to elicit curative anti-tumor responses [18,45]. Since aeTSAs can be coded by any reading
frame of the entire genome, their search space is greater than that of mTSAs [8,46,47]. Therefore, it is
currently impossible to rely on available bioinformatic tools to predict the aeTSA landscape of a tumor,
and mass spectrometry analyses are mandatory for aeTSA identification. The key question here is:
once a putative aeTSA is identified, how do we demonstrate its cancer-specificity? In other words,
how can we prove that an unmutated MAP is not expressed by any normal cell type? Three approaches
have been developed, each with pros and cons.

The first approach postulates that a MAP is a TSA if it is found in cancer cells but not in an
atlas of MAPs identified in normal tissue extracts [9,10]. The problem here is that this atlas does not
contain the MAP repertoire of all cell types. Thus, since most epithelial cells express lower levels of
MHC molecules than hematopoietic cells [48,49], whole tissue extracts are enriched in hematopoietic
relative to epithelial MAPs. Furthermore, several cell types in the organism are not present in numbers
sufficient for mass spectrometry analyses. Hence, some TSAs identified with this approach may be
false positives.

In the second approach, normal adjacent tissue (not tumor-infiltrated) is used as a negative
control [50]. Once again, the absence of a MAP in the normal adjacent tissue does not guarantee that
it is not present in other cell types in the organism. We speculate that this approach can also lead to
dismissal of genuine TSAs. Our assumption is based on the notion that normal tumor-adjacent tissue
may in fact not be normal but rather pre-neoplastic and, therefore, share TSAs with the tumor [51].
Indeed, as we age, physiologically healthy tissues such as skin [52,53], colon [54,55], esophagus [56,57],
and blood [58–65] acquire mutations in cancer-associated genes. Timing analyses suggest that driver
mutations often precede diagnosis by many years, if not decades. A notable example is ovarian
adenocarcinoma, which appears to have a median latency of more than 10 years [66].

The third approach is based on the assumption that a TSA cannot be present in cells that do not
express TSA-coding transcripts. In contrast to mass spectrometry analyses, transcriptomic analyses
have been performed in many subjects on practically all cell types. Hence, when we identify aeTSA
candidates, we evaluate whether its coding transcript is found in normal tissues from the GTEx
database (https://gtexportal.org/home/) or in our datasets of medullary thymic epithelial cells [26].
We believe that inclusion of medullary thymic epithelial cells in the “negative controls” is important for
three reasons: (i) they orchestrate central immune tolerance [67], (ii) they express much higher levels
of MHC I molecules than other epithelial cell types [49], and (iii) they promiscuously express more
genes than other types of somatic cells [68,69]. Promiscuous gene expression in medullary thymic
epithelial cells involves not only classic genes, but also other genomic regions such as endogenous
retroelements [26]. The downside of this approach is that it can lead to the dismissal of genuine
aeTSAs. Indeed, expression of a transcript in some normal cell does not necessarily lead to expression
processing and presentation of the corresponding TSA.

It must nonetheless be acknowledged that mass spectrometry studies come with intrinsic
challenges and limitations [5]. First and foremost, in discovery mode, “shotgun mass spectrometry”
has limited sensitivity and, therefore, requires large amounts of starting material for in-depth coverage
of the immunopeptidome (e.g., 1 g of tumor tissue). Second, relative to transcriptome sequencing,
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mass spectrometry has a relatively low throughput and is not quantitative. Finally, mass spectrometry
fails to differentiate between isobaric amino acids (Leucine vs. Isoleucine) and is relatively costly
in terms of reagents and resources. Several technical innovations are being developed in order to
overcome these limitations [30,70].

4. Immune Recognition of TSAs

4.1. Cancer Cells Are Poor T-Cell Activators

The general rules of T-cell priming also apply to cancer cells. Indeed, T-cell recognition of tumors
requires both signal 1 (TCR ligands such as TSAs) and signal 2 (co-stimulation) [71]. The most critical
positive co-stimulatory signal is provided by CD28 upon interaction with its ligands of the B7 family
(CD80/86) on antigen-presenting cells (APCs) [72]. Tumor cells are poor APCs: they express no/low
levels of CD28 ligands, and carcinomas (90% of cancers) derive from epithelial cells expressing 10 to
100-fold less MHC I molecules than DCs [49]. As a result, tumor cells are inefficient at directly priming
naïve CD8 T cells, and activation of T cells against tumor antigens depends on cross-presentation
by professional APCs [73]. Accordingly, anti-tumor responses, either spontaneous or induced with
immune checkpoint therapy, correlate with intratumoral infiltration and maturation of cross-presenting
CD8α+CD103+ dendritic cells (DCs) [20,74,75]. These specialized DCs internalize and cross-present
tumor antigens to T cells and induce a CD28-dependent proliferation of tumor-specific T cells,
which regulates the strength of the immune response [76–79].

4.2. Cross-Presentation Yields a Biased Representation of the TSA Repertoire

The rules governing direct presentation and cross-presentation are different. Direct presentation
favors short-lived and rapidly degraded proteins, many of which represent unstable defective
ribosomal products that may derive from specialized ribosomes (immunoribosomes) [80–82]. In contrast,
cross-presentation of exogenous antigens preferentially samples long-lived, stable proteins [83,84].
Thus, direct presentation correlates with the rate of protein translation and proteasomal degradation,
whereas cross-presentation correlates with steady-state protein amounts [85]. APCs acquire proteins
from donor cells (e.g., cancer cells) through endocytic mechanisms of which the most efficient is
phagocytosis [86]. Internalized proteins can then be degraded by proteasomes, either in endocytic
organelles or in the cytosol [86,87]. A key implication is that cross-presentation can only display a
fraction of TSAs; that is, TSAs derived from highly abundant and stable proteins. Hence, the immune
system remains ignorant of TSAs found in unstable and rapidly degraded proteins.

4.3. The Strength of Effector T-Cell Responses

The amplitude of anti-tumor T-cell responses depends on two factors: (i) epitope density on
APCs and cancer cells, and (ii) the frequency of antigen-responsive T cells in the pre-immune
repertoire. Epitope density (number of MAPs per cell) on APCs during initial priming regulates not
only the magnitude but also the avidity and functionality of the effector T-cell population [88,89].
For most—though not all—antigens, cross-presentation yields a lower epitope density than direct
presentation [90]. In addition, epitope density on tumor cells dictates their susceptibility to CD8 T-cell
cytotoxicity. At this point, intratumoral heterogeneity has to be taken into consideration, because it
is a hallmark of all cancers. For immuno-oncologists, this means that individual tumor cells may
display different levels of TSA expression. Both in mice and humans, the proportion of TSA-positive
tumor cells positively regulates the outcome of interactions between CD8 T cells and the tumor [91–93].
The presence of some TSA-negative tumor cells does not necessarily lead to immunotherapy failure.
Indeed, TSA-negative tumor cells can be eradicated by T-cell targeting of the tumor stroma and,
in particular, endothelial cells [94]. Intratumoral T cells can damage the tumor vasculature via two
mechanisms: (i) killing of endothelial cells that cross-present TSAs and (ii) via the potent angiostatic
effect of IFN-γ and TNF-α [89,95,96]. Nonetheless, these data suggest that chances of success of
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immunotherapy should be improved by selecting clonal TSAs (present on most/all cancer cells) and
targeting multiple TSAs.

4.4. Vaccination-Induced T-Cell Priming

DC-based vaccines can elicit strong anti-tumor responses against TSAs that are ignored when
presented solely by cancer cells (Figure 1). This is illustrated well by the aeTSA VNYLHRNV. While this
peptide is expressed at high levels on EL4 cells (908 copies per cell), immunization with irradiated
EL4 cells does not prolong the survival of mice upon subsequent injection of unirradiated EL4 cells.
However, 100% of mice immunized with DCs coated with VNYLHRNV survive when injected with
EL4 cells [18]. Moreover, immunization generates TSA-responsive memory CD8 T cells, since mice
survive a novel injection of EL4 cells 100 days later. Hence, VNYLHRNV is highly immunogenic when
presented by DCs, but in the absence of therapeutic vaccination, this EL4 TSA is not cross-presented by
DCs in vivo.

Properly designed nanoparticulate liposomal RNA vaccines are efficiently taken up by DCs
in secondary lymphoid organs in vivo [97]. In these conditions, since the DC-targeted RNAs drive
synthesis of antigenic peptides inside DCs, their processing follows the rule of direct presentation as
opposed to cross-presentation. A phase I trial evaluating a nanoparticulate liposomal RNA vaccine
in immune checkpoint therapy-experienced melanoma patients (stage III B, C and stage IV) recently
provided suggestive evidence that, when presented by DCs, aeTSAs can elicit anti-tumor responses [98].
This vaccine contained four antigens that were originally labeled as TAAs. However, while one of
these antigens is clearly a TAA (TYR), the other three are probably aeTSAs coded by conventional
annotated genes: MAGEA3, CTAG1B (NY-ESO-1), and TPTE. Indeed, while TYR is expressed in the
normal skin, the three putative aeTSAs are not expressed in normal extra-thymic tissues (except for the
testis). However, MAGEA3, CTAG1B, and TPTE RNAs are expressed at very low levels in medullary
thymic epithelial cells (<0.5 transcripts per kilobase million [26]). The probability that transcripts
expressed at such levels might generate MAPs is very low [35,99] but cannot be formally excluded
in the absence of immunopeptidomic studies on medullary thymic epithelial cells. We, therefore,
consider that these three antigens are probably, but not certainly, aeTSAs. Notably, objective anti-tumor
response correlated more closely with the expansion of T cells recognizing MAGEA3 and CTAG1B [98].
This study, therefore, (i) supports the immunogenicity of aeTSAs in humans and (ii) suggests that
direct aeTSA presentation by DCs activates and expands a pool of complementary aeTSA-specific T
cells that were insensitive to immune checkpoint therapy and likely tumor-naïve.

4.5. Combining Vaccines and Immune Checkpoint Therapy

In general, a high density of tumor-infiltrating lymphocytes positively correlates response to
immune checkpoint therapy [100]. This suggests that immune checkpoint therapy works at least in part
by invigorating T cells responding to cross-presented TSAs. Likewise, preliminary evidence suggests
that immune checkpoint therapy may potentiate T-cell response to aeTSAs directly presented by DCs [98].
The idea of combining vaccines and immune checkpoint therapy, therefore, appears very attractive.
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Figure 1. Priming of anti-tumor CD8+ T cells by dendritic cells (DCs). (A) Most cancer cells are poor
antigen-presenting cells (APCs) that are not efficient at direct antigen presentation. DCs are potent
APCs, but under basal conditions, they can cross-present only a fraction of the tumor-specific antigens
(TSA) repertoire generated by cancer cells. TSAs derived from unstable rapidly degraded proteins (the
most common of TSAs) are not cross-presented by DCs and are, therefore, ignored by the immune
system. (B) Therapeutic mRNA vaccines can deliver any TSA-coding transcripts to DCs for direct
presentation to CD8 T cells. In this way, TSAs derived from both short-lived proteins and stable proteins
can be detected by CD8 T cells.

5. Conclusions

Therapeutic vaccines can induce durable regressions of premalignant oncogenic human papilloma
virus type 16-induced anogenital lesions [101]. To the best of our knowledge, this vaccine containing
viral peptides remains the sole therapeutic TSA-based vaccine that has shown reliable efficacy. The first
non-viral TSA vaccines tested in clinical trials were based on predicted mTSAs not validated by mass
spectrometry [102–105]. Evidence that most predicted mTSAs not validated by mass spectrometry
may be false discoveries does not bode well for the success of these studies. aeTSAs present attractive
features and give encouraging results in pre-clinical models. However, evidence supporting their value
or superiority over TAAs in humans remains anecdotal and has yet to be formally assessed. For cancer
immunologists wishing to develop therapeutic vaccines, the time is not for celebrations but rather to
develop innovative research strategies in a climate tinged with both optimism and critical thinking.
We also propose that TSAs should be validated by mass spectrometry analyses of primary human
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tumors before they are tested in clinical trials. Finally, we strongly encourage the sharing of mass
spectrometry datasets via the SysteMHC Atlas whose primary objective is to provide a systems-level
definition of MAP and TSA repertoires presented by normal and neoplastic cells [30,106].
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Simple Summary: This work aims to discuss how an anti- or pro-tumor immune response could
be manipulated through immune checkpoint blockade in patients with early stage HER2-positive
breast cancer. By summarizing previously published evidence in the field, authors present their
personal view on how immune checkpoint blockade could be implemented in the neoadjuvant
setting in this patient population. The hypothesis being presented is that an appropriate and effective
administration of immune checkpoint blockade could assure a lasting control of the disease, by
preventing relapses. One of the research priorities should be the identification of the patients who
could benefit more by this strategy.

Abstract: The present commentary synthesizes the current evidence on the role of the immune
response in HER2-positive breast cancer. It points out the strengths and weaknesses of the findings
observed so far, particularly in the early setting, including the clinical significance of scoring tumor-
infiltrating lymphocytes. A figure proposing research hypotheses for the implementation of immune
checkpoint blockade use for patient candidates to neoadjuvant treatment is presented.

Keywords: HER2-positive; breast cancer; immune checkpoint blockade; immune checkpoint molecules;
PD-1/PD-L1; immunotherapy

1. Introduction

Immune checkpoint blockade represents a successful immunotherapy strategy aimed
at boosting a pre-existing adaptive anti-tumor immune response with a potential lasting
control of the disease [1]. The latter could be achieved because adaptive immunity is char-
acterized by memory and by the possibility to simultaneously target the tumor-associated
antigens that can be generated as cancer develops. This innovative treatment approach is
revolutionary for the durable responses it can induce. Further, stimulating the immune
system could potentially target multiple neo-antigens over time. All these peculiar aspects
have generated a great interest in identifying the patient subsets that benefit more from
immune checkpoint blockade, particularly in early settings, where the chances of cure are
higher for cancer patients.

After the introduction of effective anti-human epidermal growth factor receptor-2
(HER2) agents, early-stage HER2-positive breast cancer patients have experienced im-
proved survival [2]. Some of these patients achieve excellent outcomes and are ideal can-
didates for de-escalation treatment strategies aimed at sparing toxicities from chemother-
apy, as explored in studies like CompassHER2-pCR (NCT04266249) and Decrescendo
(NCT04675827) [3]. However, up to 20% of early stage HER2-positive breast cancer pa-
tients still relapse and develop an advanced disease [2]. For these patients, innovative
add-on strategies should be developed. Upfront use of immune checkpoint blockade
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could be useful in this context, but it is not known which patients could benefit more from
this approach.

The aim of this commentary is to briefly summarize evidence on the relationship
between a spontaneous immune response (i.e., the one present in inflamed tumors that
are characterized by a detectable immune infiltration) and outcome and/or responses to
standard treatments in HER2-positive breast cancer. In addition, some research hypotheses
for the experimental use of immune checkpoint blockade in the neoadjuvant setting are
proposed, which take into account the implementation of immune-related biomarkers and
add-on or de-escalation treatment strategies. Further, research priorities are identified.

2. HER2-Positive Breast Cancer Patients and Tumor-Infiltrating Lymphocytes:
Clinical Significance

The HER2-positive subtype represents up to 20% of breast cancer diagnoses [4]. Its
main oncogenic driver is represented by the amplification and over expression of HER2,
whose activity is inhibited by a variety of anti-HER2 agents that are nowadays being used
in the clinic, with relevant clinical benefit in all the settings of the disease [2]. This subtype
is characterized by heterogeneity, mostly driven by the presence or absence of the hormone
receptors’ expression, which identifies distinct subgroups with different prognoses and
responses to treatments [5].

Gene-expression data reveal that up to 50–60% of HER2-positive breast cancers have a
HER2-enriched PAM50 molecular profile, particularly hormone receptor-negative (75%)
compared to hormone receptor-positive (30%) cancers [6–9]. This molecular subtype is
characterized by high activity in HER2 signaling, rendering these tumors HER2 hypersen-
sitive, thus particularly responsive to anti-HER2 targeted agents [10]. Other predictors of
benefit from these drugs are: high expression of the ERBB2 gene [10] and of immune gene
signatures [11], the latter being able to predict a higher likelihood of pathological complete
response after neoadjuvant treatments (an intermediate endpoint for survival [12]), and a
longer event-free survival [13]. In addition, a high extent of tumor-infiltrating lymphocytes
(TIL) evaluated on hematoxylin and eosin (HE)-stained slides has been associated with
better outcomes (pathological complete response, event-free survival and disease-free
survival) in several trials, confirming the relevant role played by the host immunity during
the course of this disease [14,15].

TIL represent a well recognized biomarker in the cancer field, particularly in this
new era of cancer immunotherapy. TIL are easily, reproducibly and cheaply scored by
pathologists on HE slides used in clinical routine [16]. In the HER2-positive breast cancer
subtype, higher TIL levels were observed in the hormone receptor-negative with respect to
the hormone receptor-positive subgroup [17,18].

Immunohistochemical (IHC) analysis allows to identify the various immune cell
subsets that are globally scored as TIL on HE slides (based on morphological features).
These include: Helper T cells (Th, CD4+), cytotoxic T cells (CTL, CD8+), B cells (CD20+)
from the adaptive immunity; macrophages, neutrophils, myeloid derived suppressor
cells, natural killer (NK) from the innate immunity [19]. Among the cells of the adaptive
immunity (characterized by immunological memory), Th lymphocytes contribute to the
development of a response by activating tumor antigen-specific effector lymphocytes (CTL)
and through the recruitment of various cells of the innate immunity. There are several
subpopulations of Th, such as the anti-tumor Th1 (able to kill tumor cells by releasing
cytokines that activate death receptors on target cells, and to produce cytokines that activate
CTL), and the Th2 that promote a pro-tumor microenvironment. CTL kill tumor cells,
and B cells are able to secrete antibodies and cytokines, assuring an effective anti-tumor
immune response in breast cancer [20].

Of interest, the prognostic relevance of TIL scored on HE slides in neoadjuvant and
adjuvant trials of HER2-positive breast cancer has been shown to be independent both of
other clinicopathological characteristics [21,22] and of the administered treatment [15]. The
various anti-HER2 compounds exert in fact different immune effects [5] through complex
interactions between the various cells of the tumor microenvironment (particularly those
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from innate immunity) and the treatments (including chemotherapy) co-administered.
Specifically, (1) the anti-HER2 monoclonal antibody trastuzumab increases the antibody-
dependent cell-mediated cytotoxicity (ADCC) since its Fc portion (the tail region of an
antibody that does not recognize the antigen) interacts with the Fcγ receptors expressed
on the effector cells of the innate immunity (NK cells, neutrophils and γδT-cells) and with
some proteins of the complement system [5]. Similar effects are seen with (2) the anti-
HER2 monoclonal antibody pertuzumab that induces ADCC and augments the density
of Fcγ receptor binding sites on HER2-positive cells, potentiating NK cell activity [5], and
with (3) the antibody drug conjugate trastuzumab emtasine (T-DM1), which increases
ADCC [5]. The (4) tyrosine kinase inhibitor lapatinib raises the density of HER2 receptors
on the surface of tumor cells, potentiating the ADCC associated with trastuzumab [5].
Anthracyclines, taxanes, cyclophosphamide and other cytotoxic agents employed in breast
cancer can also mediate immune effects [23].

Thus, it is expected that stratification of patients on the basis of the level of immune
infiltration of their tumors (reflected by the extent of baseline TIL on HE slides) should
allow to identify patients that are more likely to benefit from standard treatments and/or
experience better outcomes. Further, it could be helpful in identifying those patients at
higher risk of relapse (those having lower TIL) who might have the opportunity to be
treated with immune checkpoint blockade as an add-on strategy.

3. Potential Role of Immune Checkpoint Blockade in HER2-Positive Breast Cancer

A growing interest in manipulating the patient’s own immune response against cancer
has followed the introduction of immune checkpoint blockade strategies. One of the crucial
steps for further exploration of this treatment strategy is represented by the identification
of the target patient population.

Evidence from studies in triple negative breast cancer, the breast cancer subtype
showing the highest levels of TIL infiltration, reveals that programmed cell death-1 or its
ligand (PD-(L)1) immune checkpoint blockade is more active in early settings, independent
of PD-L1 expression on tumor cells, lymphocytes and macrophages [24]. In contrast, in
the advanced disease the presence of PD-L1 expression by immune cells identifies the
subgroup that benefits more from the association of an anti-PD-L1 plus chemotherapy [25].

In HER2-positive breast cancer limited efficacy of immune checkpoint blockade com-
bined with T-DM1 or trastuzumab has been observed in the advanced setting in patients
previously treated with trastuzumab and expressing PD-L1 on immune cells and/or having
higher levels of TIL [26,27]. However, these results derive from hypothesis-generating
trials and deserve further confirmation, also considering that early and late diseases appear
to have a different biological profile. For example, the levels of TIL on metastatic HER2-
positive samples may be lower than matched primary tumors [28] and the infiltration by
CTL may be lower in metastatic samples from patients pre-treated with chemotherapy and
anti-HER2 therapy [29].

So far, not much is known about the role of immune checkpoint blockade in early
settings in this subtype, also considering the variety and efficacy of the anti-HER2 drugs
now available (i.e., trastuzumab +/− pertuzumab as part of the (neo)adjuvant treatment
and T-DM1 as part of the post surgical treatment in patients with a residual disease after
neoadjuvant treatment).

Biologically, a mouse model revealed that the efficacy of immune checkpoint blockade
in early settings was higher in the presence of tumor antigens (i.e., as in the case of
a neoadjuvant approach), rather than in their absence [30]. Ideally, administration of
immune checkpoint blockade would be more efficacious as part of the upfront neoadjuvant
treatment space, which in HER2-positive breast cancer currently looks crowded with
several treatment strategies being explored [31].

However, some studies have shown that tumors with high TIL (the most infiltrated
that traditionally benefit most from immune checkpoint blockade) are also characterized
by excellent responses to neoadjuvant treatments with anti-HER2 agents plus taxane
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+/− anthracycline-based chemotherapy regimens and by excellent prognosis (event-free
survival) [15,17].

Whether patients with highly infiltrated tumors really need a boost to their immu-
nity with immune checkpoint blockade, considering that standard treatments are very
efficacious, is still a crucial point that needs to be addressed.

4. Potential Use of Immune Checkpoint Blockade in the Neoadjuvant Setting for
HER2-Positive Breast Cancer Patients

The neoadjuvant setting represents an ideal scenario to test drug sensitivity, char-
acterize the biology of the disease, identify reliable predictive biomarkers and to guide
treatment decisions based on the presence of a residual disease [32]. Current guidelines
suggest that neoadjuvant treatment in HER2-positive breast cancer patients should be ad-
ministered for clinical ≥ T2 or ≥N1 (Figure 1) [33]. Figure 1 summarizes various research
hypotheses that could be tested upfront (panel A) or in the presence of a residual disease
after neoadjuvant therapy (panel B) in HER2-positive breast cancer patients stratified based
on the extent of baseline TIL assessed on HE slides from pre-treatment biopsies. Of note,
frequencies of pathological complete response achievement based on baseline TIL levels
refer to HER2-positive breast cancer patients treated with trastuzumab plus anthracyclines
and taxanes in the pre-pertuzumab era [15].

Figure 1. Figure 1 represents proposed research hypotheses for the use of immune checkpoint blockade (ICB) in early-stage
HER2-positive breast cancer patients who are candidates for neoadjuvant therapy (≥cT2 or ≥cN1 and M0) with the
employment of tumor-infiltrating lymphocytes (TIL) assessed on diagnostic biopsies as an additional biomarker to guide
treatment decisions. Panel (A) shows upfront treatment strategies whereas panel (B) proposes the treatment strategies to
be administered in the presence of a residual disease after neoadjuvant therapy (panel (B)). References: [15,34]. Legend:
CT, chemotherapy; HE, hematoxylin and eosin; HR, hormone receptor; HT, hormone therapy; ICB, immune checkpoint
blockade; IHC, immunohistochemistry; M, metastasis; N, nodal status; pCR, pathologic complete response; T, tumor size;
T-DM1, trastuzumab emtansine; TIL, tumor-infiltrating lymphocytes; TILhi, ≥60% tumor-infiltrating lymphocytes; TILint,
≥10% <60% tumor-infiltrating lymphocytes; TILlo, <10% tumor-infiltrating lymphocytes.
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Baseline high TIL infiltration (with a TIL cut-off of ≥60% from previously published
randomized controlled trials [15]) is found in around 20% of patients with early stage
HER2-positive breast cancers and has been associated with a higher likelihood of patho-
logical complete response (Figure 1, left side). Previous studies showed in fact that up
to 60% of these patients achieve a pathological complete response (Figure 1) [15]. The
remaining 40% present a residual disease, and become candidates to receive standard
T-DM1 [25] +/− hormone therapy (according to the baseline hormone receptors status). In
this patient population, upfront anti-PD-(L)1-based immune checkpoint blockade could be
administered in association with dual anti-HER2 blockade (trastuzumab plus pertuzumab)
as a chemotherapy de-escalation strategy (Figure 1, panel A, left side).

The remaining 80% of HER2-positive breast cancer patients treated in the neoadjuvant
setting (Figure 1, right side) represent a highly heterogeneous group including tumors with
either a very low (TILlo usually below 10%) or with an intermediate TIL (TILint ranging
from 10% up to 60%) infiltration. Around half of these patients achieve a pathological
complete response after standard anti-HER2 therapy, whereas the other half have a residual
disease [15] and will be candidates for T-DM1 +/− hormonotherapy. Upfront anti-PD-(L)1-
based immune checkpoint blockade could be associated with chemotherapy and standard
anti-HER2 treatments (pertuzumab plus trastuzumab), particularly in the group of patients
with baseline intermediate TIL, as an add-on strategy (Figure 1, panel A, right side). The
group of patients with low TIL should theoretically be ideal candidates for strategies aimed
at increasing immune infiltration, such as vaccines [35] or adoptive T cell transfer [36]
though these treatments need further investigations in breast cancer.

Patients from both groups (Figure 1, panel A, left and right side) who have achieved a
pathological complete response could be candidates to receive immune checkpoint block-
ade plus standard anti-HER2 treatment if immunotherapy was previously administered
(Figure 1, panel A).

5. Potential Use of Immune Checkpoint Blockade in the Presence of a Residual
Disease after Neoadjuvant Therapy

Even though HER2-positive breast cancer patients with baseline high TIL achieve a
better event-free survival [17], it is not clear whether this also applies to patients who have
a residual disease after neoadjuvant therapy.

For patients with a residual disease after standard neoadjuvant treatment (chemother-
apy plus anti-HER2 agents), nodal involvement and estrogen receptor negativity have been
associated with shorter event-free survival [37]. The presence of high TIL (≥25%) in the
residual disease was associated with worse event-free survival in a retrospective study,
questioning whether in this context the use of immune checkpoint blockade might have a
role in rescuing the activity of potentially dysfunctional immune cells [34]. Interestingly,
the expression of Immunoglobulin (Ig)-G in the residual disease was associated with longer
event-free survival [13], signifying that the presence of a well-organized adaptive immunity,
including B (that produce Ig) and T lymphocytes, assures a lasting control of the disease.
Hence, this highlights the need to identify the subsets of immune cells that constitute the
immune infiltrate (i.e., Th, CTL, B lymphocytes, macrophages, etc.), in addition to scoring
them only on HE slides.

Further, the presence of a residual disease might represent an opportunity to screen
patients for anti PD-(L)1-based combinations of immune checkpoint blockade through
the evaluation of the expression of PD-L1, and of other inhibitory immune checkpoint
molecules, such as: Lymphocyte activation gene 3 (LAG3), T cell immunoglobulin and
mucin domain 3 (TIM3) which are heterogeneously expressed in early-stage HER2-positive
breast cancer [38,39] and which tightly regulate the immune response through inhibitory,
non-redundant pathways.

Patients at high risk of relapse for clinicopathological factors, but with baseline high
TIL and a residual disease after neoadjuvant therapy (Figure 1, panel B, left side) could be
eligible to receive a rescue treatment with immune checkpoint blockade, after assessment
of various immune biomarkers on the surgical specimen.
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Concerning those patients with baseline intermediate TIL and a residual disease after
neoadjuvant therapy (Figure 1, panel B, right side) they could all be evaluated for TIL and
other immune biomarkers on the surgical specimen in order to characterize their eligibility for
an immune checkpoint blockade, as an add-on treatment strategy besides standard treatments.

Whether this strategy should be given sequentially or in concomitance with standard
treatments in patients with a residual disease might need to be addressed by dedicated studies.

a. Additional multiple immune biomarkers

Beside TIL, PD-L1, LAG3 and TIM3, evaluation of other markers in the residual
disease, such as CD73 and IDO, might be important, particularly in patients previously
treated with PD-(L)1 blockade (i.e., administered as an upfront strategy) [40,41] (Figure 1,
panel B).

So far, PD-L1 expression by IHC is performed as a biomarker for patient selection in
trials of anti-PD-1/PD-L1-based immune checkpoint blockade. This also applies to LAG3
expression, which was shown to be associated with an improved benefit from PD-1 plus
anti-LAG3 combinations [42]. Evaluation of the expression of multiple immune checkpoint
molecules (starting from those for which drug compounds have been developed) might be
achieved with the use of multiplex-IHC, a technique that allows the identification of several
markers in one tissue-stain, or with the use of in situ hybridization techniques allowing
the localization of the expression of genes, at both mRNA and protein levels within a
histological section of a single tissue or tissue microarrays [43]. Cut-off values for positivity
(usually set at >1% of positive cells, as for PD-L1 assessment) and standardization of the
techniques need to be confirmed and validated.

Indeed, apart from PD-(L)1, it is not known which of these molecules is the most
promising in breast cancer, considering that they can be heterogeneously expressed in
tumors with intermediate or high TIL [38]. Thus, an entire panel of immune checkpoint
molecules and other markers should be analyzed, also considering that they regulate
non-redundant inhibitory pathways. Remarkably, by flow cytometry PD-1 and CTLA-4 are
usually always expressed in inflamed breast tumors, whereas LAG3 and TIM3 are rarely
highly expressed at the protein level in untreated early-stage breast tumors [38]. Ideally,
the identification of different markers might represent a guide indicating which inhibitory
pathway should be worthwhile as a target for immune checkpoint blockade in each patient.

6. Research Priorities in the Immunotherapy Field

To support the implementation of immune blockade strategies, some aspects need to
be further investigated:

(1) The ideal cut-off for TIL in the different settings (i.e., adjuvant, neoadjuvant, at
baseline and in the residual disease), considering the wide variety of thresholds used
in the literature.

(2) The ideal cut-off (if any) for PD-L1 in early settings when considering the lesson learnt
from neoadjuvant trials in triple negative breast cancer, revealing that the benefit from
immune checkpoint blockade is remarkable regardless of PD-L1 status.

(3) Concerning PD-L1 assessment: should it be done on immune cells only (as previously
performed in advanced HER2-positive breast cancer) or in both immune and tumor cells
(as it is through the combined positive score in early-stage triple negative breast cancer)?

(4) The need to explore strategies that are alternatives to standard treatments (anti-HER2
agents and chemotherapy) with the aim of enhancing the immune response in hot
(high TIL) tumors and convert cold (low TIL) into hot tumors in the early setting.

(5) The potential use of immune checkpoint blockade in chemotherapy de-escalating
strategies (i.e., in already inflamed, high TIL tumors) in the early setting.

(6) The potential use of immune checkpoint blockade in escalation treatment strategies
for early-stage HER2-positive low TIL breast tumors.

(7) The difference between the hormone receptor-positive (less immunogenic) and hor-
mone receptor-negative (more immunogenic) subgroups in HER2-positive breast
cancer with regards to sensitivity to immune checkpoint blockade.
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(8) Identification of reliable novel immune (and not) biomarkers for patient selection.

Future studies will hopefully help address these research priorities.

7. Conclusions

The immune revolution challenges researchers in various ways, and the selection of
patients that most likely derive lasting benefits from novel treatments represents one of the
most important aspects. Diverse biomarkers have been proposed, and, among them, TIL
represent the most standardized and cheaply assessed immune-related biomarker so far
employed in breast cancer. However, future approaches will benefit from a more in depth
characterization of the tumor microenvironment, including evaluation of the composition
of TIL, of their functional profiles, of the expression of immune checkpoint molecules and
from answers to open research questions as summarized above.

With this commentary, we provide an overview of the current knowledge in the field
and propose an opportunity for exploitation of immune checkpoint blockade to further
improve the outcome of patients with HER2-positive breast cancer.
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Simple Summary: The development and refinement chimeric antigen receptor (CAR)-T cell im-
munotherapy has significantly improved the prognosis of patients with B cell malignancies. Se-
vere treatment related toxicities however remain a significant challenge for the field. This perspective
reviews 17 clinical trials of the most widely used anti-CD19 (FMC63) CAR-T cell therapies, with the
aim of dissecting the contribution of the structural and costimulatory domains of the CAR to clinical
outcomes and toxicities. The CD28 structural hinge and transmembrane CAR domains are high-
lighted as strongly associated with both clinical efficacy and severe toxicity. This perspective supports
further investigation into the structural CAR domains for improved CAR design and safer CAR-T
cell therapies.

Abstract: Chimeric antigen receptor (CAR)-T cell therapy has transformed the treatment of B cell ma-
lignancies, improving patient survival and long-term remission. Nonetheless, over 50% of patients
experience severe treatment-related toxicities including cytokine release syndrome (CRS) and neuro-
toxicity. Differences in severity of toxic side-effects among anti-CD19 CARs suggest that the choice of
costimulatory domain makes a significant contribution to toxicity, but comparisons are complicated
by additional differences in the hinge and transmembrane (TM) domains of the most commonly
used CARs in the clinic, segments that have long been considered to perform purely structural
roles. In this perspective, we examine clinical and preclinical data for anti-CD19 CARs with identical
antigen-binding (FMC63) and signalling (CD3ζ) domains to unravel the contributions of different
hinge-TM and costimulatory domains. Analysis of clinical trials highlights an association of the CD28
hinge-TM with higher incidence of CRS and neurotoxicity than the corresponding sequences from
CD8, regardless of whether the CD28 or the 4-1BB costimulatory domain is used. The few preclinical
studies that have systematically varied these domains similarly support a strong and independent
role for the CD28 hinge-TM sequence in high cytokine production. These observations highlight the
value that a comprehensive and systematic interrogation of each of these structural domains could
provide toward developing fundamental principles for rational design of safer CAR-T cell therapies.

Keywords: CAR-T cell therapy; CD19; clinical trials; CRS; toxicity

1. Introduction

Recent decades have seen the development of groundbreaking new treatments for can-
cer. The emergence of adoptive cellular therapies, including chimeric antigen receptor
(CAR)-T cells, represents an advance that has dramatically improved upon classical cyto-
toxic chemotherapies and led to significant improvements in patient outcomes for advanced
and refractory B cell malignancies. CAR-T cell therapy utilises engineered receptors (CARs)
to redirect a patient’s cytotoxic T cells to a targeted cancer antigen of choice. This therapy
is a multi-step process involving leukapheresis of a patient’s blood, the genetic modi-
fication of their T cells to express a tumour-antigen-specific CAR, followed by ex vivo
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expansion and re-infusion of the CAR-T cells back to the patient where they selectively
seek out and kill target tumour cells. Following high remission rates in clinical trials, two
CD19 CAR-T cell products were approved by the FDA in late 2017 for the treatment of
refractory non-Hodgkin lymphoma (NHL) and for patients with relapsed or refractory
B cell acute lymphoblastic leukemia (B-ALL) up to the age of 25 [1]. There are now over
200 CAR-T cell clinical trials underway for a range of cancer antigens (clinicaltrials.gov).
However, safety concerns and general applicability to many tumour types are issues that
still need to be resolved. A great deal of research is now underway to modulate specific
properties of CAR-T cells with the aim of improving their safety and efficacy for a wider
range of cancers. In this perspective, we examine the influence of CAR domain structure
on the clinical outcomes and toxicities observed in the most extensively studied CAR-T
cell therapies, the anti-CD19 CAR-T cells using the antibody single-chain variable frag-
ment (scFv) FMC63. While differences in efficacy and safety profiles between the two
FDA-approved anti-CD19 therapies may reasonably be ascribed primarily to their use of
different costimulatory signalling domains in the CAR constructs, we highlight clinical
and preclinical observations suggesting that the hinge and transmembrane (TM) domains,
long considered to be functionally inert structural features, make surprisingly strong con-
tributions to CAR-T cell toxicity. Understanding the mechanisms underlying these effects
will be a key step in improving rational CAR design.

1.1. Components of the Chimeric Antigen Receptor (CAR)

Naïve T cells require dual signalling interactions for activation, first between the
multi-chain T cell receptor (TCR) complex and peptides presented by an interacting cell’s
MHC proteins (signal 1), and additionally from costimulatory receptor:ligand interactions
(signal 2). The first generation of CARs generated by Esshar and colleagues utilised the
antigen specificity of an scFv fused to the entire CD3ζ protein to mimic signal 1 in T cell
activation [2]. The resulting CAR was expressed well at the cell surface and was successful
in redirecting T cells to target tumour antigens. However, CAR-T cell persistence was poor,
and cells showed signs of exhaustion prior to tumour clearance [3–6]. This prompted the
development of second-generation CARs which also contain an scFv antigen recognition
domain and intracellular CD3ζ signalling tail, but additionally incorporated a flexible
hinge domain for improved antigen reach and a costimulatory domain to provide signal 2
required for strong and durable T cell activation [7]. The intracellular costimulatory and
signalling domains are connected to the extracellular scFv and hinge via a TM domain,
which is often an extension of the costimulatory or hinge sequence. Most CAR constructs
exist as dimers on the cell surface, stabilized by disulfide bonds between hinge domains
and inter-monomer TM interactions [8]. Inclusion of the additional domains provided
second-generation CAR-T cells with the requisite signals for activation and significantly
improved persistence and clinical outcomes in treated patients [9–11]. Further iterations of
CARs continue to be developed, including those with two costimulatory domains (third-
generation CARs) as well as CARs with inducible expression of a transgene product such
as cytokines (fourth-generation CARs/TRuCs) [12–14].

1.2. Limitations of CAR-T Cell Therapy

Since the development and initial success of second-generation CAR-T cell therapies
in the clinic, many groups have now shifted focus to manipulating specific domains of the
CAR with the aim of improving target cell recognition and therapeutic efficacy, and limiting
CAR-associated toxicities. A significant leap in the field came with the introduction of a
costimulatory domain into the CAR which significantly improved the persistence and effi-
cacy of clinical CAR-T cell products [7]. The choice of which specific costimulatory domain
is more clinically effective though is not yet unanimous. Extensive work is underway to
further improve upon these current second-generation CAR-T cell constructs by altering
specific CAR domains including the hinge, TM and costimulatory domains, particularly for
the treatment of more difficult immunosuppressive solid tumours [8,15–22].
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Clinical trials of CAR-T cell therapies all report similar treatment-related toxicities,
including cytokine release syndrome (CRS) and neurotoxicity. CRS is triggered by the rapid
systemic release of inflammatory cytokines including IFNγ, IL-6 and IL-1 into the blood
by activated CAR-T cells and endogenous myeloid cells [23–25]. The symptoms of CRS in
response to CAR-T cell therapy range from mild flu-like symptoms to severe symptoms
such as hypotension, organ toxicity and acute respiratory distress, which can collectively
be life threatening and often result in patients spending extended periods of time in the
intensive care unit (ICU) [26]. The second major toxicity reported following CD19-targeted
CAR-T cell therapy is neurotoxicity. Similar to CRS, neurotoxicity symptoms also range in
severity and type, including headaches, delirium, dysphasia, ataxia, dysmetria, decrease in
level of consciousness, seizures and acute cerebral edema [27–29]. The incidence of neu-
rotoxicity among CAR-T cell-treated patients is quite variable, with some neurological
events occurring in combination with CRS symptoms and others at different times or in
the absence of CRS, suggesting that at least in some cases the mechanism of CAR-T cell
induced neurotoxicity is different to that of CRS [30,31]. Comprehensive and timely man-
agement plans are also in place for the treatment of neurological toxicities, often involving
the administration of systemic corticosteroids including dexamethasone, which has the
unfortunate consequence of interfering with CAR-T cell function [32]. While both CRS
and neurotoxicity symptoms can be treated in the clinic, many patients require expensive
ICU administration and support, thus prevention of such severe toxicities with CAR-T cell
treatment is ideal for further progression of this promising therapeutic.

It has generally been presumed that the costimulatory domains are mostly respon-
sible for the severe toxicities observed with CAR-T cell therapies due to the increased
potency and persistence observed in second-generation CARs compared to first-generation
CARs [3–6]. Considering many of the costimulatory domains used clinically extend from
the intracellular domain though the TM to the extracellular hinge and scFv, it is difficult to
discern the contribution of the TM and hinge structural domains individually to clinical
efficacy and toxicity development. We therefore examined clinical trials of the most exten-
sively published anti-CD19 FMC63 scFv CARs, all of which contain a CD3ζ signalling tail,
to understand whether CAR-related toxicities are defined by the costimulatory domain
alone or whether structural features such as the hinge and TM domains of the CAR also
play a role.

2. Clinical Trials of Anti-CD19 CAR-T Cell Therapy

CD19 is a cell-surface glycoprotein uniformly expressed during all stages of B cell
differentiation and is present in more than 95% of B cell malignancies [33]. Under normal
physiological conditions, CD19 acts as a co-receptor in complex with the B cell receptor
and other surface markers to modulate downstream signalling pathways that induce B cell
proliferation and activation [34]. Due to its homogenous and high expression in many B
cell malignancies and the fact that bystander B cell depletion can be managed clinically,
CD19 has become an attractive target for the initial testing and translation of CAR-T
cell immunotherapy, evident by over half of all CAR-T cell clinical trials targeting the
CD19 antigen (clinicaltrials.gov). To dissect the clinical implications of individual hinge,
TM and costimulatory domains, we collected and summarised data from anti-CD19 CAR-
T cell clinical trials in which the CAR construct contained the same FMC63 scFv [35]
and CD3ζ signalling tail (Table 1). Clinical trials were included if they used a second-
generation CAR containing these domains and provided details of clinical response rate,
CRS and neurotoxicity.
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The majority of FMC63 CAR-T cell clinical trials have been conducted on patients
with B-ALL and NHLs including diffuse large B cell lymphoma (DLBCL), follicular lym-
phoma (FL), mantle cell lymphoma (MCL) and marginal zone lymphoma (MZL), due to
their generally high and stable expression of CD19 (Table 1). These CD19 CARs generally
adopt one of two multi-domain structures: 1. FMC63 scFv, CD8α hinge and TM, 41BB cos-
timulatory domain and CD3ζ signalling tail (8-8-41BB CAR; Figure 1a), or 2. FMC63 scFv,
CD28 hinge, TM and costimulatory domain, and CD3ζ signalling tail (28-28-28 CAR; Fig-
ure 1b). There is also one published clinical trial utilising a CAR with a CD28 hinge and
TM but a 41BB costimulatory domain (28-28-41BB; Figure 1c) [36], and another with an
IgG4 hinge, CD28 TM and 41BB costimulatory domain (IgG4-28-41BB; Figure 1d) [37,38].
In the clinical trials reviewed here, all CD28 costimulatory domain-containing CAR-T cells
were transduced using gamma retrovirus, while all 41BB-containing CAR-T cells were
transduced using lentivirus (Table 1). The dosage of CAR-T cells within and between
clinical trials ranges significantly from 3 × 104 cells to 3.7 × 108 cells per kg (Table 1).
By directly comparing the clinical trials containing each of these four iterations of the
FMC63 CAR, trends towards particular structural domains that influence specific outcomes
such as response rate and toxicity may be exposed.

 

Figure 1. Structural domains of our main FMC63 anti-CD19 CARs. The structural design of the (a) 8-8-41BB CARs, (b)
28-28-28 CARs, (c) 28-28-41BB CARs and (d) IgG4-28-41BB CARs reviewed here. The individual scFv, hinge, transmem-
brane domain, costimulatory domain and signalling tails are labelled. Horizontal lines between hinge domains indicate
disulfide bonds.

2.1. The Effect of CAR Domains on Clinical Response

Multiple factors have been reported to impact CD19 CAR-T cell therapy clinical out-
come in patients, including whether a patient has received conditioning lymphodepletion
therapy prior to CAR-T cell infusion, whether CAR-T cells were cultured with IL-2 prior
to infusion and the extent of CAR-T cell persistence in patients [52,53]. For the studies
shown in Table 1, we saw no obvious effect of age, conditioning lymphodepletion treat-
ment or CAR-T cell dosage on patient complete response rate (Table 2). Not surprisingly,
although the tumour target antigen was identical in all FMC63 CAR-T cell treatments,
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patient complete response rate does appear to vary depending on tumour type, with B-
ALL patients gaining the highest response rates, followed by FL, DLBCL and lastly MCL
(Table 2). Considering the limited number of FMC63 anti-CD19 CAR-T cell clinical trials
with published results, all clinical trials in Table 1, including those with MCL patients,
were included for response and toxicity CAR comparisons. The complete response (CR)
rate among patients treated with the various CD19 CAR-T cell therapies was calculated
as the number of patients who achieved a CR at any stage post CAR-T cell infusion as a
percentage of the total number of patients treated with the CAR-T cell therapy in a single
clinical trial (Figure 2). Details of the individual trial patient numbers and other reported
patient responses for each clinical trial are detailed in Table S1.

Table 2. Effect of prognostic factors on complete response rate.

Prognostic Factor No. of Patients
No. of

Clinical Trials

Response Rate p-Value
Mean % [95% CI]

Age:
0.7743≤65 483 12 50.7% [39.1–62.3]

>65 180 5 52.6% [24.0–81.1]
Lymphodepletion:

0.4737Yes 835 12 57.1% [46.9–67.4]
No 13 3 42.9% [0–100]

CAR-T cells infused:
0.2043≤1 × 107/kg 442 12 58.5% [47.0–70.0]

>1 × 107/kg 35 5 43.4% [5.8–81.0]
Cancer type:

B-ALL 184 5 72.3% [60.6–84.1]
DLBCL 490 9 41.4% [32.6–50.2]

FL 49 5 52.5% [30.2–74.7]
MCL 73 3 22.2% [0–100]

Figure 2. Effect of CAR composition on complete response in patients treated with CD19 CAR-T cell therapy. CAR type
separated based on hinge (H), transmembrane (TM) and costimulatory (Costim) domain composition. All CAR constructs
use the FMC63 anti-CD19 scFv and the CD3ζ-chain activation domain. Each circle represents an individual clinical trial
listed in Table 1. Complete response (CR) rate calculated from the number of patients who reached a CR at any stage post
CAR-T cell infusion (n) as a percentage of all patients treated with the CAR-T cell therapy (N) (Table S1). Middle line
represents the mean CR and error bars represent the SEM.
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Overall, 28-28-28 CARs and 8-8-41BB CARs have very similar CR rates (Figure 2).
Interestingly, in a single study where B-ALL patients were treated with a 41BB CAR
that used the CD28 hinge-TM domain instead of CD8α (28-28-41BB CAR), a higher CR
rate was observed in comparison to the average for studies using 28-28-28 and 8-8-41BB
CARs (Figure 2). Although this is only a single clinical trial of 10 patients, it highlights
the 41BB costimulatory domain may be associated with improved clinical response [36].
Furthermore, comparison of this CAR with one in which only the hinge was altered, using
IgG4 instead of CD28 (IgG4-28-41BB CAR), a much lower CR rate was observed [37,38].
While the IgG4-28-41BB CAR clinical trial includes a number of participants with the
poorest responding MCL tumour type, it highlights the possibility that inclusion of the
CD28 hinge-TM structural domains in clinical CAR constructs may also be correlated
with higher complete response rate in patients. Further preclinical comparisons and
clinical studies are required to investigate the full impact of the individual hinge-TM and
costimulatory domain substitutions in isolation and their correlation with response rates.

2.2. CRS Toxicity Correlates with CAR Domain Design

There is currently no clear consensus on a CRS grading system for CAR-T cell ther-
apies among institutions worldwide, making CRS severity analysis between CAR-T cell
products and trials exceedingly difficult. This is largely due to the fact that the timing
and definition of CRS symptoms observed following cellular therapies such as CAR-T
cells differs significantly to previously described CRS responses to antibody and drug
therapies [54–56]. CRS following CAR-T cell treatment was initially graded using the
National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE)
grading scale for adverse event reporting [57,58]. However, this scale was developed before
cell therapy-induced CRS was well understood. CTCAE was more consistent with an acute
cytokine storm typically observed within minutes to hours of antibody or drug treatment
but did not take into consideration the more likely delayed onset of CRS symptoms up to a
few days post CAR-T cell infusion [57–59]. This grading system was modified by Lee and
colleagues in 2014 to more accurately define mild, moderate, severe, and life-threatening
CRS symptoms regardless of the inciting agent [60]. This guideline also included treatment
recommendations for each of the CRS grades described and has been consequently used
by many clinical trials conducted after this date. An alternative CRS grading system was
developed and used for CTL-019 CAR T cell trials from the University of Pennsylvania
(Penn Grading Scale), which had a similar grading structure to the 2014 Lee et al. scale but
did not use absolute cut-off values for vital signs such as % oxygen requirement to define
CRS grade, as such values can vary in severity depending on the individual patient [41].
The Penn Grading System was also designed in a way that allowed for CRS symptoms to
be reproducibly graded among different institutions, CAR-T cell target antigens and dis-
ease settings. While we do not provide a detailed comparison of the various CRS grading
methods here, it is clear that a consensus on an accurate CRS grading program and prompt
management plan for CAR-T cell induced CRS symptoms that is used worldwide in all
clinical trials would be more beneficial for inter-trial analysis [61].

Despite the above limitations, we felt that the CRS grading systems used in many of
the FMC63 CAR-T cell clinical trials were similar enough to yield informative comparisons
among the different CAR structural designs (Table 3). To assess the effect of domain struc-
ture on CRS development, patient CRS grade was collected for each clinical trial presented
in Table 1 and taken as a percentage of total patients within each clinical trial (Table S2).
The percentage CRS development for each grade and clinical trial was subsequently plotted
by CAR domain configuration to examine correlations between CRS diagnosis and CAR
domain structure. Overall, the incidence of CRS in patients treated with CAR-T cell therapy
is high, with 60–80% of patients developing some level of identifiable symptoms. While the
mean percentage of patients in the highest category of CRS (grade 3+) does not differ
between CAR-T cell treatment products, a clear correlation between CRS development
and CAR domain configuration is observed for grade 1–2 CRS (Figure 3). The 28-28-28
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CAR-T cell treatment resulted in a higher proportion of patients developing CRS compared
to 8-8-41BB CAR-T cell treatment (Figure 3). It is difficult to discern the contribution of
the CD28 costimulatory domain to this increased CRS toxicity, as 28-28-28 and 28-28-41BB
CAR-T cell-treated patients show similar levels of grade 1–2 CRS development. However,
the 28-28-41BB CAR-T cell therapy does emerge with a higher incidence of more severe
grade 3+ CRS in comparison (Figure 3). Interestingly, the use of CD28 hinge and TM
domains in a 41BB CAR (28-28-41BB) was associated with an increased proportion of
patients developing CRS, rising to a level similar to that observed in the 28-28-28 CAR
(Figure 3) [36]. While this is only a single clinical trial, it suggests that CRS severity is
at least in part attributable to the CD28 hinge and TM domains independently of which
costimulatory domain is used. The same degree of increase in CRS was not observed in the
trial using an IgG4-CD28 hinge-TM domain configuration (IgG4-28-41BB), further under-
scoring that the identity and/or combination of hinge-TM structural domains can exert
significant influence on manifestation of CRS toxicity even when the scFv, costimulatory
and activation domains are the same (Figure 3) [37,38]. Additional research and clinical
trials that make direct comparisons among CAR configurations will be required to identify
the relative contributions of each individual CAR domain in developing CRS.

Figure 3. CAR domain structure influences CRS severity in patients treated with CD19
CAR-T cell therapies. Both CAR type, based on hinge (H), transmembrane (TM) and cos-
timulatory (Costim) domain composition, and CRS grade, separated into none, grade 1–2
and grade 3+, are represented on the left and right y axis, respectively. Each circle repre-
sents the percentage of patients in a single clinical trial listed in Table 1 that developed the
corresponding grade of CRS (none, grade 1–2 and grade 3+). Middle line represents the
mean percentage of patients with the corresponding grade of CRS and error bars represent
the SEM (Table S2).
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2.3. Relationship between CAR Domain Structure and Neurotoxicity Development

Neurotoxicity has been reported to occur both concurrently and independently of CRS
toxicity in anti-CD19 CAR-T cell clinical trials. In general, neurotoxicity events that occur
concurrently with CRS are of a shorter duration and severity (grade 1–2), while delayed
neurotoxicity occurring post-CRS can arise up to 3-4 weeks after CAR-T cell therapy and is
more commonly associated with grade 3+ neurotoxicity [37,38,51,62]. Neurotoxicity sever-
ity has been reported to fluctuate rapidly once diagnosed, demonstrating the requirement
for close patient monitoring and precise management plans to prevent rare fatal events.
Similar to CRS toxicity, there are multiple grading scales that can be used to assess the
level of neurotoxicity in patients receiving CAR-T cell therapy. The most common grading
protocol used in the clinical trials reviewed here is the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events (CTCAE), with CTCAE v3.0 used prior to
2009 [58] and CTCAE v4.0 after 2009 [57] (Table 3). The CTCAE neurotoxicity grading
systems have limitations due to the unique characteristics and timing of neurotoxicity
symptoms following CAR-T cell treatment compared to antibody and drug treatments.
Consequently, a unique condition titled CAR-T cell-related encephalopathy syndrome
(CRES) was introduced by the multi-institutional CAR-T cell therapy associated toxicity
(CARTOX) working group. The CRES grading system encompasses a 10-point patient
questionnaire to capture cognitive and attentive dysfunction combined with clinical tests
to assess intracranial pressure and severity of seizures [32]. More recently, the American
Society for Transplantation and Cellular Therapy (ASTCT; previously ASBMT) coined
the term immune effector cell-associated neurotoxicity syndrome (ICANS) for CAR-T
cell related neurotoxicity, using a modified version of the CARTOX screening grading
system to also take into account patient consciousness, motor symptoms and cerebral
edema symptoms [63]. A retrospective study using these three methods (CTCAE v4.03,
CRES and ASTCT) to grade neurotoxicity events post CAR-T cell treatment in the JULIET
trial uncovered the overdiagnosis of neurotoxicity using the CTCAE v4.03 grading system
(45% of patients) in comparison to both CRES and ASTCT grading systems (both 17.1%
of patients). Many of the patients only diagnosed with neurotoxicity using the CTCAE
v4.03 and not CRES or ASTCT grading systems had mild symptoms such as headaches
which were thought to be non-specific to the CAR-T cell treatment [64]. Clearly there is a
disparity in the published grading systems for neurotoxicities seen after CAR-T cell therapy.
A refined grading system proposed by 49 CAR-T cell experts and supported by the ASTCT
was published in 2018 in the hope that future CAR-T cell clinical trials can use a consensus
grading system for more accurate toxicity reporting and inter-trial analysis [63]. Use of
such a universal grading system would enable better comparison of clinical trial products
and outcomes.

Neurotoxicity symptoms were reported and graded in 16 of the 17 clinical trials listed
in Table 1 (Table 3). To assess the effect of domain structure on neurotoxicity development,
the percentage of patients that developed each grade of neurotoxicity was calculated for
each clinical trial presented in Table 1 (Table S3). The percentage neurotoxicity development
for each grade and clinical trial was subsequently plotted by CAR domain configuration to
examine correlations between neurotoxicity diagnosis and CAR domain structure. Overall
a clear increase in severe (grade 3+) neurotoxicity was observed in patients treated with the
28-28-28 CAR compared to the 8-8-41BB CAR (Figure 4). While the 8-8-41BB CAR showed
on average the lowest level of severe grade 3+ neurotoxicity, use of the CD28 hinge-TM or
IgG4 hinge and CD28 TM in a 41BB CAR (28-28-41BB and IgG4-28-41BB, respectively) was
associated with increased incidence of grade 3+ neurotoxicity that was more in line with
the 28-28-28 trials (Figure 4) [36,38]. As for CRS, these observations suggest that use of part
or all of the CD28 structural domains is associated with higher toxicity. While the most
relevant direct comparisons required to confirm these associations have not been made in
any single large clinical trial, as outlined below, there is significant preclinical data that
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offer strong support for the independent contributions of hinge and TM domains to CAR
function and toxicity.

Figure 4. Grade of neurotoxicity development in patients treated with CD19 CAR T cell therapies
is related to CAR domain structure composition. CAR domain structure is separated based on
hinge (H), transmembrane (TM) and costimulatory (Costim) domain composition on the left y axis,
while neurotoxicity grade is separated into grade 0–2 or grade 3+ on the right y axis. Each circle
represents the percentage of patients in a single clinical trial listed in Table 1 that developed the
corresponding grade of neurotoxicity (grade 0–2 and grade 3+). Middle line represents the mean
percentage of patients with the corresponding grade of neurotoxicity and error bars represent the
SEM (Table S3).

3. Preclinical Evidence of CAR Domain Design Influencing CAR-Related Toxicities

CRS symptoms are caused by a significant elevation of blood cytokine levels as a result
of excessive cytokine secretion by both CAR-T cells and other immune cells. Consequently,
CAR T cells which exhibit reduced cytokine secretion to levels that induce less CRS toxicity
but still promote effective T cell proliferation and cytotoxicity are required. Optimisation
of CAR domain configuration towards this end is a crucial goal, but unravelling the
contributions of different domains is complicated by comparisons in which hinge, TM and
costimulatory domains are all varied at the same time. A small number of carefully
controlled preclinical studies have recently begun to address this problem systematically.

In one recent study focused on modifications to the hinge-TM domains alone, Ying and
colleagues [15] generated CTL-019 variant CARs (FMC63 scFv with CD8α hinge and TM
domains, 4-1BB costimulatory domain and CD3ζ tail) with small extensions to the CD8α
hinge and TM domains. One of the longer hinge-TM constructs (named CD19-41BBz(86)
in their study) showed a significant reduction in IFNγ, TNFα, IL-2 and IL-4 production
in vitro when co-cultured with human CD19 target cells. Treatment of B cell lymphoma
patients in a small phase I clinical trial with the CD19-41BBz(86) CAR-T cell therapy
yielded good response rates, low circulating cytokines and little to no development of CRS
or neurotoxicity symptoms post-treatment [15]. This study demonstrates that even small
changes to the hinge-TM domains of a CAR can significantly impact cytokine production

481



Cancers 2021, 13, 38

and CRS development. The mechanism by which this extension of only a few amino acids
on each end of the hinge-TM yields such significant effects is unknown.

Another study by Alabanza and colleagues [65] directly compared FMC63 anti-CD19
CARs containing the same CD28 costimulatory domains and CD3ζ tail with either CD28
or CD8 hinge-TM regions (named FMC63-28Z and FMC63-CD828Z in their study, respec-
tively). Both CARs showed similar cell-surface expression and induced degranulation
upon target cell recognition, however secretion of IFNγ and TNFα was significantly lower
in FMC63-CD828Z CAR-T cells compared to FMC63-28Z CAR-T cells. The same hinge-TM
substitutions in fully human anti-CD19 (HuCD19) and human VEGFR2 (hVEGFR2) CD28
costimulatory domain-containing CARs also demonstrated reduced cytokine secretion as-
sociated with the CD8 hinge-TM region compared to the CD28 hinge-TM region [8,66]. In a
separate study examining independent variations of structural and costimulatory domains,
Majzner and colleagues [20] showed that both the CD28 hinge-TM and CD28 costimulatory
domains contribute to the high cytokine production associated with the FMC63-CD28z
configuration compared to the FMC63-CD8-41BBz configuration. Importantly, the CD28
hinge-TM domains conferred improved cytotoxic potency against low-antigen target cells,
regardless of the identity of the costimulatory domain, and was associated with both
higher potency and increased cytokine production even in first-generation CAR constructs
containing no costimulatory domains [20]. Emerging data suggest that such effects of the
CD28 hinge-TM domains are attributed to its high propensity to form heterodimers with
endogenous CD28 through specific TM sequences within the membrane, thus hijacking
native CD28 receptor signalling in addition to CAR-mediated signalling [17,67]. These pre-
clinical observations support the suggestion from our review of clinical trial outcomes that
the higher incidence of intermediate CRS and high-grade neurotoxicity observed in trials
using FMC63 CARs with CD28-derived hinge-TM and costimulatory sequences may be
more closely associated with the structural domains than the costimulatory domain.

4. Conclusions

Here we examined FMC63 anti-CD19 CAR-T cell clinical trials in an attempt to unravel
the impact of the hinge, TM and costimulatory domains of the CAR protein on patient
clinical outcome and toxicities. CD28 hinge-TM containing CARs were associated with a
slightly higher average clinical response rate but were also associated with more severe
toxicity compared to CD8 hinge-TM containing CARs. While the number of patients and
clinical trials contributing to this observation are limited, several recent preclinical studies
highlighted above support this association, with CD8 hinge-TM CAR-T cells consistently
shown to produce lower levels of cytokines than otherwise identical CD28 hinge-TM CAR-T
cells. These studies contribute to an increasing recognition within the field that the hinge-
TM structural domains are not functionally inert, and work to unravel the contribution of
the hinge and TM domains independently is ongoing. It remains unclear whether one or
both of these structural domains contributes directly to these effects, and the mechanisms
underlying these functional outcomes are still not well understood. We suggest that a
broad systematic interrogation of hinge and TM domain effects on CAR structure, stability,
expression levels, signalling outputs and interactions with other cell-surface signalling
molecules will yield fundamental new insights into how we may rationally design safer
CAR-T cell therapies that do not compromise clinical efficacy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/1/38/s1, Table S1: Number and best clinical response of patients in each anti-CD19 CAR-T
cell clinical trial, Table S2: Number and grade of patients diagnosed with CRS in each anti-CD19
CAR-T cell clinical trial, Table S3: Number and grade of patients diagnosed with neurotoxicity in
each anti-CD19 CAR-T cell clinical trial.
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Using immunotherapy to treat cancers can be traced back to the 1890s, where a New York
physician William Coley used heat-killed bacteria to treat cancer patients, which became known as
“Coley’s toxin”. Of the almost 900 cancer patients he treated, some tumours regressed and some
patients were free from recurrence for a number of years [1]. However, the toxin component was
inconsistent, patients’ reactions were unpredictable and the anti-cancer mechanism was not known.
With the advancement of radiation therapy and chemotherapy in the 20th century, Coley’s toxin was
not used anymore.

In the past ten years, we have witnessed many revolutionary immunotherapies being approved
to use in the clinic for treating cancer patients. These immunotherapies include the first cancer vaccine,
Sipuleucel-T for advanced prostate cancer; checkpoint inhibitors such as ipilimumab, pembrolizumab
and nivolumab for the treatment of advanced melanoma and other solid cancers; oncolytic virus
T-Vec for melanoma; a bispecific cancer-directed T-cell engager, blinatumomab, for the treatment
of acute lymphoblastic leukemia, and chimeric antigen receptor (CAR) T cells for treating certain
lymphoma and leukemias [2,3]. Together, these immunotherapies have had a remarkable impact on
clinical outcomes.

This year, although the majority of the world is locked down in response to the coronavirus disease
(COVID-19) pandemic, a number of cancer immunotherapies were approved by the US Food and Drug
Administration (FDA). The newly approved treatments include atezolizumab for advanced melanoma,
brexucabtagene autoleucel (Tecartus) for mantle cell lymphoma, which is the third FDA-approved CAR
T-cell therapy, pembrolizumab as the first line of treatment for colorectal cancer and pembrolizumab
for cutaneous squamous cell carcinoma.

Although more and more treatment options are becoming available, challenges still remain.
Immune checkpoint inhibitors (ICIs) work for certain cancer types such as melanoma, but not all cancer
types respond. Even in melanoma, half of the patients do not achieve a significant beneficial response,
and a substantial number of responding patients experience cancer relapse after the initial response [4].
Unfortunately, these ICI therapeutics are also often associated with a high rate of toxicity, with severe
toxicities occurring in approximately 20–50% of patients [5]. Other immunotherapies can have similar
problems. Certain cancers such as pancreatic cancer have proven to be difficult to treat using all the
current available immunotherapies [6].

Building on the success of ICIs, numerous immunotherapies have been tested to be used in
combination with other immunotherapies or with some already existing treatments. For example,
anti-PD1 has been tested in combination with CAR T-cell therapy [7], oncolytic virus treatment [8,9],
cyclin-dependent kinase inhibitors [10]. Given the potency of the treatment components as
monotherapies, it is not surprising that a number of these combinations led to synergistic efficacy.
With an abundance of combination immunotherapy trials ongoing, more and more factors that influence
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the therapeutic success have been revealed and synergistic design of different combination therapies
may provide optimal benefit to the patients with different types of cancers.

Although yet to demonstrate efficacy in solid tumours, enormous efforts have been made in CAR
T-cell research. These include the discovery of new tumour antigen targets [11], more options for
combination therapy [7,12], creating T-cell products with a more desirable phenotype [13], improved
manufacturing protocols [14], and novel methods for enhancing in vivo expansion of the CAR T
cells [15–17]. Although most of the current immunotherapies have focused on T cells, other cellular
therapies such as those utilising NK cell cytotoxicity [18,19], dendritic cells [20] and macrophages [21]
are also under investigation.

Another extensively explored area lies in the understanding of immunosuppression of the
tumour microenvironment (TME) [22]. The TME consists of tumour cells, immune cells, stroma,
extracellular matrix and some soluble factors. This complex environment plays a fundamental role in
tumour progression, shapes the tumour immune response and eventually determines the efficacy of
immunotherapies [23–25]. A number of strategies have been developed in the past few years to shift
the TME to favour anti-tumour immunity, and clinical studies have validated several biomarkers of
the TME predicting tumour responsiveness to immunotherapies [26,27].

Much knowledge has accumulated in the past ten years, and the cancer immunotherapy field
is moving forward at a fast pace. Many current obstacles will likely be overcome through improved
knowledge, more advances in treatment technologies [28] and the identification of new cancer targets.
In addition, new combination treatments incorporating immunotherapies, and the identification of
predictive biomarkers for cancer immunotherapies, may lead to further effective treatments utilizing
the immune system for a wide range of cancers.
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