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In recent years, cancer immunotherapy research has made remarkable progress, com-
pletely transforming the cancer treatment landscape. In 2021, we proudly introduced
the Special Issue “Cancer Immunology” in the journal Cancers, featuring a collection of
17 highly acclaimed research and review articles [1]. Building upon the success of this prior
endeavor, we are excited to present this new Special Issue, which aims to delve deeper into
the most recent advancements, state-of-the-art technologies, and prospects in fundamental
cancer immunology, pre-clinical assessments, and clinical trials.

Increased understanding of the molecular mechanisms governing the anti-tumor im-
mune response has led to a surge in the utilization of innovative cancer immunotherapies
across various cancer types. However, it is important to acknowledge that the response to
cancer immunotherapies remains limited to a small subset of patients with solid tumors
and specific hematopoietic malignancies, with the underlying reasons for its failure in other
patients largely unidentified [2,3]. In this Special Issue, we have collected seven meticu-
lously conducted original studies and five expertly written review articles, highlighting the
unmet challenges and needs of cancer immunotherapies.

Over the past decade, the blockade of programmed cell death protein 1 (PD-1),
programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4) has emerged as a cornerstone of cancer immunotherapy. Our initial series of
articles focuses on the latest advancements in immune checkpoint inhibitors. Classical
Hodgkin lymphomas, particularly in cases of relapse or refractory diseases, pose a sig-
nificant treatment challenge. In their phase 2 clinical trial, Hanel et al. [4] explored the
combination of nivolumab with Bruton’s tyrosine kinase inhibitor ibrutinib and observed
durable responses, even among patients who had previously progressed on nivolumab
therapy. In another study, Pi et al. [5] demonstrated a correlation between COX2 expression
and resistance to anti-PD-1 therapy in a B16F10 animal model. Notably, inhibiting COX2
or knocking out the Ptgs2 gene in the BI6F10 model reversed its resistance to anti-PD-1
treatment. These noteworthy findings provide valuable insights into potential strategies to
overcome immune checkpoint inhibitor resistance.

Chimeric antigen receptor (CAR) T cell therapy represents another vital branch of
tumor immunotherapy. Liang et al. [6] made an important discovery, demonstrating that
the pharmacological facilitation of CAR-induced autophagy with verteporfin can effectively
inhibit the trogocytic expression of tumor antigens on CARs. This breakthrough finding
not only enhances CAR persistence and efficacy in mice, but also holds the potential to
extend the duration of CAR T cell therapy in patients.

Conventional cancer treatments, such as chemotherapy, radiation therapy, and in-
hibitors targeting oncogenic pathways, have demonstrated remarkable immunoregulatory
effects within tumor tissues [7]. Monoclonal antibodies designed to target oncogenic
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pathways can activate antibody-dependent cell-mediated cytotoxicity (ADCC), thereby
eliminating cancer cells through immunological mechanisms. Troschke-Meurer et al. [8]
revealed that combining chemotherapeutics with Dinutuximab beta in the presence of
immune cells significantly enhanced their cytotoxic efficacy against neuroblastoma, with
the effect specific to the GD2 antigen. Additionally, the same group reported that the
immunocytokine, FAP-IL-2v, in combination with the anti-GD2 antibody Dinutuximab
beta, substantially increased ADCC against neuroblastoma cells. This synergistic approach
involving Dinutuximab beta and FAP-IL-2v resulted in a significant reduction in tumor
growth and improved survival in experimental mice [9].

Two insightful studies conducted by Zou et al. [10] and Drachneris et al. [11] have
delved into potential biomarkers associated with the response to cancer immunotherapy.
In their research, Drachneris et al. [11] examined a cohort of 157 high-risk, non-muscle
invasive papillary urothelial carcinoma patients who underwent Bacille Calmette-Guerin
immunotherapy following a transurethral resection. They discovered that gradient indica-
tors of CD8* cell densities at the tumor epithelium-stroma interface, in conjunction with
routine clinical and pathology data, significantly enhanced the prediction of recurrence-free
survival. On the other hand, in the context of pancreatic adenocarcinoma, Zou et al. [10]
established a correlation between estrogen receptor expression and the development of
tertiary lymphoid structures, indicating that estrogen receptors may potentially contribute
to anti-tumor immune responses.

In addition to the original articles presented, this Special Issue includes a selection of
timely review articles that provide comprehensive insights into the latest advancements.
Fanciulli et al. [12] conducted a meticulous analysis of pre-clinical and clinical data concern-
ing CAR T cell therapy in neuroendocrine neoplasms, highlighting its promising potential
in clinical practice. Choudhary et al. [13] discussed the metabolic alterations observed in
glioblastoma tumor cells, which have been investigated as contributing factors to immuno-
suppression and resistance against immunotherapies. Monteleone et al. [14] reviewed the
current body of evidence supporting the role of IL-34 in the differentiation and function of
immune suppressive cells. Frak et al. [15] and Wei et al. [16] summarized recent progress in
understanding how bacteria can influence the immune response against cancer, and their
potential as a novel avenue for cancer immunotherapy. In addition, Gerton et al., showed
epigenetic reprogramming and patient-derived 3D platforms could also be used to enhance
immunotherapeutic responses in high-grade serous ovarian cancer [17].

In recent years, cancer immunotherapy has made remarkable progress, transforming
cancer treatment. The Special Issue “Tumor Immunology and Immunotherapy Resistance”
highlighted breakthroughs, technologies, and prospects in cancer immunology. While
immune checkpoint inhibitors have been revolutionary, addressing limited responses is
crucial. Studies in this Special Issue suggest strategies to overcome resistance, including
combination therapies and specific pathway targeting.

Chimeric antigen receptor (CAR) T cell therapy is an important branch of immunother-
apy. Facilitating CAR-induced autophagy has shown promise in enhancing CAR T cell
therapy’s effectiveness. Conventional treatments and monoclonal antibodies can also ac-
tivate immunological mechanisms, offering synergistic approaches to enhance cytotoxic
efficacy against specific cancers. Moreover, identifying biomarkers associated with treat-
ment response is essential for personalized cancer immunotherapy. Studies in this Special
Issue discuss potential biomarkers, such as immune cell densities and estrogen receptor
expression, enabling more effective interventions. Notably, the review articles cover ad-
vancements in CAR T cell therapy, metabolic alterations in tumors, the role of immune
suppressive cells, and the influence of bacteria on the immune response against cancer.

As we embark on the next generation of cancer immunotherapy, an increasing body of
work has demonstrated that tumor-derived extracellular vesicles are key immune mod-
ulators in tumor signaling and the determinants of the antitumor immune response [18].
This Special Issue is an invaluable resource for researchers, clinicians, and industry pro-
fessionals. The knowledge and discoveries presented within these articles will guide
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future developments, bringing us closer to realizing more effective and personalized
cancer immunotherapies.

Conflicts of Interest: The authors declare no conflict of interest.
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Metabolic Barriers to Glioblastoma Immunotherapy

Nikita Choudhary, Robert C. Osorio, Jun Y. Oh and Manish K. Aghi *
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Simple Summary: Glioblastoma (GBM) is an aggressive brain tumor with limited prognosis despite
multimodal treatment approaches. Various immunotherapies have been investigated to address
the need for novel therapeutic options in GBM with limited success. Recently, alterations in the
metabolism of cancer cells which allow for tumor proliferation, but simultaneously alter immune
populations leading to an immunosuppressive tumor microenvironment, have been investigated
as contributory to therapeutic resistance. This review discusses metabolic alterations in GBM tu-
mor cells which have been investigated as contributory to immunosuppression and resistance
to immunotherapies.

Abstract: Glioblastoma (GBM) is the most common primary brain tumor with a poor prognosis with
the current standard of care treatment. To address the need for novel therapeutic options in GBM,
immunotherapies which target cancer cells through stimulating an anti-tumoral immune response
have been investigated in GBM. However, immunotherapies in GBM have not met with anywhere
near the level of success they have encountered in other cancers. The immunosuppressive tumor
microenvironment in GBM is thought to contribute significantly to resistance to immunotherapy.
Metabolic alterations employed by cancer cells to promote their own growth and proliferation have
been shown to impact the distribution and function of immune cells in the tumor microenvironment.
More recently, the diminished function of anti-tumoral effector immune cells and promotion of
immunosuppressive populations resulting from metabolic alterations have been investigated as
contributory to therapeutic resistance. The GBM tumor cell metabolism of four nutrients (glucose,
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glutamine, tryptophan, and lipids) has recently been described as contributory to an immunosuppres-
sive tumor microenvironment and immunotherapy resistance. Understanding metabolic mechanisms
of resistance to immunotherapy in GBM can provide insight into future directions targeting the
anti-tumor immune response in combination with tumor metabolism.

Keywords: glioblastoma; immunotherapy; metabolism; tumor microenvironment; glycolysis;
glutamine metabolism; lipid metabolism; tryptophan metabolism

1. Introduction

Glioblastoma (GBM) is the most common primary brain tumor with a limited progno-
sis and a median survival of 15 months despite an aggressive standard of care treatment
consisting of maximal safe surgical resection followed by radiation and chemotherapy with
temozolomide [1]. Since the addition of temozolomide to the standard of care treatment in
2005, subsequent efforts to develop new therapeutic candidates have failed to outperform

standard of care treatment in clinical trials [2]. Developing effective novel therapies for
GBM therefore remains an unmet need.

One novel emerging area of cancer therapeutics is immunotherapies, which target one
of the hallmarks of cancer—the ability to evade cellular immunity that would otherwise
result in immunological targeting of tumor cells [3]. While in recent years immunotherapies
have become standard treatment options for several cancer types, a variety of immune-
based therapies including checkpoint inhibitors, vaccines, CAR-T cells, oncolytic viruses,
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and myeloid-targeted therapies have failed to benefit patients with GBM in trials [4]. The
uniquely immunosuppressive tumor microenvironment in GBM is thought to contribute
significantly to immunotherapy resistance [4,5].

The tumor microenvironment is affected by unique cancer cell metabolism that not
only promotes tumor cell growth but also alters the pH, oxygen, and metabolite contents
that affect the survival and function of immune cells in the tumor microenvironment [6].
Metabolic reprogramming within tumor cells diminishes the function of effector immune
cells through depletion of essential metabolites and promotes enrichment of suppressive
immune populations [7]. More recently, therapies targeting metabolic factors in the tumor
microenvironment that adversely impact the antitumor immune response such as low glu-
cose, low pH, hypoxia, and the generation of suppressive metabolites have been explored
as immunotherapeutic anticancer strategies [7]. Similar findings have also been reported in
GBM, where metabolic reprogramming in tumor cells plays a significant role in driving
survival, proliferation, and invasion. However these metabolic adaptations additionally
alter the GBM tumor immune microenvironment [8]. In this review, we discuss how GBM
tumor cell metabolism of four nutrients (glucose, glutamine, tryptophan, and lipids) leads
to an immunosuppressive tumor microenvironment and the implications of these metabolic
changes on immune based treatment strategies for GBM.

2. Effects of Increased Tumor Cell Reliance on Glycolysis on the Immune
Microenvironment of Glioblastoma

Glycolysis is the most prominent metabolic pathway implicated in cancer metabolism
as contributory to sustaining the energetic cost of growth and proliferation. During glycoly-
sis, glucose is catabolized to pyruvate which is then converted to lactate to either be secreted
or enter the TCA cycle generating ATP and NADH in the process. Glucose metabolism
plays a significant role in the brain microenvironment given the high metabolic demand
of the brain and lack of glycogen storage within the brain. High blood glucose levels
and increased neuronal expression of glucose transporters have been linked to decreased
survival in glioblastoma patients [9].

Altered glucose metabolism in tumor cells results in preferential aerobic glycolysis—
increased glycolytic activity despite the presence of oxygen enabling alternate metabolic
pathways, a phenomenon known as the Warburg effect. Though glycolysis is an inefficient
pathway for energy production relative to mitochondrial oxidation, increased glycolysis in
proliferating tumor cells generates metabolic precursors such as lactate which are thought to
be the rate-limiting factors during cellular proliferation. In tumor cells, glucose transporters
and glycolytic enzymes essential for the conversion of pyruvate to lactate are upregulated.
In glioblastoma, the significantly increased rate of glycolysis drives energy production [10].
Tumor cells develop alterations to allow for this increased glycolysis and tumor growth [10].
Genome-wide transcriptomic analysis of patient-derived GBM cells demonstrate strong
upregulation of glycolysis-related genes [11]. Hexokinase 2 (HK2), an isoform of the
enzyme which catalyzes the conversion of glucose to glucose-6-phosphate in the first step
of glycolysis is strongly expressed in GBM [12]. Knockdown or silencing of glycolytic genes
such as HK2, PKFP, ALDOA, PGAM1, ENO1, ENO2, or PDK1 inhibits GBM tumor growth
and prolongs survival in a mouse xenograft model [11]. These differentially regulated
genes were involved in glycolysis and downstream hypoxia response signaling pathways,
suggesting that the glycolytic enzymes encoded by these genes are essential for GBM
growth [11].

More recently, attention has been given to the impact of alterations in glycolytic
pathways on not only proliferating tumor cells but also the tumor microenvironment and
resulting changes in immune cell metabolism and function (Figure 1) [13]. Glycolysis alters
the immune response in cancer as shown by glycolysis-related genes with prognostic value
found to be linked to varying immune cell infiltration and differential immune-related gene
expression [14].
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Figure 1. Glucose and glutamine metabolism in cancer cells alters immune cell populations in the
glioblastoma tumor microenvironment. (Top) Cancer cells up regulate glucose transport into the cell
(1) and increase glycolytic (2) and glutamine metabolism (3) leading to low levels of glucose and
glutamine in the tumor microenvironment. Increased glycolysis results in acidosis from increased
lactic acid production (4). (Bottom) Immune cell populations respond differentially to metabolic
alterations in the tumor microenvironment. Anti-tumoral effector T cells have reduced function
and proliferation. Pro-tumoral immunosuppressive populations of Tregs, MDSCs, M2 polarized
macrophages, and neutrophils are enriched.

Glycolysis requires export of lactate from cells by transporters which co-transport
lactate and protons (H+), leading to their accumulation in the tumor microenvironment
and resulting in tumor acidosis which impacts the function of immune cells in the tumor
microenvironment. Acidosis has been described in other cancers as contributory to im-
munosuppression [15]. Lactic acid produced by tumor cells inhibits the differentiation
and activation of monocytes and T cells and regulates the expression and secretion of
tumor-promoting cytokine interleukin 23 [16,17]. Lactate accumulation additionally in-
hibits type 1 interferon signaling and granzyme B expression which normally promotes
cancer immunosurveillance through the activity of natural killer (NK) cells [18,19]. In
melanoma, lactic acid production by tumor cells reduces the quantity and the cytotoxic
activity of CD8 T cells and NK cells in culture and in vivo [20]. Activated T cells require
the ability to co-transport lactate and protons as part of their own glycolytic metabolism.
Increased lactic acid production by tumor cells has been shown to inhibit T cell glycolysis
and function by altering the concentration gradient for lactate and proton export by the
T cells [21]. In effect, increased glycolysis in tumor cells inhibits the ability of T cells to
engage in glycolytic metabolism [20].

Strategies that free T cell glycolytic metabolism from the restrictions imposed on
these cells by the tumor microenvironment have been evaluated in preclinical models.
For example, genetic modification of tumor specific CD4 and CD8 T cells to overexpress
phosphoenolpyruvate carboxykinase 1 (PCK1) increased the production of the glycolytic
metabolite phosphoenolpyruvate, resulted in increased T cell glycolysis, increased T cell
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effector function, and restricted tumor growth and prolonged survival in a melanoma
mouse model [22]. Further supporting the idea that increased tumor glycolysis results
in a glucose-poor tumor microenvironment that diminishes T cell function, increased
glycolytic metabolism in melanoma cells has been associated with resistance to adoptive
T cell therapy and checkpoint blockade [23]. Another study in a mouse sarcoma model
demonstrated that glucose consumption by tumors leads to metabolic restriction of T cells
and reduced T cell glycolytic capacity allowing for tumor progression [24]. In this study,
an antigenic model that enhanced glycolysis of T cells led to slower tumor growth [24].
Calcinotto et al. demonstrated that increased acidosis resulted in mouse and human
CD8 T cell anergy [25]. Combining proton pump inhibitors lowering pH with adoptive
transfer of antigen specific T cells or vaccines to melanoma specific antigens resulted in
increased therapeutic efficacy in a mouse model of melanoma [25]. In a separate study
of mouse models of multiple cancer types, neutralizing tumor acidity increased T cell
infiltration and impaired tumor growth [26]. Furthermore, combining bicarbonate therapy
for neutralization of tumor acidosis with checkpoint inhibitors or adoptive T cell transfer
improved antitumor responses [26].

Lactic acid production has also been suggested to not only reduce anti-tumoral im-
mune cell populations but also promote immunosuppressive populations. Notably, myeloid
cells are resistant to lactic acid-induced apoptosis [20]. In fact, in some studies, these cells
have not only been resistant to the effects of lactic acid, but the most aggressive pro-tumoral
myeloid cells often thrive in response to lactic acid. For example, accumulation of lactic acid
in pancreatic tumor cells was shown to increase the number of myeloid derived suppressor
cells (MDSCs) in mice [27]. Colegio et al. showed that lactic acid promotes polarization of
macrophages towards the tolerogenic M2 type [28]. Suppressive Treg cells are not impaired
by the low lactate levels that impair the function of effector T cells. In fact, Treg cells are able
to generate NAD+ through mitochondrial metabolism in high lactate environments [29].

Glycolytic alterations may also specifically impact neutrophils. While less is under-
stood about the metabolic utilization of neutrophils in the tumor microenvironment than
leukocytes, neutrophils are generally regarded as highly glycolytic. Neutrophil function
has been described to highly depend on glucose availability with lack of glucose abrogating
function [30]. suggesting that increased glucose metabolism by tumor cells may limit the
availability of glucose to neutrophils limiting their function. However, counterintuitively
to a perhaps reduced function in a tumor microenvironment with low levels of glucose,
neutrophil recruitment to the tumor site has been regularly described as immunosuppres-
sive and inhibitory of the activity of T cells [31]. An elevated circulating neutrophil to
lymphocyte ratio (NLR) has been found to be a negative prognostic factor in glioblastoma
patients [32]. Rice et al. suggest a potential mechanism in which neutrophils maintain
local immune suppression in the glucose-limited tumor microenvironment through the
adaptation of a neutrophil subpopulation to an oxidative mitochondrial metabolism [33].

Interestingly, the interplay between glycolytic tumor metabolism and immune cell
function may be bidirectional with immune cells able to regulate metabolic pathways as
well. Zhang et al. show that macrophages produce interleukin-6 which leads to downstream
phosphorylation of the glycolytic enzyme phosphoglycerate kinase 1 (PGK1) and facilitates
a PGK1-catalyzed reaction towards glycolysis rather than gluconeogenesis through altered
substate affinity [34]. PGK1 phosphorylation correlated with increased macrophage infiltra-
tion, higher grade, and worse prognosis in human GBM samples [34]. Further work will be
necessary to elucidate this metabolic crosstalk and metabolic competition between tumor
cells and immune cells and to understand whether immune cells can themselves alter the
metabolic environment to support tumor growth, including through mechanisms, such as
post-translational modifications, which regulate the functions of many glycolytic enzymes.

Studies of glycolysis in glioblastoma have paralleled the findings in other cancer types
of the significance of increased glycolysis in creating an immunosuppressive tumor mi-
croenvironment. The shift to increased aerobic glycolysis from oxidative phosphorylation
in glioblastoma is associated with immunosuppression and tumor progression [35]. In
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GBM, hypoxia-inducible factor 1oc (HIF-1cx) directs the metabolic switch for Tregs from gly-
colysis in the glucose-poor tumor environment to oxidative phosphorylation which drives
immunosuppression [36]. One recent study determined a glycolytic score for glioblastoma
utilizing seven genes involved in expression of glycolytic enzymes and found that T cells, B
cells, and NK cells were depressed while there was high infiltration of immunosuppressive
cells in patients with high glycolytic scores [37]. One of the genes utilized in the glycolytic
score, ENO1, promoted M2 microglia polarization promoting immunosuppression and
glioblastoma cell malignancy. Another recent study utilizing differentially expressed genes
between high and low glycolytic activity to assign risk scores to classify high and low risk
GBM patients found differential infiltration of immune cells and immune checkpoints,
suggesting a relationship between glycolytic activity and immunosuppression in patients
with GBM [38].

3. Anti-Tumoral Immunologic Effects of Targeting Glutamine Metabolism in Cancer

Glutamine, an amino acid highly expressed in cancer cells, plays a critical role for
cellular function and the generation of energy and metabolic precursors for macromolecule
synthesis which help sustain anabolic growth. Glutamine is converted by glutaminase into
glutamate which is then converted to x-ketoglutarate, a critical component of the TCA
cycle and in the production of metabolic intermediates utilized in the production of lipids,
nucleic acids, and proteins. Upregulated glutamine metabolism in cancer cells promotes
tumor growth through supporting macromolecule biosynthesis, altered signaling pathways,
and cancer cell proliferation and survival. The metabolism of glutamine provides carbons
for the TCA cycle to sustain accelerated anabolism in cancer cells and promotes tumor
growth [39-41].

Glutamine is amongst the most prevalent amino acids in the brain as a precursor to
the excitatory neurotransmitter glutamate [9]. Glutamate transporters are upregulated in
gliomas allowing for increased glutamine uptake [42]. The absence of glutamine in culture
medium leads to loss of viability as determined by a trypan blue dye exclusion test in glioma
cell lines [43]. Increased and rapid glutamine utilization has been described as characteristic
of glioblastoma cell proliferation through promoting generation of NADPH for anabolic
processes such as nucleotide biosynthesis and providing a source of carbon for fatty acid
synthesis [44]. Glutamate secretion in glioma cells results in a growth advantage in vivo,
and targeting glutamate secretion or antagonizing glutamate target receptors resulted in
slowed tumor expansion in C6Glu+ tumors in rats [45].

Glutamine metabolic pathways are also upregulated in glioblastoma. Glutamate
dehydrogenase (GDH), an enzyme which catalyzes the conversion of L-glutamate into
a-ketoglutarate as part of glutaminolysis, is upregulated in many human cancers and
shown to promote tumor growth [46]. An isoenzyme of GDH, GDHI1, maintains glioma
cell survival in glucose depleted conditions through activation of glutamine metabolism
and the a-ketoglutarate generated drives glucose uptake and cell survival under low
glucose [47]. Glutamine synthetase expression in glioblastoma is associated with poor
prognosis, with absent or low intensity expression of glutamine synthetase in neoplastic
cells associated with longer survival [48]. Glutamine is hypothesized to be provided by
surrounding astrocytes to feed GBM cells negative for glutamine synthetase cells [49].

Glutamine metabolism in cancer cells impacts the tumor microenvironment and the
immune populations within it in ways similar to glucose metabolism (Figure 1). Cancer cells
relying on exogenous glutamine synthesis utilize glucose, further depleting it in the tumor
microenvironment and contributing to the reduced function of immunostimulatory effector
T cells and NK populations that require glucose for function [7]. Glutaminolysis also
results in the downstream production of lactate, mirroring the effect of aerobic glycolysis
in generating an acidic tumor microenvironment which contributes to immunosuppression
as described earlier in this review.

Increased uptake of glutamine by tumor cells may result in its depletion in the tumor
microenvironment and affect the function of immune cells which utilize glutamine for their
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own metabolic programs. Activated T cells upregulate glutamine metabolism to generate
a-ketoglutarate to enter the TCA cycle and generate ATP to fulfill the energetic demands of
T cell proliferation [50]. Glutamine depletion in the tumor microenvironment compromises
activation-induced T cell growth and proliferation. Addition of the macromolecular prod-
ucts of glutamine synthesis (nucleotides and polyamines) does not rescue T cell growth in
a glutamine depleted environment, implicating the specific role of glutamine in meeting
the bioenergetic and biosynthetic precursor requirements of activated T cells [50].

Targeting glutamine metabolism in a mouse model of colon cancer through a glutamine
antagonist 6-Diazo-5-oxo-L-norleucine, which broadly inhibits several glutamine-using
enzymes, led to suppression of both oxidative phosphorylation and glycolytic metabolism
in cancer cells and decreased tumor-related changes in the microenvironment with de-
creased hypoxia, acidosis, and nutrient depletion [51]. In contrast, glutamine blockade
in effector T cells resulted in upregulated oxidative metabolism and increased survival
and activation [51]. PD-1-targeted checkpoint blockade co-administered with glutamine
antagonism resulted in a complete therapeutic response and a memory response with
tumor rechallenge [51]. The efficacy of glutamine antagonism was entirely dependent on
the activity of CD8 T cells, indicating that the mechanism through which glutamine antago-
nism promoted anti-tumoral activity was through enhancing cytotoxic T cell anti-tumor
response [51]. These findings highlight a common theme for glutamine and glycolytic
metabolism in which tumor cells and anti-tumor immune cells compete for metabolites
to promote their individual function. It additionally offers insights for metabolic target-
ing in cancer that leverages the therapeutic window created by the differential metabolic
plasticity of immune cells versus cancer cells in which cancer cells are highly metabolically
interdependent (targeting glutamine metabolism leads to widespread metabolic inhibi-
tion), whereas T cells exhibit adaptive metabolic reprogramming (targeting glutamine
metabolism activates upregulation of alternate pathways allowing survival).

Additionally, glutamine metabolism by cancer cells leads to the enrichment of various
immunosuppressive populations in cancer. Notably, a-ketoglutarate generated through
glutaminolysis restricts anti-tumoral macrophage M1 activation [52]. A separate study also
supports the role of a-ketoglutarate in promoting an immunosuppressive macrophage
phenotype by showing that higher production of x-ketoglutarate results in M2 activation
of macrophages (an immunotolerant phenotype) [53].

Targeting glutamine metabolism in cancers with known resistance to checkpoint block-
ade (triple negative breast cancer and lung carcinoma) with a small molecule inhibitor
led to the marked inhibition of the generation and recruitment of immunosuppressive
myeloid-derived suppressor cells (MDSCs) through apoptosis of these MDSCs [54]. Ad-
ditionally, glutamine antagonism promoted the generation of antitumor inflammatory
tumor-associated macrophages [54]. Combining glutamine antagonism with checkpoint
blockade in immunotherapy-resistant tumors was shown to enhance the efficacy of check-
point blockade [54].

Targeting glutamine metabolism may enhance endogenous anti-tumor immunity
through independent mechanisms promoting the metabolic programs of cytotoxic popula-
tions while inhibiting immunosuppressive populations. Given the success of combining
targeting glutamine metabolism with checkpoint inhibitors in other immunotherapy resis-
tant tumors, it may be worthwhile to explore this combination in GBM.

4. Inhibition of Tryptophan Degrading Enzymes as a Strategy to Promote an
Anti-Tumoral Immune Response

Tryptophan is an essential amino acid utilized for protein biosynthesis and a bio-
chemical precursor to physiologically important compounds such as serotonin and mela-
tonin. The majority of tryptophan which is not incorporated into proteins is broken down
into degradation products (kynurenines) via the kynurenine pathway [55]. Physiologi-
cally, tryptophan degradation into kynurenines enables the generation of the essential
metabolic cofactor nicotinamide adenine dinucleotide (NAD+). In cancer, the production
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of kynurenine metabolites by tumor cells contributes to tumor growth by generating an
immunosuppressive tumor microenvironment through the recruitment and differentiation
of immunosuppressive Treg cells and MDSCs [56]. Tryptophan is degraded into kynurenine
metabolites by the two enzymes indoleamine-2,3-dioxygenase-1 (IDO1) or tryptophan-2,3-
dioxygenase (TDO2) which catalyze the rate limiting reactions in the kynurenine pathway.

Tryptophan catabolism and alterations in kynurenine pathway has been implicated in
poor prognosis in several cancer types, including in GBM [57]. The correlation between
overexpression of enzymes involved in tryptophan degradation and patient survival in
primary and metastatic brain tumors has been well established [58,59]. Recurrent malig-
nant gliomas are associated with increased levels of tryptophan metabolism compared
to newly diagnosed patients in metabolic profiles obtained from CSF analysis [60]. IDO1
and TDO2 are highly expressed in glioma cells proportionally to glioma grade [55,61].
Additionally, amongst higher grade patients, those with strong IDO expression were noted
to have significantly worse overall survival rates compared to patients with weak IDO
expression [61]. IDOL1 is expressed in the majority of malignant gliomas with mRNA and
protein expression levels correlating with overall patient survival [59].

IDO1- and TDO2- mediated degradation of tryptophan by cancer cells is a driver
of immune suppression in the tumor microenvironment through recruitment and acti-
vation of myeloid-derived suppressor cells (MDSCs) and induction of anergy of CD8+
T cells [62]. Degradation of tryptophan and reduced tryptophan availability within the
tumor microenvironment resulting in arrest of T cell growth and activation has been well
characterized [63]. Tryptophan-free media suppresses human T cell proliferation and ac-
tivation [64]. Tryptophan catabolism by tumor cells allows for metabolic inhibition of T
cells and promotes tumor evasion of immune destruction. Two mechanisms enable tumor
cell tryptophan catabolism to inhibit anti-tumoral T cells: (1) tumor cell depletion of the
essential metabolite tryptophan which is required for T cell metabolism (the competition
for nutrients scenario between tumor cells and T cells described above for glucose and
glutamine) and (2) generation of T cell inhibitory molecules from tryptophan metabolites
such as kynurenine and its derivatives (Figure 2).

Tryptophan utilization by tumor cells leads to metabolic starvation of T cells which are
unable to utilize tryptophan for their own functions and thus promotes immunosuppres-
sion in the tumor microenvironment. Inhibition of tryptophan degrading enzymes blocks
enzymatic activity and restores cytotoxic T cell activity in vitro and in vivo [65]. T cells
undergo rapid growth arrest in low tryptophan conditions due to a tryptophan-sensitive
checkpoint inhibiting the cell cycle in the G1 phase [66]. High IDO expression in colorectal
cancer cell lines was associated with significant reduction of CD3+ infiltrating T cells and in-
creased frequency of liver metastases [67]. Additionally, intratumoral immunosuppressive
cells—such as MDSCs, tumor associated macrophages (TAMs), and Treg cells—upregulate
production of IDO and metabolize tryptophan into suppressive kynurenine which reduces
the availability of tryptophan for cytotoxic T cells in the tumor microenvironment [68].
This mechanism is so crucial to MDSC immunosuppression that IDO has been shown to
be required for MDSCs’” immunosuppression of T cells with inhibition of IDO leading to
decreased MDSC suppression of T cell proliferation in a murine melanoma model [68,69].

Given the role of IDO through kynurenine synthesis in generating the tumor mi-
croenvironment allowing for immune escape in cancer, IDO inhibition has been explored
as an attractive therapeutic option in multiple cancers. Inhibition of IDO was found to
effectively normalize plasma kynurenine levels in patients with various tumor types [70].
Interestingly, combinatorial inhibition of IDO1, IDO2, and TDO2 (together thought to be
the predominant rate-limiting enzymes for the kynurenine pathway) did not impact tumor
viability in patient derived GBM cells [55]. However, these findings are consistent with
the mechanistic understanding that inhibition of the kynurenine pathway enzymes has
anti-tumoral effects due to alterations in the survival and function of immune cells normally
present in the tumor microenvironment that are not present in an in vitro model.

11
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Figure 2. Altered tryptophan metabolism and lipid metabolism in GBM tumor cells contributes to an

Immunosuppressive
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immunosuppressive population enriched tumor microenvironment. (Top) Tryptophan metabolism
and generation of kynurenine degradation products by the enzymes IDO1 and TDO2 leads to
decreased availability of tryptophan for T cells and generation of T cell inhibitory molecules, leading
to decreased function of anti-tumoral T cells. (Bottom) Alterations in lipid metabolism lead to
increased fatty acid oxidation and lipid signaling by immunosuppressive Treg and MDSC cells,
leading to their enrichment over anti-tumor dendritic cells and cytotoxic T cells.

Kynurenine metabolites activate a ligand-activated transcription factor, aryl hydrocar-
bon receptor (AhR) which results in increased expression of IDO1 and IDO2 in a positive
feedback loop. Targeting AhR in vitro led to decreased glioma cell viability [55]. Opitz et al.
also showed that kynurenines generated by TDO act to suppress antitumor responses by T
cell suppression and promotion of tumor cell survival through AhR mediated signaling in a
murine glioma model [71]. Increased expression of AhR target genes involved in signaling
pathways related to immune tolerance correlated with decreased survival in patients with
glioma [71]. Additionally, AhR activity was found to drive T cell dysfunction through
promotion of a Treg-macrophage suppressive axis [62]. This alternate pathway of AhR
agonism may circumvent the anti-tumoral effects of tryptophan degradation inhibition
through AhR agonism independent of immune function. This also suggests a potential
limitation of previous clinical trials of IDO1 inhibitors, some of which have been AhR
agonists themselves [72].

Tryptophan catabolism and its downstream metabolic pathways are known to con-
tribute to the immunosuppressive tumor microenvironment and contribute to resistance
to novel immunotherapies for malignant gliomas. Increased expression of IDO and TDO
has been suggested as an acquired resistance mechanism to PD-1 and CTLA blockade
in pre-clinical models of multiple cancers, including GBM [73,74]. The effect of CTLA-4
blockade synergized with IDO inhibitors in metastatic melanoma in both IDO-expressing
and non-IDO-expressing poorly immunogenic tumors, and was shown to be effector T cell
dependent [75].
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The combination of targeting tryptophan metabolism with immune checkpoint block-
ade has been also explored in glioblastoma. Combining 1-methyltryptophan, which inhibits
IDO, with dual immune checkpoint blockade significantly improved survival in an or-
thotropic mouse GBM model correlating with increased T-cell survival and synergistic
decrease of Treg infiltration [76]. Likewise, immunotherapy simultaneously targeting IDO,
CTLA-4, and PD-L1 in a mouse glioma model demonstrated a survival benefit [57]. How-
ever, combinatorial effects of IDO inhibition with checkpoint inhibitors have been observed
in mouse models of other cancers but have not necessarily translated to success in clinical
trials. Most prominently, a large phase 3 trial of an IDO1 enzyme inhibitor plus a PD-1
inhibitor in metastatic melanoma did not result in greater clinical benefit compared to PD-1
inhibition alone [77]. Subsequently, multiple phase 3 trials of various IDO1 inhibitors in
combination with immune checkpoint inhibitors in other cancers were halted.

Potential limitations of IDO1 inhibition that led to failure in this phase 3 trial com-
bining this approach with a PD-1 inhibitor include: insufficient inhibition of IDO1 at the
doses being used; the ability of other enzymes involved in tryptophan metabolisms such
as TDO2 or pathways downstream of IDO1 inhibition to compensate and still generate
immunosuppressive tryptophan metabolites such as kynurenine and its derivatives when
IDOL1 is inhibited; and lack of patient selection based on IDO1 expression [65,78]. IDO1
may also suppress the antitumor immune response independent of its association with
tryptophan metabolism [79]. Additionally, while overwhelming evidence suggests that
IDO expression and tryptophan degradation results in immunosuppression and T cell dys-
function diminishing the efficacy of immunotherapy, the understanding of IDO interaction
with immunotherapy remains incomplete. Counterintuitively, brain-tumor mice geneti-
cally deficient for IDO1 demonstrate decreased efficacy in dual and triple immunotherapy
approaches [57]. Thus, IDO inhibition or deficiency may be evaded by alternate metabolic
pathways that maintain continued immunosuppression. One study demonstrated that
while IDO1 was identified as the top gene in determining low versus high tryptophan in
GBM, another potential mediator of the high tryptophan metabolic phenotype in GBM,
quinolinate phosphoribosyltransferase, was identified as well, suggesting alternate path-
ways that could be upregulated to evade IDO1 inhibition and maintain the high utilization
of tryptophan in tumor cells [80]. Interestingly, targeting AhR in tumors with an active
tryptophan catabolic pathway allows for the overcoming of immunosuppression and sensi-
tization to anti-PD-1 therapy, suggesting a role for targeting alternate areas of tryptophan
metabolism [62]. More work is needed to understand the role of compensatory pathways
in targeting tryptophan metabolism.

Targeting tryptophan metabolism may also have implications for vaccine related
cancer therapies which rely on T cell mediated antitumoral responses. IDO expression
correlated with lack of specific T cell enrichment at the tumor site and prevented the
rejection of tumor cells in mice who have been preimmunized against tumor antigens with
a vaccine [58]. This effect was partially reversible with systemic administration of an IDO
inhibitor, holding implications for combining cancer vaccines which utilize tumor specific
antigenic peptides to generate a T cell antitumor response with IDO inhibitors to enhance
the antitumoral effect of immunomodulatory vaccines.

5. Exogenous Induction of Lipid Peroxidation as a Strategy to Promote an
Anti-Tumoral Immune Response

Lipid metabolism physiologically functions to allow for cellular energy storage, synthe-
sis of cellular membranes, and cellular signaling. In cancer, alterations in lipid metabolism
help meet high bioenergetic demands by generating energy through beta-oxidation. Uti-
lization of fatty acid oxidation in addition to increased glycolysis allows for bioenergetic
flexibility in promoting aggressive tumor growth and metastasis [81].

Glioma cells utilize lipid oxidation and upregulate transport of ketones generated
from lipid metabolism to sustain growth [82]. Lipid metabolism is abnormally regulated
in gliomas with altered expression of lipid-related genes, altered lipid composition, and
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lipogenesis [83]. Lipids provide energy to fuel GBM cellular proliferation and also play a
role in mitigation of oxidative damage that is increased during proliferation [84]. Evidence
supporting the role of lipid metabolism in GBM biology comes from studies in which
targeting lipid homeostasis inhibits GBM cell proliferation [85]. Lipids are also utilized
through lipolysis to maintain stem cell self-renewal in GBM and to allow for propagation
of orthotopic tumor xenografts from GBM stem cells in mice [86]. Differential expression of
nine genes related to lipid metabolism has been shown to allow the classification of GBM
patients into high and low risk for poor outcome [87].

Altered lipid metabolism in GBM impacts immune cell function, particularly that
of T cells [88]. T cells utilize lipids to promote their proliferation and differentiation by
taking up exogenous lipids and oxidizing intracellular stores of lipids [89]. In GBM, T cells
are sequestered in the bone marrow away from the tumor microenvironment via T cell
internalization of the lipid sphingosine-1-phosphate receptor, which has been suggested to
play a protumoral role through promotion of angiogenesis in GBM [90]. Notably, Treg cells
also primarily utilize fatty acid oxidation for their metabolism [91].

While less is understood about the metabolic requirements of Treg cells, utilizing
fatty acid oxidation over glycolysis may promote Treg survival over the survival of CD4
and CD8 T cells (Figure 2). Lipid signaling in intratumoral Treg cells additionally allows
for cell survival and induces signaling pathways to promote oxidative phosphorylation
in Treg cells [92]. Another class of suppressive immune cells, MDSCs, have also been
found to demonstrate increased fatty acid uptake and activated fatty acid oxidation in
multiple murine tumor models [93]. Pharmacological inhibition of fatty acid oxidation led
to decreased production of inhibitory cytokines by MDSCs, blocking of immune inhibitory
pathways, delayed tumor growth in a T-cell dependent manner, and enhanced efficacy of
adoptive T-cell therapy [93].

GBM cells are also able to evade the anti-tumor immune response due to altered lipid
metabolism impacting the function of antigen presenting cells. Exogenous induction of lipid
peroxidation and ferroptosis resulted in release of damage-associated molecular patterns
from glioma cells that stimulate dendritic cell activation and maturation and can lead to
activation of cytotoxic T lymphocytes by dendritic cells [94,95]. Recurrent GBM reprogram
metabolic processes to enrich fatty acid oxidation which allow for adaptive tumor resistance
and anti-phagocytosis [96]. Fatty acid oxidation by GBM cells activates CD47 to mediate
immune escape, representing a potential target for immunotherapy [96]. Notably, one
class of fatty acids, arachidonic acids, also contributes to tumor progression in GBM [97].
However, targeting these molecules with steroids has been shown to also correlate with
tumor progression and inhibits responses to oncolytic adenoviral therapy and checkpoint
immunotherapy [98,99]. Further understanding of the specific role of individual classes of
lipids in altering the immune response in the tumor microenvironment will be needed to
develop specific anti-tumoral immune strategies targeting lipid utilization in GBM.

6. Implications of GBM Metabolic Alterations for Specific Inmunotherapy Strategies

While initially the central nervous system was thought to be an immune-privileged
site, current thought points to the presence of immune surveillance in the brain following
findings revealing the presence of dedicated lymphatic channels running parallel to dural
venous sinuses and allowing for lymphocyte priming from antigen presenting cells in the
brain [96,100]. Despite this evidence supporting the possibility of immune responses in the
central nervous system, immunotherapies have not met with anywhere near the level of
success in GBM that they have encountered in other cancers. Indeed, GBMs have enriched
immunosuppressive myeloid, microglia, and macrophage populations and depleted tumor
infiltrating lymphocytes, and thus have been characterized as “cold” tumors due to their
lack of response to immunotherapy [101]. Furthermore, each component of standard of care
treatment (surgery, radiation, chemotherapy, steroids) for GBM elicits immunosuppressive
effects as well [102].
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The most studied immunotherapeutic approaches for GBM are vaccines, immune
checkpoint inhibitors, and biologic therapies (Figure 3). The most advanced vaccine
trial in GBM, a phase 3 trial of the peptide vaccine rindopepimut, which targets EGFR
variant III (EGFRVIII), relied on adaptive immunity with the tumor based on a single
immunogenic peptide and failed to demonstrate improvement in survival over standard of
care in EGFRVIII positive patients [103]. Peptide vaccines such as rindopepimut have poor
immunogenicity on their own and require an effective T cell response to have antitumoral
effects, which may limit their efficacy in GBM due to metabolic alterations in the GBM
microenvironment altering effector T cell proliferation and function (Figure 3). Another
vaccine-based therapy in trials was based on utilizing dendritic cells with promising early
phase 3 survival data. However, dendritic cells injected into the tumor may have altered
function based on altered tumoral metabolism, such as changes in lipid metabolism [104].
Promisingly, there is much more limited evidence on metabolic alterations impacting
dendritic cells as compared to T cells. However, these vaccines ultimately also depend on
an effective T cell response.
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Figure 3. Inmunosuppression and nutrient depletion in the tumor microenvironment limit efficacy of
immunotherapies in glioblastoma. (Top) Cancer cell metabolism alters the pH, oxygen, and metabolite
contents in the tumor microenvironment. (Bottom) Metabolic alterations result in resistance to
different classes of immunotherapies such as vaccines (a), immune checkpoint inhibitors (b), and
biologic therapies (c). Each of these mechanisms relies on an effective immune response which is
diminished with metabolic alterations.

Immune checkpoint inhibitors targeting PD-1/PD-L1 and/or CTLA-4 are also be-
ing investigated in phase 3 trials in GBM, with initial results suggesting no clinical
benefit [104,105]. While numerous factors may be responsible for the limited response
observed thus far to immune checkpoint inhibitors, including the expression levels of
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the targets themselves, the reduced T cell infiltration in glioblastoma is a notable barrier
(Figure 3). Both CTLA-4 and PD-1 mechanistically involve the T cell response—blocking
CTLA-4 enhances T cell priming and blocking PD-1 enhances T cell differentiation. Ad-
dressing the metabolic restraints experienced by effector T cells within the tumor may have
potential to enhance the respose to checkpoint inhibitors. Though combining metabolic
targeting with immune checkpoint blockade has been investigated in other cancer types,
this approach has not yet been explored in GBM. While enthusiasm for IDO inhibition
combined with checkpoint inhibitors has diminished following failure in a metastatic
melanoma phase 3 trial, alternate strategies could include targeting tryptophan metabolism,
considering pathways that tumor cells may use to bypass IDO inhibition. Glycolytic target-
ing in combination with checkpoint inhibitors is another strategy that has been shown in
preclinical studies as increasing T cell activation, viability, and effector function to improve
the efficacy of checkpoint therapy [106].

Biologic therapies for GBM can be viral or cellular. Oncolytic viruses have overall met
with limited success in GBM, and initial anti-tumor T cell immune responses generated
by viral infiltration into tumor do not persist without serial treatment [107]. Metabolic
alterations, particularly the limited glucose and acidosis in the tumor microenvironment,
can inhibit viral replication as well as prevent the activation of CD8 T cells which are re-
quired for oncolytic viral stimulation of host anti-tumor immune responses [108]. Cellular
therapies for GBM include chimeric antigen receptor (CAR) T cell therapy, in which T
cells are engineered to express an activated phenotype and can be designed to recognize
antigens not presented in the context of MHC molecules, potentially allowing this thera-
peutic approach to bypass some of the immunosuppressive metabolic limitations in the
tumor microenvironment. However, in the first trial of CAR T cells directed at EGFRvIII
in glioblastoma patients, tumor infiltration of CAR T cells was detected but overall sur-
vival was not affected [109]. Significantly, tumor samples from patients who underwent
surgical resection after CAR T cell infusion revealed upregulation of IDO1 and increased
T regulatory cells, implying the possibility of GBM escape mechanisms reinstating an
immunosuppressive milieu. One potential strategy to enhance CAR T cell therapy involves
culturing CAR T cells in metabolic conditions similar to the tumor microenvironment to
allow for acclimation to low nutrient availability and potentially mititgate the metabolic
immunosuppression in the tumor microenvironment (Figure 2). T cell expansion in media
containing low levels of glutamine was shown to result in greater effective antitumor
function compared to cells cultured in traditional media [110]. Ex vivo culturing of cells
concurrent with glycolytic blockade demonstrated improved tumor clearance [111]. Tar-
geting metabolic adaptations, such as increased fatty acid oxidation, in conjunction with
adoptive T-cell therapy has also demonstrated success in preclinical models [93].

Metabolic pathways implicated in maintaining immunosuppression in the GBM mi-
croenvironment have been well elucidated. However, the potential for targeting these
metabolic pathways to condition the tumor microenvironment to become more responsive
to immunotherapies remains underexplored in GBM. Preclinical data targeting metabolic
pathways in conjunction with immunotherapies largely come from models of more im-
munogenic cancers. This presents an attractive avenue for further study in GBM, in which
modifying a largely immunosuppressive environment may meaningfully alter immunother-
apeutic response.

While this review discusses the most studied metabolic pathways with respect to
immunosuppression in GBM, several other metabolic pathway alterations occur to meet
the energetic demands of GBM progression. Arginine metabolism reprogramming in GBM
leads to increased intake and decreased degradation of arginine by tumor cells and has been
linked to impaired T cell responses due to altered bioavailablity of arginine [112]. Targeting
arginine metabolism has been explored preclinically in GBM and found to synergize with
radiotherapy while promoting a protumor immune population, suggesting potential to ex-
plore targeting this pathway in combination with immunotherapies in GBM [112]. Another
metabolite, 2-hydroxuglutarate (2-HG), has also been implicated in both tumor growth

16



Cancers 2023, 15, 1519

and modulation of anti-tumor immunity through inhibition of T cell activity, though 2-HG
alterations in GBM are heterogenous and epigenetically regulated [113]. In IDH-1 mutant
tumors which produce 2-HG, antitumor immunity induced by an IDH-1 specific vaccine or
checkpoint inhibition is improved by simultaneously downregulating 2-HG production
through inhibition of the enzymatic function of mutant IDH [113]. Several other metabolites
have been described as altered in GBM such as aspartate, x-ketoglutarate, and methionine;
however, less evidence exists regarding the contribution of these metabolic alterations to
immunosuppression. Other molecular targets in GBM have also been noted to contrastingly
impact tumor cell metabolism and immunosuppression in which tumor cell metabolism is
slowed while T cell activatation promotes pro-tumoral effects on the immune microenvi-
ronment [114]. These suggest a range of alternative pathways that may be implicated in
the limited response to immunotherapies and warrant further preclinical study.

7. Conclusions

While many immunotherapies are being investigated in GBM patients, none have
resulted in major improvements in survival outcomes. Negative results from phase II
and phase III clinical trials of vaccines and immune checkpoint inhibitors have challenged
the potential of these approaches in GBM. Future directions for immune-based strategies
for glioblastoma require treatment modalities that can convert a ‘cold” tumor with sig-
nificant local immunosuppression into a ‘hot” tumor. The uniquely immunosuppressive
environment generated by tumor cellular metabolism in GBM presents an opportunity for
augmenting responses to immunotherapy. Combining immunotherapy with agents that
target the metabolic alterations resulting in an immunosuppressive microenvironment may
have greater success in generating an antitumor immune response. These combinations
should be evaluated rigorously preclinically in order to ensure that the most biologically
sound combination approaches addressing the antitumor immune response along with
tumor metabolism are advanced to clinical trials.

Author Contributions: Conceptualization: N.C. and M.K.A. Drafting of the manuscript: N.C and
M.K.A. Critical revision of the manuscript for important intellectual content: N.C., J.Y.O., R.C.O.
and MLK.A. Supervision: M.K.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank UCSF Helen Diller Family Comprehensive Cancer Center colleagues
for their intellectual input. Figures in the manuscript were created with BioRender.

Conflicts of Interest: Authors declare no conflict of interest.

References

1.  Tan, A.C,; Ashley, D.M.; Lopez, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art
and future directions. CA Cancer J. Clin. 2020, 70, 299-312. [CrossRef]

2. Stupp, R.; Lukas, R.V.; Hegi, M.E. Improving survival in molecularly selected glioblastoma. Lancet 2019, 393, 615-617. [CrossRef]

3. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef]

4. Yu, M\W,; Quail, D.F. Immunotherapy for Glioblastoma: Current Progress and Challenges. Front. Immunol. 2021, 12, 1637.
[CrossRef]

5. Bausart, M.; Préat, V.; Malfanti, A. Inmunotherapy for glioblastoma: The promise of combination strategies. J. Exp. Clin. Cancer
Res. 2022, 41, 35. [CrossRef]

6.  Leone, R.D.; Powell, J.D. Metabolism of immune cells in cancer. Nat. Rev. Cancer 2020, 20, 516-531. [CrossRef]

7. DePeaux, K.; Delgoffe, G.M. Metabolic barriers to cancer immunotherapy. Nat. Rev. Immunol. 2021, 21, 785-797. [CrossRef]

8. Zhou, W.; Wahl, D.R. Metabolic Abnormalities in Glioblastoma and Metabolic Strategies to Overcome Treatment Resistance.
Cancers 2019, 11, 1231. [CrossRef]

9.  Garcdia, ].H.; Jain, S.; Aghi, M.K. Metabolic Drivers of Invasion in Glioblastoma. Front. Cell Dev. Biol. 2021, 9, 683276. [CrossRef]

10. Marin-Valencia, I.; Yang, C.; Mashimo, T.; Cho, S.; Baek, H.; Yang, X.-L.; Rajagopalan, K.N.; Maddie, M.; Vemireddy, V.;

Zhao, Z.; et al. Analysis of tumor metabolism reveals mitochondrial glucose oxidation in genetically diverse human glioblastomas
in the mouse brain in vivo. Cell Metab. 2012, 15, 827-837. [CrossRef]

17



Cancers 2023, 15, 1519

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sanzey, M.; Rahim, S.A.A_; Oudin, A.; Dirkse, A.; Kaoma, T.; Vallar, L.; Herold-Mende, C.; Bjerkvig, R.; Golebiewska, A.; Niclou,
S.P. Comprehensive analysis of glycolytic enzymes as therapeutic targets in the treatment of glioblastoma. PLoS ONE 2015,
10, €0123544. [CrossRef]

Wolf, A.; Agnihotri, S.; Munoz, D.; Guha, A. Developmental profile and regulation of the glycolytic enzyme hexokinase 2 in
normal brain and glioblastoma multiforme. Neurobiol. Dis. 2011, 44, 84-91. [CrossRef]

Muir, A.; Vander Heiden, M.G. The nutrient environment affects therapy. Science 2018, 360, 962-963. [CrossRef]

Bi, J.; Bi, F; Pan, X.; Yang, Q. Establishment of a novel glycolysis-related prognostic gene signature for ovarian cancer and its
relationships with immune infiltration of the tumor microenvironment. J. Transl. Med. 2021, 19, 382. [CrossRef]

Li, F; Simon, M.C. Cancer Cells Don’t Live Alone: Metabolic Communication within Tumor Microenvironments. Dev. Cell 2020,
54,183-195. [CrossRef]

Shime, H.; Yabu, M.; Akazawa, T.; Kodama, K.; Matsumoto, M.; Seya, T.; Inoue, N. Tumor-secreted lactic acid promotes
IL-23/1L-17 proinflammatory pathway. J. Immunol. Baltim. Md. 1950 2008, 180, 7175-7183. [CrossRef]

Dietl, K.; Renner, K.; Dettmer, K.; Timischl, B.; Eberhart, K.; Dorn, C.; Hellerbrand, C.; Kastenberger, M.; Kunz-Schughart, L.A.;
Oefner, PJ.; et al. Lactic acid and acidification inhibit TNF secretion and glycolysis of human monocytes. J. Immunol. Baltim. Md.
1950 2010, 184, 1200-1209. [CrossRef]

Zhang, W.; Wang, G.; Xu, Z.-G.; Tu, H,; Hu, F; Dai, J.; Chang, Y,; Chen, Y,; Lu, Y.; Zeng, H.; et al. Lactate Is a Natural Suppressor
of RLR Signaling by Targeting MAVS. Cell 2019, 178, 176-189.e15. [CrossRef]

Donnelly, R.P; Loftus, RM.; Keating, S.E.; Liou, K.T.; Biron, C.A.; Gardiner, C.M.; Finlay, D.K. mMTORC1-dependent metabolic
reprogramming is a prerequisite for NK cell effector function. J. Immunol. Baltim. Md. 1950 2014, 193, 4477-4484. [CrossRef]
Brand, A.; Singer, K.; Koehl, G.E.; Kolitzus, M.; Schoenhammer, G.; Thiel, A.; Matos, C.; Bruss, C.; Klobuch, S.; Peter, K; et al.
LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab. 2016, 24, 657-671.
[CrossRef]

Fischer, K.; Hoffmann, P.; Voelkl, S.; Meidenbauer, N.; Ammer, J.; Edinger, M.; Gottfried, E.; Schwarz, S.; Rothe, G.; Hoves, S.; et al.
Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood 2007, 109, 3812-3819. [CrossRef]

Ho, P-C.; Bihuniak, ].D.; Macintyre, A.N.; Staron, M.; Liu, X.; Amezquita, R.; Tsui, Y.-C.; Cui, G.; Micevic, G.; Perales, ].C.; et al.
Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-tumor T Cell Responses. Cell 2015, 162, 1217-1228. [CrossRef]
Cascone, T.; McKenzie, J.A.; Mbofung, R.M.; Punt, S.; Wang, Z.; Xu, C.; Williams, L.J.; Wang, Z.; Bristow, C.A.; Carugo, A.; et al.
Increased Tumor Glycolysis Characterizes Immune Resistance to Adoptive T Cell Therapy. Cell Metab. 2018, 27, 977-987.e4.
[CrossRef]

Chang, C.-H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, ].D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt,
G.J.W,; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162, 1229-1241.
[CrossRef]

Calcinotto, A.; Filipazzi, P.; Grioni, M.; Iero, M.; De Milito, A.; Ricupito, A.; Cova, A.; Canese, R.; Jachetti, E.; Rossetti, M.; et al.
Modulation of Microenvironment Acidity Reverses Anergy in Human and Murine Tumor-Infiltrating T Lymphocytes. Cancer Res.
2012, 72, 2746-2756. [CrossRef]

Pilon-Thomas, S.; Kodumudi, K.; El-Kenawi, A.; Russell, S.; Weber, A.; Luddy, K.; Damaghi, M.; Wojtkowiak, J.; Mulé, J.;
Ibrahim-Hashim, A.; et al. Neutralization of tumor acidity improves anti-tumor responses to immunotherapies. Cancer Res. 2016,
76,1381-1390. [CrossRef]

Husain, Z.; Huang, Y.; Seth, P.; Sukhatme, V.P. Tumor-derived lactate modifies antitumor immune response: Effect on myeloid-
derived suppressor cells and NK cells. ]. Immunol. Baltim. Md. 1950 2013, 191, 1486-1495. [CrossRef]

Colegio, O.R.; Chu, N.-Q.; Szabo, A.L.; Chu, T.; Rhebergen, A.M.; Jairam, V.; Cyrus, N.; Brokowski, C.E.; Eisenbarth, S.C.; Phillips,
G.M.; et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 2014, 513, 559-563.
[CrossRef]

Angelin, A.; Gil-De-Gomez, L.; Dahiya, S.; Jiao, J.; Guo, L.; Levine, M.H.; Wang, Z.; Quinn, W.J., III; Kopinski, PK.; Wang, L.;
et al. Foxp3 Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate Environments. Cell Metab. 2017, 25,
1282-1293.e7. [CrossRef] [PubMed]

Rodriguez-Espinosa, O.; Rojas-Espinosa, O.; Moreno-Altamirano, M.M.B.; Lopez-Villegas, E.O.; Sanchez-Garcia, F.J. Metabolic
requirements for neutrophil extracellular traps formation. Immunology 2015, 145, 213-224. [CrossRef]

Schmielau, J.; Finn, O.]. Activated granulocytes and granulocyte-derived hydrogen peroxide are the underlying mechanism of
suppression of t-cell function in advanced cancer patients. Cancer Res. 2001, 61, 4756-4760.

Bambury, R.M.; Teo, M.Y.; Power, D.G.; Yusuf, A.; Murray, S.; Battley, ].E.; Drake, C.; O'Dea, P.; Bermingham, N.; Keohane, C.; et al.
The association of pre-treatment neutrophil to lymphocyte ratio with overall survival in patients with glioblastoma multiforme.
J. Neurooncol. 2013, 114, 149-154. [CrossRef]

Rice, C.M.; Davies, L.C.; Subleski, J.J.; Maio, N.; Gonzalez-Cotto, M.; Andrews, C.; Patel, N.L.; Palmieri, E.M.; Weiss, ].M.; Lee,
J.-M.; et al. Tumour-elicited neutrophils engage mitochondrial metabolism to circumvent nutrient limitations and maintain
immune suppression. Nat. Commun. 2018, 9, 5099. [CrossRef]

Zhang, Y,; Yu, G.; Chu, H.; Wang, X,; Xiong, L.; Cai, G.; Liu, R.; Gao, H.; Tao, B.; Li, W.; et al. Macrophage-Associated PGK1
Phosphorylation Promotes Aerobic Glycolysis and Tumorigenesis. Mol. Cell 2018, 71, 201-215.e7. [CrossRef] [PubMed]

18



Cancers 2023, 15, 1519

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gong, L.; Ji, L.; Xu, D.; Wang, J.; Zou, J. TGF-f links glycolysis and immunosuppression in glioblastoma. Histol. Histopathol. 2021,
36, 1111-1124. [PubMed]

Miska, J.; Lee-Chang, C.; Rashidi, A.; Muroski, M.E.; Chang, A.L.; Lopez-Rosas, A.; Zhang, P.; Panek, W.K.; Cordero, A ;
Han, Y,; et al. HIF-1x Is a Metabolic Switch between Glycolytic-Driven Migration and Oxidative Phosphorylation-Driven
Immunosuppression of Tregs in Glioblastoma. Cell Rep. 2019, 27, 226-237.e4. [CrossRef]

Liang, X.; Wang, Z.; Dai, Z.; Zhang, H.; Zhang, |.; Luo, P,; Liu, Z.; Liu, Z.; Yang, K.; Cheng, Q.; et al. Glioblastoma glycolytic
signature predicts unfavorable prognosis, immunological heterogeneity, and ENO1 promotes microglia M2 polarization and
cancer cell malignancy. Cancer Gene Ther. 2022, 22, 1-16. [CrossRef] [PubMed]

Wang, E; Liu, X,; Jiang, H.; Chen, B. A Promising Glycolysis- and Immune-Related Prognostic Signature for Glioblastoma. World
Neurosurg. 2022, 161, 363—-e375. [CrossRef]

Son, J.; Lyssiotis, C.A.; Ying, H.; Wang, X.; Hua, S.; Ligorio, M.; Perera, R M.; Ferrone, C.R.; Mullarky, E.; Shyh-Chang, N.; et al. Glu-
tamine supports pancreatic cancer growth through a KRAS-regulated metabolic pathway. Nature 2013, 496, 101-105. [CrossRef]
Willems, L.; Jacque, N.; Jacquel, A.; Neveux, N.; Maciel, T.T.; Lambert, M.; Schmitt, A.; Poulain, L.; Green, A.S.; Uzunov, M.; et al.
Inhibiting glutamine uptake represents an attractive new strategy for treating acute myeloid leukemia. Blood 2013, 122, 3521-3532.
[CrossRef]

Wang, ].-B.; Erickson, ].W.; Fuji, R.; Ramachandran, S.; Gao, P; Dinavahi, R.; Wilson, K.E; Ambrosio, A.L.; Dias, S.M.;
Dang, C.V,; et al. Targeting mitochondrial glutaminase activity inhibits oncogenic transformation. Cancer Cell 2010, 18, 207-219.
[CrossRef]

Gu, Y,; Albuquerque, C.P; Braas, D.; Zhang, W.; Villa, G.R.; Bi, J.; Ikegami, S.; Masui, K.; Gini, B.; Yang, H.; et al. mTORC2
Regulates Amino Acid Metabolism in Cancer by Phosphorylation of the Cystine-Glutamate Antiporter xCT. Mol. Cell 2017, 67,
128-138.e7. [CrossRef] [PubMed]

Wise, D.R.; DeBerardinis, R.J., Mancuso, A.; Sayed, N.; Zhang, X.-Y.; Pfeiffer, H.K.; Nissim, I.; Daikhin, E.; Yudkoff, M.; McMahon,
S.B.; et al. Myc regulates a transcriptional program that stimulates mitochondrial glutaminolysis and leads to glutamine addiction.
Proc. Natl. Acad. Sci. USA 2008, 105, 18782-18787. [CrossRef]

DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, L.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond aerobic glycolysis:
Transformed cells can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. Proc.
Natl. Acad. Sci. USA 2007, 104, 19345-19350. [CrossRef] [PubMed]

Takano, T.; Lin, ].H.-C.; Arcuino, G.; Gao, Q.; Yang, J.; Nedergaard, M. Glutamate release promotes growth of malignant gliomas.
Nat. Med. 2001, 7, 1010-1015. [CrossRef]

Jin, L.; Li, D.; Alesi, G.N.; Fan, J.; Kang, H.-B.; Lu, Z.; Boggon, T.].; Jin, P,; Yi, H.; Wright, E.R ; et al. Glutamate Dehydrogenase
1 Signals through Antioxidant Glutathione Peroxidase 1 to Regulate Redox Homeostasis and Tumor Growth. Cancer Cell 2015, 27,
257-270. [CrossRef] [PubMed]

Yang, C.; Sudderth, J.; Dang, T.; Bachoo, R.G.; McDonald, J.G.; DeBerardinis, R.J. Glioblastoma cells require glutamate dehydroge-
nase to survive impairments of glucose metabolism or Akt signaling. Cancer Res. 2009, 69, 7986-7993. [CrossRef]

Rosati, A.; Poliani, P.L.; Todeschini, A.; Cominelli, M.; Medicina, D.; Cenzato, M.; Simoncini, E.L.; Magrini, S.M.; Buglione, M.;
Grisanti, S.; et al. Glutamine synthetase expression as a valuable marker of epilepsy and longer survival in newly diagnosed
glioblastoma multiforme. Neuro-Oncol. 2013, 15, 618-625. [CrossRef]

Tardito, S.; Oudin, A.; Ahmed, S.U.; Fack, F; Keunen, O.; Zheng, L.; Miletic, H.; Sakariassen, P.J.; Weinstock, A.; Wagner, A.; et al.
Glutamine synthetase activity fuels nucleotide biosynthesis and supports growth of glutamine-restricted glioblastoma. Nat. Cell
Biol. 2015, 17, 1556-1568. [CrossRef]

Wang, R.; Dillon, C.P,; Shi, L.Z.; Milasta, S.; Carter, R.; Finkelstein, D.; McCormick, L.L.; Fitzgerald, P.; Chi, H.; Munger, ].; et al.
The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity 2011, 35, 871-882.
[CrossRef]

Leone, R.D.; Zhao, L.; Englert, ]. M.; Sun, L.M.; Oh, M.H.; Sun, L.H.; Arwood, M.L.; Bettencourt, I.A.; Patel, C.H.; Wen, J.; et al.
Glutamine blockade induces divergent metabolic programs to overcome tumor immune evasion. Science 2019, 366, 1013-1021.
[CrossRef] [PubMed]

Wang, X.; Liu, R.; Qu, X.; Yu, H.; Chu, H.; Zhang, Y.; Zhu, W.; Wu, X_; Gao, H.; Tao, B.; et al. x-Ketoglutarate-Activated NF-xB
Signaling Promotes Compensatory Glucose Uptake and Brain Tumor Development. Mol. Cell 2019, 76, 148-162.€7. [PubMed]
Liu, P-S.; Wang, H.; Li, X,; Chao, T.; Teav, T.; Christen, S.; Di Conza, G.; Cheng, W.-C.; Chou, C.-H.; Vavakova, M.; et al.
a-ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming. Nat. Immunol. 2017, 18,
985-994. [CrossRef]

Oh, M.-H.; Sun, I.-H.; Zhao, L.; Leone, R.D.; Sun, .LM.; Xu, W.; Collins, S.L.; Tam, A.J.; Blosser, R.L.; Patel, C.H.; et al. Targeting
glutamine metabolism enhances tumor-specific immunity by modulating suppressive myeloid cells. J. Clin. Investig. 2020, 130,
3865-3884. [CrossRef]

Guastella, A.R.; Michelhaugh, S.K.; Klinger, N.V.; Fadel, H.A; Kiousis, S.; Ali-Fehmi, R.; Kupsky, W.J; Juhasz, C.; Mittal, S.
Investigation of the aryl hydrocarbon receptor and the intrinsic tumoral component of the kynurenine pathway of tryptophan
metabolism in primary brain tumors. J. Neurooncol. 2018, 139, 239-249. [CrossRef]

Kim, M.; Tomek, P. Tryptophan: A Rheostat of Cancer Immune Escape Mediated by Immunosuppressive Enzymes IDO1 and
TDO. Front. Immunol. 2021, 12, 636081.

19



Cancers 2023, 15, 1519

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

The Role of IDO in Brain Tumor Immunotherapy | SpringerLink. Available online: https://link.springer.com/article/10.1007/s1
1060-014-1687-8 (accessed on 15 December 2022).

Uyttenhove, C; Pilotte, L.; Théate, I.; Stroobant, V.; Colau, D.; Parmentier, N.; Boon, T.; van den Eynde, B.J. Evidence for a tumoral
immune resistance mechanism based on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat. Med. 2003, 9, 1269-1274.
[CrossRef] [PubMed]

Wainwright, D.A.; Balyasnikova, I.V.; Chang, A.L.; Ahmed, A.U.; Moon, K.-S.; Auffinger, B.; Tobias, A.L.; Han, Y.; Lesniak, M.S.
IDO expression in brain tumors increases the recruitment of regulatory T cells and negatively impacts survival. Clin. Cancer Res.
Off. ]. Am. Assoc. Cancer Res. 2012, 18, 6110-6121. [CrossRef]

Locasale, ].W.; Melman, T.; Song, S.; Yang, X.; Swanson, K.D.; Cantley, L.C.; Wong, E.T.; Asara, ].M. Metabolomics of Human
Cerebrospinal Fluid Identifies Signatures of Malignant Glioma*. Mol. Cell. Proteom. 2012, 11, M111.014688. [CrossRef]

Mitsuka, K.; Kawataki, T.; Satoh, E.; Asahara, T.; Horikoshi, T.; Kinouchi, H. Expression of indoleamine 2,3-dioxygenase and
correlation with pathological malignancy in gliomas. Neurosurgery 2013, 72, 1031-1038; discussion 1038-1039. [CrossRef]
Campesato, L.F.; Budhu, S.; Tchaicha, J.; Weng, C.-H.; Gigoux, M.; Cohen, 1.].; Redmond, D.; Mangarin, L.; Pourpe, S.; Liu, C.; et al.
Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by L-Kynurenine. Nat. Commun. 2020, 11, 4011.
[CrossRef] [PubMed]

Fallarino, E; Grohmann, U.; Vacca, C.; Bianchi, R.; Orabona, C.; Spreca, A.; Fioretti, M.C.; Puccetti, P. T cell apoptosis by
tryptophan catabolism. Cell Death Differ. 2002, 9, 1069-1077. [CrossRef] [PubMed]

Munn, D.H.; Sharma, M.D.; Baban, B.; Harding, H.P.; Zhang, Y.; Ron, D.; Mellor, A.L. GCN2 kinase in T cells mediates proliferative
arrest and anergy induction in response to indoleamine 2,3-dioxygenase. Immunity 2005, 22, 633-642. [CrossRef]

van Baren, N.; Van den Eynde, B.]. Tumoral Immune Resistance Mediated by Enzymes That Degrade Tryptophan. Cancer Immunol.
Res. 2015, 3, 978-985. [CrossRef] [PubMed]

Munn, D.H.; Shafizadeh, E.; Attwood, J.T.; Bondarev, 1.; Pashine, A.; Mellor, A.L. Inhibition of T cell proliferation by macrophage
tryptophan catabolism. J. Exp. Med. 1999, 189, 1363-1372. [CrossRef] [PubMed]

Brandacher, G.; Perathoner, A.; Ladurner, R.; Schneeberger, S.; Obrist, P.; Winkler, C.; Werner, E.R.; Werner-Felmayer, G.;
Weiss, H.G.; G/dBel, G.; et al. Prognostic value of indoleamine 2,3-dioxygenase expression in colorectal cancer: Effect on
tumor-infiltrating T cells. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2006, 12, 1144-1151. [CrossRef]

Yu, J.; Du, W.; Yan, E; Wang, Y.; Li, H,; Cao, S.; Yu, W.; Shen, C.; Liu, J.; Ren, X. Myeloid-derived suppressor cells suppress
antitumor immune responses through IDO expression and correlate with lymph node metastasis in patients with breast cancer.
J. Immunol. Baltim. Md. 1950 2013, 190, 3783-3797. [CrossRef]

Holmgaard, R.B.; Zamarin, D.; Li, Y.; Gasmi, B.; Munn, D.H.; Allison, J.P.; Merghoub, T.; Wolchok, ].D. Tumor-expressed IDO
recruits and activates MDSCs in a Treg-dependent manner. Cell Rep. 2015, 13, 412-424. [CrossRef]

Beatty, G.L.; O'Dwyer, PJ.; Clark, J.; Shi, J.G.; Newton, R.C.; Schaub, R.; Maleski, J.; Leopold, L.; Gajewski, T. Phase I study of
the safety, pharmacokinetics (PK), and pharmacodynamics (PD) of the oral inhibitor of indoleamine 2,3-dioxygenase (IDO1)
INCB024360 in patients (pts) with advanced malignancies. J. Clin. Oncol. 2013, 31, 3025. [CrossRef]

Opitz, C.A,; Litzenburger, U.M.; Sahm, F.; Ott, M.; Tritschler, I.; Trump, S.; Schumacher, T.; Jestaedt, L.; Schrenk, D.; Weller, M.;
etal. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 2011, 478, 197-203. [CrossRef]
Moyer, B.J.; Rojas, 1.Y.; Murray, .A.; Lee, S.; Hazlett, H.F.; Perdew, G.H.; Tomlinson, C.R. Indoleamine 2,3-dioxygenase 1 (IDO1)
inhibitors activate the aryl hydrocarbon receptor. Toxicol. Appl. Pharmacol. 2017, 323, 74-80. [CrossRef] [PubMed]

Wirth, L.J.; Burtness, B.; Mehra, R.; Bauman, ].R; Lee, J.; Smith, N.M.S.; Lefranc-Torres, A.; Westra, W.H.; Bishop, ].A.; Faquin,
W.C,; et al. IDO1 as a mechanism of adaptive immune resistance to anti-PD1 monotherapy in HNSCC. J. Clin. Oncol. 2017,
35, 6053. [CrossRef]

Botticelli, A.; Cerbelli, B.; Lionetto, L.; Zizzari, 1.; Salati, M.; Pisano, A.; Federica, M.; Simmaco, M.; Nuti, M.; Marchetti, P. Can
IDO activity predict primary resistance to anti-PD-1 treatment in NSCLC? |. Transl. Med. 2018, 16, 219. [CrossRef] [PubMed]
Holmgaard, R.B.; Zamarin, D.; Munn, D.H.; Wolchok, J.D.; Allison, J.P. Indoleamine 2,3-dioxygenase is a critical resistance
mechanism in antitumor T cell immunotherapy targeting CTLA-4. ]. Exp. Med. 2013, 210, 1389-1402. [CrossRef]

Wainwright, D.A.; Chang, A.L.; Dey, M.; Balyasnikova, 1.V.; Kim, C.K,; Tobias, A.; Cheng, Y.; Kim, ] W,; Qiao, J.; Zhang, L.; et al.
Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin.
Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2014, 20, 5290-5301. [CrossRef] [PubMed]

Long, G.V.; Dummer, R.; Hamid, O.; Gajewski, T.; Caglevic, C.; Dalle, S.; Arance, A.; Carlino, M.; Grob, J.-J.; Kim, T.M.; et al.
Epacadostat (E) plus pembrolizumab (P) versus pembrolizumab alone in patients (pts) with unresectable or metastatic melanoma:
Results of the phase 3 ECHO-301/KEYNOTE-252 study. J. Clin. Oncol. 2018, 36, 108. [CrossRef]

Fujiwara, Y.; Kato, S.; Nesline, M.K.; Conroy, ].M.; DePietro, P.; Pabla, S.; Kurzrock, R. Indoleamine 2,3-dioxygenase (IDO)
inhibitors and cancer immunotherapy. Cancer Treat. Rev. 2022, 110, 102461. [CrossRef]

Zhai, L.; Bell, A.; Ladomersky, E.; Lauing, K.L.; Bollu, L.; Nguyen, B.; Genet, M.; Kim, M.; Chen, P.; Mi, X,; et al. Tumor Cell IDO
Enhances Immune Suppression and Decreases Survival Independent of Tryptophan Metabolism in Glioblastoma. Clin. Cancer
Res. 2021, 27, 6514-6528. [CrossRef]

Kesarwani, P; Prabhu, A.; Kant, S.; Chinnaiyan, P. Metabolic remodeling contributes towards an immune-suppressive phenotype
in glioblastoma. Cancer Immunol. Immunother. 2019, 68, 1107-1120. [CrossRef]

20



Cancers 2023, 15, 1519

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Pascual, G.; Avgustinova, A.; Mejetta, S.; Martin, M.; Castellanos, A.; Attolini, C.S.-O.; Berenguer, A_; Prats, N.; Toll, A.; Hueto,
J.A.; et al. Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nature 2017, 541, 41-45. [CrossRef]
Hoang-Minh, L.B.; Siebzehnrubl, E; Yang, C.; Suzuki-Hatano, S.; Dajac, K.; Loche, T.; Andrews, N.; Massari, M.S.; Patel, ].;
Amin, K,; et al. Infiltrative and drug-resistant slow-cycling cells support metabolic heterogeneity in glioblastoma. EMBO . 2018,
37,€98772. [CrossRef] [PubMed]

Shakya, S.; Gromovsky, A.D.; Hale, ].S.; Knudsen, A.M.; Prager, B.; Wallace, L.C.; Penalva, L.O.E; Ivanova, P.; Brown, H.A;
Kristensen, B.W.; et al. Altered lipid metabolism marks glioblastoma stem and non-stem cells in separate tumor niches. Acta
Neuropathol. Commun. 2021, 9, 101. [CrossRef] [PubMed]

Cheng, X.; Geng, F.; Pan, M.; Wu, X.; Zhong, Y.; Wang, C.; Tian, Z.; Cheng, C.; Zhang, R.; Puduvalli, V,; et al. Targeting DGAT1
Ameliorates Glioblastoma by Increasing Fat Catabolism and Oxidative Stress. Cell Metab. 2020, 32, 229-242.e8. [CrossRef]
[PubMed]

Taib, B.; Aboussalah, A.M.; Moniruzzaman, M.; Chen, S.; Haughey, N.J.; Kim, S.F; Ahima, R.S. Lipid accumulation and oxidation
in glioblastoma multiforme. Sci. Rep. 2019, 9, 19593. [CrossRef] [PubMed]

Sun, P; Xia, S.; Lal, B.; Shi, X.; Yang, K.S.; A Watkins, P; Laterra, J. Lipid metabolism enzyme ACSVL3 supports glioblastoma
stem cell maintenance and tumorigenicity. BMC Cancer 2014, 14, 401. [CrossRef] [PubMed]

Wu, E; Zhao, Z.; Chai, R.C; Liu, Y.Q.; Li, G.Z,; Jiang, H.Y.; Jiang, T. Prognostic power of a lipid metabolism gene panel for diffuse
gliomas. J. Cell. Mol. Med. 2019, 23, 7741-7748. [CrossRef]

Michalek, R.D.; Gerriets, V.A.; Jacobs, S.R.; Macintyre, A.N.; Maclver, N.J.; Mason, E.F;; Sullivan, S.A.; Nichols, A.G.; Rathmell, J.C.
Cutting edge: Distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4+ T cell
subsets. J. Immunol. Baltim. Md. 1950 2011, 186, 3299-3303. [CrossRef]

Howie, D.; Ten Bokum, A.; Necula, A.S.; Cobbold, S.P.; Waldmann, H. The Role of Lipid Metabolism in T Lymphocyte
Differentiation and Survival. Front. Immunol. 2017, 8, 1949. [CrossRef]

Abuhusain, H.J.; Matin, A ; Qiao, Q.; Shen, H.; Kain, N.; Day, B.W.; Stringer, B.; Daniels, B.; Laaksonen, M.A.; Teo, C.; etal. A
Metabolic Shift Favoring Sphingosine 1-Phosphate at the Expense of Ceramide Controls Glioblastoma Angiogenesis. J. Biol. Chem.
2013, 288, 37355-37364. [CrossRef]

Kempkes, R.W.M.; Joosten, I.; Koenen, H.].P.M.; He, X. Metabolic Pathways Involved in Regulatory T Cell Functionality. Front.
Immunol. 2019, 10, 2839. [CrossRef]

Wang, H.; Franco, F; Tsui, Y.-C.; Xie, X,; Trefny, M.P; Zappasodi, R.; Mohmood, S.R.; Fernandez-Garcia, J.; Tsai, C.-H.;
Schulze, I; et al. CD36-mediated metabolic adaptation supports regulatory T cell survival and function in tumors. Nat. Immunol.
2020, 21, 298-308. [CrossRef] [PubMed]

Hossain, F.; Al-Khami, A.A.; Wyczechowska, D.; Hernandez, C.; Zheng, L.; Reiss, K.; Del Valle, L.; Trillo-Tinoco, J.; Maj, T.; Zou,
W.; et al. Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive Functions of Myeloid-Derived Suppressor Cells and
Enhances Cancer Therapies. Cancer Immunol. Res. 2015, 3, 1236-1247. [CrossRef] [PubMed]

Turubanova, V.D.; Balalaeva, 1.V.; Mishchenko, T.A.; Catanzaro, E.; Alzeibak, R.; Peskova, N.N.; Efimova, I.; Bachert, C.;
Mitroshina, E.V.; Krysko, O.; et al. Immunogenic cell death induced by a new photodynamic therapy based on photosens and
photodithazine. J. Immunother. Cancer 2019, 7, 350. [CrossRef]

Dastmalchi, F; Karachi, A.; Yang, C.; Azari, H.; Sayour, E.J.; Dechkovskaia, A.; Vlasak, A.L.; Saia, M.E.; Lovaton, R.E.; Mitchell,
D.A,; et al. Sarcosine promotes trafficking of dendritic cells and improves efficacy of anti-tumor dendritic cell vaccines via CXC
chemokine family signaling. . Immunother. Cancer 2019, 7, 321. [CrossRef]

Jiang, N; Xie, B.; Xiao, W.; Fan, M.; Xu, S.; Duan, Y.; Hamsafar, Y.; Evans, A.C.; Huang, J.; Zhou, W.; et al. Fatty acid oxidation
fuels glioblastoma radioresistance with CD47-mediated immune evasion. Nat. Commun. 2022, 13, 1511. [CrossRef]

Miska, J.; Chandel, N.S. Targeting fatty acid metabolism in glioblastoma. . Clin. Investig. 2023, 133, 163448. [CrossRef] [PubMed]
Chiocca, E.A.; Yu, J.S.; Lukas, R.V,; Solomon, I.H.; Ligon, K.L.; Nakashima, H.; Triggs, D.A.; Reardon, D.A.; Wen, P;
Stopa, B.M.; et al. Regulatable interleukin-12 gene therapy in patients with recurrent high-grade glioma: Results of a phase 1 trial.
Sci. Transl. Med. 2019, 11, eaaw5680. [CrossRef]

Iorgulescu, J.B.; Gokhale, P.C.; Speranza, M.C.; Eschle, B.K,; Poitras, M.].; Wilkens, M.K.; Soroko, K.M.; Chhoeu, C.; Knott, A.;
Gao, Y,; et al. Concurrent Dexamethasone Limits the Clinical Benefit of Immune Checkpoint Blockade in Glioblastoma. Clin.
Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2021, 27, 276-287. [CrossRef]

Louveau, A.; Smirnov, I; Keyes, T.].; Eccles, J.D.; Rouhani, S.J.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, ]JW.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337-341. [CrossRef]

Nduom, E.K.; Weller, M.; Heimberger, A.B. Inmunosuppressive mechanisms in glioblastoma. Neuro-Oncol. 2015, 17 (Suppl. S7),
vii9—viil4. [CrossRef]

Lim, M.; Xia, Y.; Bettegowda, C.; Weller, M. Current state of immunotherapy for glioblastoma. Nat. Rev. Clin. Oncol. 2018, 15,
422-442. [CrossRef] [PubMed]

Weller, M.; Butowski, N.; Tran, D.D.; Recht, L.D.; Lim, M.; Hirte, H.; Ashby, L.; Mechtler, L.; Goldlust, S.A.; Iwamoto, F;
et al. Rindopepimut with temozolomide for patients with newly diagnosed, EGFRvIII-expressing glioblastoma (ACT IV): A
randomised, double-blind, international phase 3 trial. Lancet Oncol. 2017, 18, 1373-1385. [PubMed]

21



Cancers 2023, 15, 1519

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Liau, L.M.; Ashkan, K.; Tran, D.; Campian, J.; Trusheim, J.; Cobbs, C.; Heth, J.; Salacz, M.; Taylor, S.; D’Andre, S.D.; et al. First
results on survival from a large Phase 3 clinical trial of an autologous dendritic cell vaccine in newly diagnosed glioblastoma.
J. Transl. Med. 2018, 16, 142. [CrossRef] [PubMed]

Lukas, R.V.; Rodon, J.; Becker, K.; Wong, E.T.; Shih, K.; Touat, M.; Fasso, M.; Osborne, S.; Molinero, L.; O’Hear, C.; et al. Clinical
activity and safety of atezolizumab in patients with recurrent glioblastoma. J. Neurooncol. 2018, 140, 317-328.

Renner, K.; Bruss, C.; Schnell, A.; Koehl, G.; Becker, H.M.; Fante, M.; Menevse, A.-N.; Kauer, N.; Blazquez, R.; Hacker, L.; et al.
Restricting Glycolysis Preserves T Cell Effector Functions and Augments Checkpoint Therapy. Cell Rep. 2019, 29, 135-150.€9.
Todo, T.; Ito, H.; Ino, Y.; Ohtsu, H.; Ota, Y.; Shibahara, J.; Tanaka, M. Intratumoral oncolytic herpes virus G47A for residual or
recurrent glioblastoma: A phase 2 trial. Nat. Med. 2022, 28, 1630-1639.

Woller, N.; Giirlevik, E.; Fleischmann-Mundyt, B.; Schumacher, A.; Knocke, S.; Kloos, A.M.; Saborowski, M.; Geffers, R.; Manns,
M.P,; Wirth, T.C.; et al. Viral Infection of Tumors Overcomes Resistance to PD-1-immunotherapy by Broadening Neoantigenome-
directed T-cell Responses. Mol. Ther. |. Am. Soc. Gene Ther. 2015, 23, 1630-1640. [CrossRef]

O’Rourke, D.M.; Nasrallah, M.; Desai, A.; Melenhorst, J.; Mansfield, K.; Morrissette, J.; Martinez-Lage, M.; Brem, S.; Maloney, E.;
Shen, A.; et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive
resistance in patients with recurrent glioblastoma. Sci. Transl. Med. 2017, 9, eaaa0984. [CrossRef]

Nabe, S.; Yamada, T.; Suzuki, J.; Toriyama, K.; Yasuoka, T.; Kuwahara, M.; Shiraishi, A.; Takenaka, K.; Yasukawa, M.; Yamashita,
M. Reinforce the antitumor activity of CD8+ T cells via glutamine restriction. Cancer Sci. 2018, 109, 3737-3750. [CrossRef]
Sukumar, M.; Liu, J; Ji, Y.; Subramanian, M.; Crompton, J.G.; Yu, Z.; Roychoudhuri, R.; Palmer, D.C.; Muranski, P.; Karoly,
E.D,; et al. Inhibiting glycolytic metabolism enhances CD8+ T cell memory and antitumor function. J. Clin. Investig. 2013, 123,
4479-4488.

Hajji, N.; Garcia-Revilla, J.; Soto, M.S.; Perryman, R.; Symington, J.; Quarles, C.C.; Healey, D.R.; Guo, Y.; Orta-Vazquez,
M.L.; Mateos-Cordero, S.; et al. Arginine deprivation alters microglial polarity and synergizes with radiation to eradicate
non-arginine-auxotrophic glioblastoma tumors. J. Clin. Investig. 2022, 132, €142137. [CrossRef]

Bunse, L.; Pusch, S.; Bunse, T.; Sahm, F,; Sanghvi, K.; Friedrich, M.; Alansary, D.; Sonner, J.K.; Green, E.; Deumelandt, K,;
et al. Suppression of antitumor T cell immunity by the oncometabolite (R)-2-hydroxyglutarate. Nat. Med. 2018, 24, 1192-1203.
[CrossRef]

Safaee, M.M.; Wang, E.J.; Jain, S.; Chen, ].-S.; Gill, S.; Zheng, A.C.; Garcia, ].H.; Beniwal, A.S.; Tran, Y.; Nguyen, A.T.; et al.
CD97 is associated with mitogenic pathway activation, metabolic reprogramming, and immune microenvironment changes in
glioblastoma. Sci. Rep. 2022, 12, 1464. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

22



cancers

Review

Targeted Therapy of Interleukin-34 as a Promising Approach to
Overcome Cancer Therapy Resistance

Giovanni Monteleone 1-2*, Eleonora Franzé !, Claudia Maresca 1, Marco Colella !, Teresa Pacifico !

and Carmine Stolfi !

Citation: Monteleone, G.; Franzeg, E.;
Maresca, C.; Colella, M.; Pacifico, T.;
Stolfi, C. Targeted Therapy of
Interleukin-34 as a Promising
Approach to Overcome Cancer
Therapy Resistance. Cancers 2023, 15,
971. https://doi.org/10.3390/
cancers15030971

Academic Editors: Subbaya Subramanian,
Xianda Zhao, Timothy K. Starr and
Bulent Ozpolat

Received: 22 November 2022
Revised: 20 January 2023
Accepted: 31 January 2023
Published: 3 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

1
2

Department of Systems Medicine, University of Rome “Tor Vergata”, 00133 Rome, Italy
Gastroenterology Unit, Policlinico Universitario Tor Vergata, 00133 Rome, Italy
*  Correspondence: gi.monteleone@med.uniroma?2.it; Tel.: +39-06-20903702; Fax: +39-06-72596158

Simple Summary: In the last decades, identification of the factors/mechanisms leading to cancer
development has advanced the way clinicians combat this pathology. Indeed, the use of adjuvant
chemotherapies and targeted therapies has markedly contributed to prolonging the survival of cancer
patients. Unfortunately, however, many cancer patients experience primary or acquired resistance
to these therapies, and this has been linked to various factors, including the presence of a tumor
microenvironment that restrains the anti-tumor immunity. In this article, we describe the ability of
interleukin-34, a protein produced in excess in many cancers, to modulate the function of various
immune cells, with the downstream effect of generating a tumor microenvironment that sustains
cancer cell growth and, at the same time, enhances the resistance of cancers against chemotherapy
and immunotherapy.

Abstract: Chemotherapy and immunotherapy have markedly improved the management of several
malignancies. However, not all cancer patients respond primarily to such therapies, and others
can become resistant during treatment. Thus, identification of the factors/mechanisms underlying
cancer resistance to such treatments could help develop novel effective therapeutic compounds.
Tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and regulatory
T cells (Tregs) are major components of the suppressive tumor microenvironment and are critical
drivers of immunosuppression, creating a tumor-promoting and drug-resistant niche. In this regard,
therapeutic strategies to tackle immunosuppressive cells are an interesting option to increase anti-
tumor immune responses and overcome the occurrence of drug resistance. Accumulating evidence
indicates that interleukin-34 (IL-34), a cytokine produced by cancer cells, and/or TAMs act as a linker
between induction of a tumor-associated immunosuppressive microenvironment and drug resistance.
In this article, we review the current data supporting the role of IL-34 in the differentiation/function
of immune suppressive cells and, hence, in the mechanisms leading to therapeutic resistance in

various cancers.

Keywords: immunotherapy; chemotherapy; CSFIR; tumor-associated macrophages; myeloid-derived
suppressor cells

1. Introduction

Cancer is one of the major public health problems worldwide. It has been estimated
that in 2022, nearly 2 million new cancer cases and more than half a million cancer deaths
could occur in the United States [1]. However, it is noteworthy that the 5-year relative
survival rate for all cancers combined has increased continuously in the last 3 decades,
because of the better understanding of the factors/mechanisms driving cancer development.
Hence, reduced exposure of the host to pro-carcinogenic insults (e.g., smoking), better
surgical techniques, and accurate screening programs (e.g., mammography for women
aged 45 to 74 for breast cancer; quantitative fecal immunochemical testing and colonoscopy
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for individuals between 50 and 74 years for colorectal cancer; prostate-specific antigen
(PSA) testing for prostate cancer; esophagogastroduodenoscopy and the Helicobacter pylori
test in regions with high gastric cancer incidence and mortality; the blood test for the CA
125 tumor marker in combination with ultrasound for women with a “high-risk” family
history of ovarian cancer; and abdominal ultrasonography in combination with biomarkers,
such as a-fetoprotein, in patients with a “high risk” of developing hepatocellular carcinoma
(HCC), such as those with cirrhosis, including patients with hepatitis B virus (HBV) and
hepatitis C virus (HCV) infections, as well as with nonalcoholic fatty liver disease) allow
early detection of neoplastic lesions [1].

The decline in cancer death rate relies also on improvements in treatment protocols,
including adjuvant chemotherapies and targeted therapies. For instance, the use of tyrosine-
kinase inhibitors has markedly increased the 5-year relative survival rate of patients with
chronic myeloid leukemia. Indeed, analysis of studies conducted between 2000 and 2012
showed that, for the whole population of patients with chronic myeloid leukemia in the
chronic phase, the 5-year survival was only slightly lower than that of the matched general
population [2]. More recently, immunotherapy (i.e., antibodies blocking programmed cell
death protein 1 (PD-1) and/or cytotoxic T-lymphocyte-associated protein-4 (CTLA-4)) has
changed the landscape of systemic therapy for metastatic solid tumors (e.g., metastatic
melanoma, non-small-cell lung cancer, and genitourinary cancers), thereby improving
the survival of cancer patients who were resistant to traditional therapies [3-6]. Concern-
ing CTLA-4 immune checkpoint inhibitors, in addition to the fully human monoclonal
IgG1 antibody ipilimumab (Yervoy), approved in March 2011 and currently used for the
treatment of several cancers (e.g., melanoma, renal cell carcinoma (RCC), microsatellite
instability-high (MSI-H) or mismatch repair deficient (dMMR) metastatic colorectal cancer
(CRC), HCC, and non-small cell lung cancer (NSCLC)) [7], the Food and Drug Adminis-
tration (FDA) has recently approved tremelimumab (Imjudo), a fully human monoclonal
IgG2 antibody, as part of a first-line immunotherapy combination with the PD-L1 blocker
durvalumab for non-resectable HCC [8].

To date, the FDA has approved three anti-PD-1 antibodies: pembrolizumab (Keytruda),
nivolumab (Opdivo), and cemiplimab (Libtayo) [9]. Pembrolizumab, a humanized IgG4
antibody, was initially approved in September 2014, following the results of the KEYNOTE-
001 clinical trial (clinicaltrials.gov/NCT01295827) studying patients with unresectable or
metastatic melanoma and patients with NSCLC. Several additional indications without
biomarker requirements have been approved since then, including indications for the
treatment of patients with recurrent or metastatic cutaneous squamous cell carcinoma,
adult and pediatric patients with refractory classical Hodgkin’s lymphoma, individuals
with advanced RCC, mediastinal large B cell lymphoma, and HCC, locally advanced or
metastatic urothelial carcinoma for patients who are not eligible for chemotherapy con-
taining cisplatin or who have had disease progression during or after platinum-containing
chemotherapy [9].

Nivolumab, a fully human IgG4 monoclonal antibody, was approved following the
pivotal trial CheckMate-037, in December 2014, for the treatment of patients with non-
resectable metastatic melanoma who have experienced disease progression following
ipilimumab and, if BRAFV600 mutation positive, a BRAF inhibitor [10]. Since then, new
indications have been approved, such as for treating patients with metastatic NSCLC with
progression on or after platinum-based chemotherapy; for the treatment, either alone or
in combination with ipilimumab, of patients with unresectable/metastatic melanoma; for
treating individuals with advanced RCC, classical Hodgkin’s lymphoma, recurrent or
metastatic squamous cell carcinoma of the head and neck (HNSCC), locally advanced or
metastatic urothelial carcinoma, HCC, or esophageal squamous cell carcinoma (ESCC); and
for patients with unresectable malignant pleural mesothelioma [9].

Cemiplimab (Libtayo), a human IgG4 monoclonal antibody, was approved in 2018
for treating patients with metastatic cutaneous squamous cell carcinoma (CSCC) or locally
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advanced CSCC who are not candidates for curative surgery or radiation [11], and later for
the treatment of NSCLC [9].

These approaches are based upon the demonstration that many cancers promote
dysregulation of immune-checkpoint proteins (e.g., PD-1), which are physiologically crucial
for limiting abnormal T-cell-driven immune responses [12]. Unlike many antibodies used
for cancer therapy, immune checkpoint blockers do not target cancer cells directly; instead,
they target lymphocyte receptors or their ligands, with the downstream effect of enhancing
T cell-dependent antitumor activity [13,14].

Unfortunately, however, many cancer patients experience primary (existing before
treatment) or acquired (generated after therapy) resistance to these drugs [15].

2. Mechanisms of Cancer Resistance to Standard Therapy and Immunotherapy

Drug resistance in cancer is a well-known phenomenon that occurs when cancer cells
are, or become, tolerant to pharmaceutical treatment. Resistance to anticancer drugs is caused
by a variety of factors, including genetic mutations and/or epigenetic changes, conserved but
overregulated drug efflux, and various other cellular and molecular mechanisms.

Primary resistance can be caused by: (i) pre-existing (hereditary) mutations resulting
in decreased responsiveness of cancer cells to both chemo- and immunotherapy (e.g., lack
of the estrogen receptor (ER), progesterone receptor (PR), and amplification of HER-2/Neu
in triple negative breast cancer cells [16] and HER2 overexpression resulting in a poorer
outcome of cisplatin treatment in gastric cancer patients [17]); (ii) tumor heterogeneity in
which pre-existing insensitive subpopulations, including cancer stem cells, will be selected
after drug treatment, thus leading to relapse in later stages of the therapeutic regimen; and
(iii) activation of intrinsic pathways used to defend the cell against environmental toxins (in
this case, against anticancer drugs) (e.g., ATP binding cassette (ABC) transporter-mediated
drug efflux [18] and glutathione (GSH)/glutathione S-transferase system [19] working to
reduce cellular drug accumulation or detoxify drug treated cancer cells, respectively]

Acquired resistance can be identified by a gradual reduction in the anticancer efficacy
of a given drug after treatment. Acquired resistance can be the result of: (i) activation of
a second proto-oncogene that becomes the new driver gene; (ii) mutations or modified
expression levels of the drug targets; and (iii) dynamic changes in the tumor microenvi-
ronment (TME)—that is, the surrounding space composed of immune cells, stroma, and
vasculature—in the course of treatment [20].

With regard to the latter point, TME can mediate resistance to anticancer drugs through
several mechanisms, including preventing immune clearance of tumor cells, inhibiting
drug absorption, and stimulating paracrine growth factors to signal cancer cell growth [20].
For example, blockade of an immune-checkpoint protein can induce tumor regression
only when there is a pre-existing antitumor immune response to be ‘unlocked” when the
pathway is blocked. In contrast, the presence of an immunosuppressive microenvironment,
which inhibits intratumoral immune responses, can eventually hamper the efficacy of
immunotherapy [21]. Recent studies have also shown that activation of the immune system
is one of the mechanisms underlying the benefit of cytotoxic chemotherapy. Indeed, several
chemotherapeutics trigger cancer cell death, thus promoting the release of a variety of
factors that boost robust anti-tumor immune responses [22,23]. These discoveries have
provided the rationale for many studies in cancer patients combining immune agents
with chemotherapy. On the other hand, there is evidence that chemotherapy-treated
cancer cells can release molecules, which in turn promote differentiation and activation of
tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs),
thereby contributing to generating a tumor microenvironment that restrains the anti-tumor
immunity [24].

One of such molecules is interleukin-34 (IL-34), a cytokine produced by cancer cells,
TAMs, and stromal cells, which acts as a linker between induction of a tumor-associated
immunosuppressive microenvironment and chemo/immunotherapy resistance.
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In this article, we review the available evidence supporting the role of IL-34 in promot-
ing cancer resistance to chemotherapy and immunotherapy.

3. Expression of IL-34 and IL-34 Receptors in Cancer

The functions of IL-34 are mediated by three distinct receptors or co-receptors, namely,
CSFIR (CD115), CD138 (syndecan-1), and protein-tyrosine phosphatase zeta (PTP-C) [25-28].
Since its discovery, IL-34 has been indicated as a growth factor for monocytes, and it is now
evident that IL-34 effects on monocyte viability occur through a mechanism independent
of colony-stimulating factor 1 (CSF1), also known as the macrophage CSF (M-CSF), another
ligand of CSF1R [25]. IL-34 and CSF1 bind to overlapping regions of CSF1R, but the two
ligands can trigger distinct intracellular pathways, likely as a result of the different stability
of the interaction of each cytokine with CSFIR [26,29-31]. This would explain the non-
redundant functions of IL-34 and CSF1 on the survival, proliferation, and differentiation of
monocytes/macrophages [29]. The differences between the two cytokines in modulating
monocyte/macrophage functions could also be linked to the fact that, unlike IL-34, CSF1
does not interact with CD138 and PTP-( [27,28].

In physiological conditions, IL-34 RNA is expressed by many organs and tissues, but
its protein levels are more pronounced in lymphoid tissues (i.e., spleen), the brain, and the
skin [32-34]. In addition to monocytes/macrophages, many other cells produce IL-34 (e.g.,
neurons, peritubular cells, suprabasal keratinocytes, theca cells, Leydig cells, and fibrob-
lasts) [35-38]. Recent studies have shown that IL-34 production is deregulated in many
infectious, inflammatory, and neoplastic disorders, and they unveiled the contribution of
the cytokine to several pathological states [39-41]. One of the first studies documenting the
over-expression of IL-34 in neoplastic diseases was provided by Baud’huin and colleagues,
who reported elevated levels of the cytokine in giant cell tumor (a benign bone tumor) and
documented the ability of IL-34 to stimulate osteoclastogenesis via a CSF1-independent
CSFIR activation [42]. Afterward, many authors have contributed to delineating the role of
IL-34 in the control of the function of several cell types that sustain cancer initiation and
progression (Figure 1).
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Figure 1. Overview of the tumor-promoting effects of IL-34 on its target cells. Arrows indicate
the targets of IL-34 and the IL-34-driven tumor effects. Abbreviations: CAFs: cancer-associated
fibroblasts; MDSCs: myeloid-derived suppressor cells; TAMs: tumor-associated macrophages.
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IL-34 is overexpressed by cancers developing in the alimentary tract, such as esophageal
squamous, gastric cancer, and CRC, as well as by ovarian, lung, hepatocellular, and pancre-
atic cancers, and metastatic melanoma (Table 1).

Table 1. Expression and function of IL-34 in various human cancers.

Cancer System IL-34 Functions References
-Increases cell proliferation [43]
Colorectal Cancer cell line and mvasion
-Enhances resistance to
oxaliplatin-induced death
-Induces type 2 macrophage [44]
TAMs markers
-Enhances IL-6 production
CAFs -Promotes CAFs differentiation and proliferation [45]
-Enhances proliferation, [46]
Breast TAMs Chemotaxis, and tumor infiltration
Cancer cells -Enhances metastatic properties [47]
. -Promotes the switch of non-Th17 committed
Ovarian Macrophages and TAMs memory T cells into conventional Th17 cells [48]
Cancer cells -Promo_tes survival of [49]
chemoresistant cancer cells
TAMs —'Enhances the tun?orlgeruc' and 501
immunosuppressive functions
Hepatocellular carcinoma Cancer cell line -Increases growth and metastatic properties [51]
TAMs -Increases TGF-f3 production [51]
Hepatoblastoma Cancer cell line “Increases cell ngth and [52]
chemoresistance
-Promotes M2 polarization
TAMs -Stimulates production of IL-6 [52]
-Enhances chemotaxis and tumor infiltration
Cholangiocarcinoma TAMs . ‘-Induces differentiation z?nq . [53]
activation and promotes tumor infiltration
Cancer stem cells -Promotes stemness features [53]
Osteosarcoma Cancer cells -Induces cell proliferation and metastasis [54]
TAMs -Increases recruitment into tumor tissue [54]
Endothelial cells -Stimulates prohferatlop and vascular [54]
cord formation
Multiple myeloma CD141*Monocytes -Accelerates multiple myelQma-lnduced [55]
osteoclast formation
Castration-resistant TAMs -lnducgs dlfferentlat}or} and. [56]
prostate cancer chemotaxis and tumor infiltration
Adult T-cell . . .
Jeukemia/lymphoma Cancer cell line -Increases proliferation [57]
Gastric cancer Cancer cells line “Increases p mh.feranon’.done. formation, [58]
migration, and invasion
Acult e monocytic Cancer cell line -Increases proliferation and colony tformation [59]
eukemia
Pancreatic ductal Portal blood -Promotes differentiation and immune
. . . [60]
adenocarcinoma MDSCs suppressive functions

Abbreviations: TAMs: tumor-associated macrophages; CAFs: cancer-associated fibroblasts; MDSCs: myeloid-
derived suppressor cells.

IL-34 is also highly expressed in triple-negative breast cancer (TNBC), which is charac-
terized by the lack of therapeutic receptors, epidermal growth factor-related 2, progesterone
receptor, and estrogen receptor on the cell surface [61]. Although further work is needed
to clarify the exact contribution of IL-34 in the initiation and progression of each of these
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malignancies, the overall evidence indicates that the expression of IL-34 in such tumors
correlates with their metastatic behavior and poor survival of the patients [61]. This is in
line with experimentation in mouse models of tumorigenesis showing a key role of IL-34 in
promoting cancer metastasis [62].

4. IL-34 Contributes to Generating a Tumor Microenvironment That Restrains the
Anti-Tumor Immunity

TAMs constitute the dominant immune cell population in various tumors. TAMs can
be functionally divided into two main subtypes (M1-like and M2-like macrophages, respec-
tively), depending on the profile of the molecules synthesized and, hence, their ability to
either restrain or promote neoplastic growth and progression [63]. M1-like macrophages are
pro-inflammatory and trigger robust T cell- and natural killer cell-mediated anti-tumoral
responses, whereas alternatively activated, anti-inflammatory M2-like macrophages con-
tribute to tissue remodeling and stimulate cancer cell growth, invasion, angiogenesis,
and tumor metastasis [64]. Moreover, M2-type TAMs play a critical role in the therapeu-
tic resistance of cancers, and increased infiltration of these cells into tumors following
chemotherapy represents a hallmark of developing chemoresistance and correlates with
poor clinical outcomes [65,66]. Therefore, in recent years, enormous efforts have been
made to ascertain factors/mechanisms that promote the differentiation and function of
M2-type TAMs, with the ultimate goal to identify new therapeutic targets to overcome
chemoresistance. Accumulating evidence suggests that IL-34 could be one of such targets.
Support for this hypothesis comes from studies in lung cancer showing that lung cancer
cells exposed to chemotherapeutic agents exhibit enhanced NF-kB activation, which in turn
sustains elevated production of IL-34 in chemoresistant cells [67]. These findings are in
line with the demonstration that chemotherapy-driven NF-kB activation promotes cancer
chemoresistance, mainly via the induction of anti-apoptotic genes [68]. Chemoresistant
lung cancer cell-derived IL-34 activates an autocrine pathway, which enhances the survival
of neoplastic cells, but at the same time, promotes the in vitro differentiation of monocyte-
derived M2-polarized macrophages and enhances the immunosuppressive function of
TAMs through a C/EBP-mediated mechanism [67]. Consistently, studies in a human-
ized mouse model of lung cancer showed that IL-34-producing chemoresistant tumors
exhibit increased numbers of M2-type TAMs and reduced frequencies of tumor-infiltrating
cytotoxic CD8" T cells [67]. Along the same line are the results published by Nakajima
and colleagues, who showed that neoadjuvant chemotherapy upregulates the induction
of IL-34, but not CSF1, on esophageal squamous cell carcinoma cells. It was also shown
that expression of IL-34 was more pronounced in patients not responsive to neoadjuvant
chemotherapy than in those who were responsive, and patients with cancers expressing
high levels of IL-34 had worse prognoses as compared with patients with IL34-low carci-
noma [69]. Furthermore, human esophageal squamous cell carcinoma cell lines treated with
5-fluorouracil/ cisplatin expressed high IL-34 and promoted induction of CD163, a marker
of M2-type TAMs, in human peripheral blood monocytes [69]. Studies in ovarian cancer
confirmed the induction of IL-34 in cancer cells by cytotoxic chemotherapy and the reduced
overall survival of patients with high IL-34 expression. Moreover, in a mouse model of
ovarian cancer, lack of IL-34 attenuated tumor progression, and this finding was associated
with reduced increased infiltration of the tumors with T lymphocytes [49]. In CRC tissues,
there is a positive correlation between IL-34 and CD163, and CRC-infiltrating immune
cells respond to IL-34 by up-regulating M2-type macrophage-related markers [44]. In the
MC38 CRC murine model, selective inhibition of CSFIR reduces the number of CD163*
macrophages [70] and increases the number of cytotoxic CD8* T-cells within the tumor,
thereby delaying tumor growth [71]. MDSCs, a heterogeneous population of immature
myeloid cells, are generated in the bone marrow and can terminally differentiate into
mature granulocytes, dendritic cells, or macrophages. In pathological conditions, such as
cancer, the differentiation of precursor cells is partially blocked, thereby causing the accu-
mulation of immature myeloid cells, defined as MDSCs [72]. Like TAMs, MDSCs constitute
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an important component of the immunosuppressive tumor microenvironment, and their
infiltration into tumors is frequently associated with drug resistance and correlates with
poor prognosis. MDSCs promote tumor immune escape via multiple mechanisms, includ-
ing the production of immunosuppressive cytokines, expression of regulatory factors (e.g.,
arginase and indoleamine 2,3-dioxygenase), and interaction with and stimulation of other
regulatory cells (e.g., Tregs) [73]. In cancer, MDSCs are relevant not only for promoting
immunosuppression, but also for enhancing angiogenesis and tumor progression [73,74].
The mechanism of MDSCs-mediated chemoresistance acquisition in cancer is not well
known, but recent studies support the contribution of IL-34 in the modulation of MDSCs
differentiation and function. Kajihara and colleagues showed that TNBC-derived IL-34
induced differentiation of myeloid stem cells into monocytic MDSCs (M-MDSCs), which
recruited Tregs and contributed to the creation of an immunosuppressive microenviron-
ment [75]. At the same time, IL-34 decreased the differentiation of myeloid stem cells into
polymorphonuclear MDSCs, thus leading to an acquisition of resistance to chemother-
apy. The latter finding seems to rely on the suppression of angiogenesis as a blockade
of IL-34 in mice with established tumor induced by the TNBC cell line 4T1, leading to a
dramatic increase in vasculature, thereby restoring the penetration of chemotherapeutic
agents and tumor sensitivity to paclitaxel (PTX), one of the standard treatments of TNBC.
Importantly, analysis of the immune cells infiltrating the tumor showed that combination
therapy with PTX and IL-34 blocker was superior to PTX monotherapy in reducing the
fraction of M-MDSCs and increasing the number of T cells [75].

Although there is little evidence about the role of IL-34 in the differentiation and
action of Tregs in cancer, studies in other systems demonstrated the involvement of 1L-34
in human and rat Treg-mediated suppressive functions, as well as the ability of IL-34 to
induce in vivo and in vitro CD4* and CD8" Tregs through monocytes polarization toward
M2-type macrophages [76,77].

Altogether, these data suggest that the pro-tumorigenic action of IL-34 is, at least in
part, mediated by the induction of immunosuppressive TAMs.

5. IL-34 and Cancer Immunotherapy

As pointed out above, the blockade of PD-1 and/or CTLA-4 enhances anti-tumor
T cell-dependent immune response. However, such a therapeutic strategy does not always
associate with benefits in cancer patients due to tumor-intrinsic or -extrinsic mechanisms
for escaping immune surveillance [78]. In this regard, an abundance of M2-type TAMs,
MDSCs, and Tregs in the tumor tissue contributes to immunotherapy resistance [79-81].
Preliminary evidence suggests that IL-34 signaling could make a contribution to cancer
resistance to immunotherapy. Han and colleagues described a clinical case of a patient
with metastatic refractory melanoma that acquired resistance to anti-PD-1 immunotherapy
and exhibited enhanced expression of IL-34 in refractory melanoma tissues [82]. Studies
conducted by Hama and colleagues showed that BALB/c mice inoculated with TL-34-
expressing CT26 cells developed tumors resistant to anti-PD-1 antibody treatment. In the
same model, combination therapy with anti-PD-1 and anti-CTLA-4 induced substantial
tumor growth inhibition, which was further enhanced by anti-IL-34 treatment. Consistently,
tumors generated by inoculation of mice with IL-34-deficient CT26 cells exhibited a good
response to treatment with anti-PD-1 antibody [83]. The same group transplanted human
lung cancer tissue expressing both IL-34 and PD-L1 in immunologically humanized mice
to determine the effect of IL-34 neutralization, along with the immune checkpoint blockade,
in human tumors. Combination therapy was superior to monotherapy in reducing tumor
growth [84]. Indirect evidence comes from studies by Shi and colleagues, who treated mice
bearing the CT26 and MC38 colon tumors with a combination of PLX3397 (an oral inhibitor
of MCSF1R), anti-PD-1 antibody, and oncolytic viruses (OVs), which promote tumor T-cell
infiltration due to their ability to selectively infect and kill tumor cells [85]. Combined
treatment enhanced the number of T cells in the tumor and augmented anti-tumor CD8*
T-cell function, thereby conferring tumor control and prolonged survival of mice. In
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particular, mice treated with PLX3397 exhibited reduced numbers of M2-type TAMs and
enhanced response to anti-PD-1 therapy [85]. These observations are in line with findings
of other studies showing that the limited efficacy of PD-1 and CTLA-4 antagonists, when
used as single agents to restrain cancer growth, can be enhanced by MCSFIR blockers [86]
Although these latter findings do not exclude the possibility that some of the benefit seen in
animals receiving MCSFIR blockers are due to the inhibition of CSF1 function, the overall
data would seem to indicate that IL-34 can target several regulatory cell types within
the tumor and favors an anti-inflammatory environment, with the downstream effect of
interfering with immunotherapy.

6. Conclusions

Accumulating evidence indicates that IL-34 is produced in many cancers and supports
the hypothesis that this cytokine triggers multiple signals that enhance cancer cell growth
and diffusion. Nonetheless, it is worth noting that some studies suggest a beneficial role
for IL-34 in particular tumor contexts [87-89], thus raising the question of whether the role
of IL-34 in cancer is dependent on tumor type, location, or even treatment regimens.

In some cancers, IL-34 production can be further increased by chemotherapies, and
this is particularly evident in those patients who are, or become, resistant to chemotherapy
and/or immunotherapy. The findings described here also indicate that IL-34 facilitates the
differentiation of immunosuppressive cells within the tumor microenvironment, leading to
therapeutic resistance and poor outcomes in various cancers. Therefore, the possibility to
use inhibitors of IL-34 signaling to overcome cancer resistance could open up a promising
opportunity for the treatment of such patients. However, before moving into the clinic,
further pre-clinical work is needed to better clarify if IL-34-mediated cancer resistance to
therapies is either a general phenomenon occurring in all the patients who do not respond
to such treatments or restricted to specific subsets of cancers/patients. Experimentation will
be also needed to understand if the circulating levels of IL-34 may contribute to the early
identification of non-responders and whether the positive effect of IL-34 on the induction
of the immunosuppressive cells is shared with and/or enhanced by CSF1. If this is the
case, blockade of CSF1R, rather than IL-34 alone, could be more appropriate to overcome
resistance to chemotherapy/immunotherapy.
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Simple Summary: Immunotherapy is a systemic therapy significant for numerous types of can-
cer. The search for factors which may improve the effectiveness of the therapy is still ongoing.
The correlation between host microbiome and the efficacy of immunotherapy has been confirmed.
Nutrients modulate the composition of the microbiome, which can be used to improve treatment.
The paper presents the impact of probiotics, prebiotics and micronutrients on particular species of
bacteria associated with a significant increase in response to anti-PD1, anti-PD-L1 and anti-CTLA4 im-
munotherapy. We also present our own investigation on the relationship between the gut microbiome
and the effectiveness of immunotherapy in non-small-cell lung cancer patients.

Abstract: The effectiveness of immunotherapy in cancer patients depends on the activity of the
host’s immune system. The intestinal microbiome is a proven immune system modulator, which
plays an important role in the development of many cancers and may affect the effectiveness of
anti-cancer therapy. The richness of certain bacteria in the gut microbiome (e.g., Bifidobacterium
spp., Akkermanisa muciniphila and Enterococcus hire) improves anti-tumor specific immunity and
the response to anti-PD-1 or anti-PD-L1 immunotherapy by activating antigen-presenting cells
and cytotoxic T cells within the tumor. Moreover, micronutrients affect directly the activities of
the immune system or regulate their function by influencing the composition of the microbiome.
Therefore, micronutrients can significantly influence the effectiveness of immunotherapy and the
development of immunorelated adverse events. In this review, we describe the relationship between
the supply of microelements and the abundance of various bacteria in the intestinal microbiome
and the effectiveness of immunotherapy in cancer patients. We also point to the function of the
immune system in the case of shifts in the composition of the microbiome and disturbances in the
supply of microelements. This may in the future become a therapeutic target supporting the effects
of immunotherapy in cancer patients.

Keywords: microbiome; micronutrients; immunotherapy; cancer

1. Introduction

The health of the human body consists of a series of processes and reactions occurring
constantly in all its tissues. Perfect balance is the guarantee of a long and good quality
life. Immunity is vital in protecting against various damaging factors from the external
environment as well as from the inside of the body. The human microbiome is a well-known
component of host immunity. It includes not only bacteria but also other microorganisms
such as fungi, archaea and protozoa [1]. The microbiome influences numerous essential
functions of the body. Human health and balance depend on its qualitative and quantitative
composition. Its composition is unique to the individual and depends on the diet, lifestyle
and medications taken. The microbiota is the body’s first line of defense. It mediates the
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host’s interactions with the external environment (including food, environmental toxins,
bacteria, viruses, parasites and fungi) on the skin and mucous membranes in the intestines,
lungs, vagina and even the cornea [2]. The digestive tract, especially the colon, has the
largest concentration of microorganisms—the number of their cells is 10 times greater than
the number of all host cells (1 x 10'4) weighing about 1.8 kg. The number of their genomes
is a hundred times greater. In the human body, there are on average about 160 species of
bacteria species [1,3]. The density of the microbiome (measured as colony-forming units
(CFUs) per 1 mL) increases from the duodenum (~10'3 CFU/mL) to the ileocecal valve
(=210 CFU/mL) and reaches the highest concentration in the colon (=~210"1"12 CFU/mL) [4].
Most of the human bacteria are of the following types: Firmicutes, Bacteroidetes, Actinobacteria
and Proteobacteria, and strictly anaerobic: Bacteroides, Fusobacteria, Proteobacteria, Eubacteria,
Bifidobacteria, Clostridia, Vermcomicrobia, Cyanobacteria, Spirochaeates, Peptostreocptocci, and
Ruminococci. The dominant types are Firmicutes and Bacteroidetes [4-6]. The consistency of
the microbiome depends on the diet—for example, Bacteroides more often correlates with
the high content of fats and animal proteins in the food, and the prevalence of Prevotella is
associated with the high content of simple sugars [7].

The microbiome in the first place ensures the maintenance of the correct structure of the
intestinal mucosa and protects against pathogens. It plays an active part in the fermentation
of nutrients that human enzymes cannot digest. Furthermore, it processes endogenous
compounds produced by microorganisms and the host itself, providing unique metabolites
necessary for proper functioning, such as lipopolysaccharides (LPS), short-chain fatty acids
(SCFAs) and tryptophan. It takes part in the synthesis of vitamins, among others K and
B vitamins, mainly riboflavin, niacin, biotin, folic acid, pyroxidine, and cobalamin [8].
It breaks down mutagenic carcinogens (heterocyclic amines and N-nitroso compounds)
deriving from a diet rich in red meat. In addition, intestinal microorganisms are involved
in the synthesis of amino acids, including lysine and threonine. Fermentation by the
intestinal microbiome provides up to 10% of energy from food [9]. Therefore, it may be
involved in the regulation of body weight and the amount of adipose tissue present in the
system [10]. It is believed that a rich, varied microbiome is most desirable, and a depleted
microbiome promotes disease. A relationship between disturbances in the microbiome and
the occurrence of at least 25 diseases has been shown [11].

Microbiome disorders are common in gastrointestinal diseases—inflammatory bowel
disease (IBD), Crohn’s disease, ulcerative colitis, food intolerance, digestive disorders,
irritable bowel syndrome (IBS) and colorectal cancer [12,13]. Interestingly, the influence of
microbiome extends well beyond the intestinal boundaries and affects not only intestinal
homeostasis but also the entire organism. Its validity is observed in metabolic diseases
such as non-alcoholic steatohepatitis (NASH), diabetes, dyslipidemia, glucose intolerance,
insulin resistance, obesity, hypertension, bone density disorders, allergic diseases and
autoimmune diseases such as rheumatoid arthritis and multiple sclerosis [11,14,15]. Also,
the correlation with disorders of the nervous system such as Alzheimer’s disease, autism
spectrum disorders, depression, chronic fatigue syndrome and Parkinson’s disease has
also been shown [9,16]. The subject of this paper, dysbiosis of the intestinal microbiome,
mediates the development of numerous neoplastic diseases and influences the effects of
oncological treatment [17,18].

By correlating the above information with the scientific reports of the last decade,
it should be understood that humans and their microbiota do not exist in isolation, in-
dependently of each other, but form a complex meta-organism called “holobiont”. The
microbiome regulates itself as well. The huge number of microorganisms requires the
implementation of control mechanisms by which the host assesses the state of colonization
and reacts to deviations from homeostasis [19,20]. Identifying the mechanisms of interac-
tion between the organism and the gut microbiome is a major challenge for public health
in developing new preventive or therapeutic strategies. Owing to achievements in the
fields of genetics, molecular biology and bioinformatics, it has become possible to study
the microbiome in more detail.
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2. The Immunomodulatory Activity of the Intestinal Microbiome

Microorganisms participate in the host’s immune system maturation process. They
contribute to the formation of innate and adaptive immunity on many levels. In experi-
ments with mice, it was shown that germ-free (GF) individuals devoid of gut microbiota had
severe immunodeficiencies. Inter alia, absence of mucosa, altered IgA secretion, reduced
size and functionality of Peyer’s patches and mesenteric lymph nodes were observed [21].
Studies at the molecular matter have shown that the differentiation of T cells into T regula-
tory cells (Tregs) and their functional maturation do not take place in the thymus but in the
intestine, with the participation of the commensal microbiome [22].

From the immunological point of view, microbes are acknowledged as pathogens by
the host’s immune system which recognizes and eliminates them. The relationship with
the microbiome is different—the immune system has evolved to coexist with microbes in
symbiosis. These bilateral interactions enable tolerance of commensal bacteria and food
antigens, and, at the same time, intestinal bacteria enable the recognition and destruction of
opportunistic bacteria, thus preventing bacterial invasion and infection [23]. The intestines
contain gut-associated lymphoid tissue (GALT) organized into lymphoid follicles (Peyer’s
patches) and containing antigen-presenting cells (APCs), innate lymphoid cells (ILCs),
CD4+ and CD8+ T cells and B cells, and many other immune cells. Communication
between the GALT system and the intestinal lumen is provided by the intestinal epithelium
(IEC) rich in intraepithelial lymphocytes (IELs) and Paneth cells that secrete antimicrobial
peptides. In the intestinal epithelium, there are microfold cells (M cells). M cells have
the unique ability to take up antigens from the small intestine lumen via endocytosis,
phagocytosis or transcytosis. These antigens are delivered to dendritic cells (DCs) and
other APCs [23].

The pathogen-related molecular patterns (PAMPs), which are recognized by the pat-
tern recognition receptors of immune cells, mainly Toll-like receptors (TLRs), are of great
importance in immunological communication and distinguishing one’s own cells from
pathogens [24]. It has been proven that the activation of TLRs led to an increased synthesis
of peptides against microorganisms: diptericins (against Gram-negative bacteria), defensins
(against Gram-positive bacteria) and drosomycins (antifungal). So far, 10 types of TLR have
been identified in humans. They are located in the intestinal epithelial wall: on dendritic
cells, macrophages, mast cells, natural killer cells (NK), eosinophils, and on T (including
Treg cells) and B cells, as well as in epithelial cells, vascular endothelium, fibroblasts,
cardiomyocytes, keratinocytes and adipocytes. The immune response through Toll-like
receptors is part of the non-specific (innate) response. PAMPs include mainly lipopolysac-
charide, flagellin (a protein of cilia from Gram-negative bacteria) and peptidoglycan, as well
as lipoproteins, bacterial polysaccharides, lipoteichoic acid, unmethylated CpG sequences
and bacterial wall proteins derived from their breakdown (e.g., under the influence of an
antibiotic). TLR2, TLR3, TLR4 and TLR5 are of the greatest importance in PAMP-mediated
activation of the immune system [25]. TLR2 ligands are bacterial lipoproteins, peptidogly-
can, lipoteichoic acid, zymosan, glycolipids, bacterial porins and lipoarabinomannan. The
ligand for the TLR4 receptor is lipopolysaccharide, while the TLR5 receptor recognizes flag-
ellin. The TLR3 receptor is involved in the recognition of microbial nucleic acids—double
strand RNA (dsRNA) and synthetic polyinosinic polycytidylic acid (poly I:C). Activation
of TLRs in antigen-presenting cells enhances the processes that result in the induction of a
specific response [26-28].

Upon activation by an antigen, dendritic cells migrate to the mesentery lymph nodes
of the small intestine and colon, where they stimulate the conversion of naive T cells to
CD4+ T lymphocytes. Newly formed regulatory CD4+ T and Th17 cells are particularly
important due to their intestinal tropism [23]. Tregs return to the gut where they induce
immune tolerance directly as well as through the production of immunosuppressive cy-
tokines such as interleukin 10 (IL-10), TGF-{ (tumor growth factor) and IL-35 to prevent
autoimmunity [4]. Moreover, some bacteria have the ability to maturate Tregs and stimulate
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TGF-p via an alternative pathway involving polysaccharide A (PSA) and TLR2 receptors
on dendritic cells [23]. Live bacteria can also induce an IgA plasma cell response [29].

Th17 cells are located in the lamina propria of the mucosa of the small and large
intestines and protect the body against bacterial and fungal infections. By producing
cytokines, they stimulate the intestinal epithelium to produce tight junctions that seal the
intestinal barrier and produce proteins against pathogens. Th17 cells secrete, inter alia,
IL-17, which stimulates epithelial and endothelial cells, fibroblasts and macrophages to
produce other cytokines, such as IL-6, IL-8 and TNF (tumor necrosis factor). Moreover, it
increases secretion of granulocyte and macrophage colony stimulating factor (GM-CSF)
and stimulates the maturation of DCs. When activated by dendritic cells, B and T cells
(including Tregs and Th17) have the ability to migrate throughout the body wherever they
are needed [30]. It is worth noting that migrating Th17 cells have significant plasticity of
action, altering cytokine production depending on the presence or absence of inflammation.
Thanks to the cascade of reactions taking place with the participation of the microbiome,
the body is able to trigger a strong immune reaction even in distant places.

Therefore, the gut microbiome contributes to the establishment of a proper Th1/Th2 bal-
ance. Dysbiosis stimulates the prevalence of Th2, which may manifest in allergic disorders.
In germ-free mice, administration of Bacteroides fragilis has been observed to correct T
cells deficiency and PSA-mediated Th1/Th2 imbalance [30]. Bernesiella intestinihominis
stimulates cytotoxic T cells (CTLs). Bernesiella intestinihominis and Bilophila increase the
pro-inflammatory Th1 response. Escherichia coli and Escherichia coli Nissle (EcN) increase
the production of cytokines such as IL-6, IL-8 and IL-13 via TLR [31]. Enterococcus hirae
enhances the Th17 cells response and may increase the ratio of CTLs and Tregs [30]. Some
intestinal bacteria have the ability to produce anti-inflammatory cytokines, including IL-
10, IL-25, TL-33, TGF-f3, and thymic stromal lymphopoietins. These include Bacteroides,
Lactobacillus acidophilus, Lactobacillus murinus, Lactobacillus reuteri, Helicobacter hepaticus,
Faecalibacterium and some strains of Clostridia [22,30]. Particularly noteworthy is Bacteroides
thetaiotaomicron, which has a significant role in the production of defensins. These bacteria
stimulate the intestinal epithelium to produce «- and 3-defensins, antimicrobial peptides
(AMP), type C lectins and hydrolytic enzymes. They also promote the expression of matrix
metalloproteinases (MMPs), which are necessary for the activation of defensins. B. thetaio-
taomicron has the ability to disrupt NFkB activation in the peroxisome proliferator-activated
y-receptor (PPARY) pathway and thus reduce the inflammatory response of the immune
system. In the absence of danger, it is possible to maintain a non-inflammatory state [7].

3. The Role of Dietary Fiber and Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs) are products of intestinal bacterial metabolism, result-
ing from the fermentation of dietary fiber [32]. Dietary fiber (DF) are edible carbohydrate
polymers with at least three monomeric units, either derived from natural sources such as
cereals, legumes, fruits and vegetables or obtained from food raw materials by physical,
enzymatic, chemical or synthetic methods [33]. These polymers are resistant to endogenous
digestive enzymes in the human small intestine and fermented by bacteria in the large
intestine. Soluble fiber is highly fermented, and it is the main source of energy for the mi-
crobiome and thus causes the formation of metabolites such as short-chain fatty acids [34].
Soluble fiber includes pectins, inulin, 3-glucans, arabinoxylans, oligosaccharides and guar
gum. Insoluble fiber (lignin, cellulose, hemicellulose) is poorly fermented by bacteria due
to its inability to retain water. Fermentation is possible in the presence of species and
strains with the enzymatic ability to metabolize fiber [33]. Bifidobacterium, Bacteroides and
Prevotella have a major part in this process. DF fermentation is associated with a strong anti-
inflammatory effect, lowering the pH of the colon, increasing the bacterial diversity of the
large intestine, reducing pathogens, stimulating the production of antioxidant compounds
and vitamins, as well as regulating the epithelial barrier.

SCFAs are organic compounds consisting mainly of acetate, propionate and butyrate.
In addition to lowering intestinal pH, they increase the bioavailability of some metals,
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e.g., iron [35]. Bacteroides thetaiotaomicron, responsible for the production of acetate and
propionate, promotes the differentiation of goblet cells in the intestine and the expression of
mucin-related genes. Faecalibacterium prausnitzii, by consuming acetate reduces its influence
on mucus and prevents its overproduction. F. prausnitzii is responsible for the production
of butyrate, thanks to which it maintains the appropriate structure and composition of the
intestinal epithelium [36].

SCFAs lead to GPR43-dependent stimulation of Tregs, and also by induction of hi-
stone H3 acetylation [37,38]. This ensures a balance between anti-inflammatory Tregs
and pro-inflammatory Th17 cells [39]. They increase the concentration of IL-10 which is
produced after the recognition of polysaccharide A by plasma dendritic cells and reduces
inflammation [40]. Microbial SCFAs and dietary fiber fermentation products can stimulate
the population of myeloid DCs in the bone marrow and stimulate the phagocytic capacity
of these cells. SCFAs also show anti-inflammatory effects by inhibiting NF-«B, binding
to G protein-coupled receptors 43 and 41 (GPR43 and GPR41) [31]. Higher amount of
SCFAs inhibit the expression of proinflammatory tumor necrosis factor in mononuclear
cells and neutrophils and may lead to inactivation of NF-«B. This interaction promotes
signal transduction and alleviates the effects of hypoxia, increases intestinal integrity and
prevents LPS translocation to combat inflammation. Additionally, SCFAs increase the
activation of histone acetyltransferase and inhibit the histone deacetylase, which influence
the development of anti-inflammatory phenotypes in the intestinal microbiome [41]. More-
over, they are involved in epigenetic regulation of inflammation through free fatty acid
receptors (FFARs) [31,42]. The most important SCFA-producing bacteria are Faecalibac-
terium prausnitzii, Eubacterium, Roseburia, Bifidobacterium longum, Ruminococcus, Alistipes and
Lactobacillus. Polysaccharide A is produced by Bacteroidales, Erysipelotrichales, Clostridiales
and Bacillales [39].

Numerous studies reflecting the effects of fiber on the microbiota have been conducted.
The use of -glucan in the diet after 4 weeks resulted in an increase in the generalized
diversity of the microbiome and an increase in the total amount of bacteria as well as the
richness of Bifidobacterium spp.and Akkermansia municiphila compared to the control group
without 3-glucan in the diet [43]. The inclusion of 6.3 g of fiber per day and 2.9 g of 3-glucan
per day for 6 weeks resulted in an increase in the total amount of intestinal bacteria and
a significant increase in Bifidobacterium spp.and Lactobacillus spp.compared to the control
group. The use of a diet containing 3 g of fiber per day excluding p-glucan, however,
resulted in a significant decrease in the amount of the above-mentioned bacteria [44]. A
study evaluating the effect of 3-glucan at a dose of 6 g per day showed a significant increase
in microbiological diversity and richness after 4 weeks and an increase in the number of
Bifidobacterium spp.and Akkermansia municiphila compared to the control group without
B-glucan in the diet [43]. An increased amount of propionate and a decreased amount
of acetate in the faeces has also been shown. The application of a diet with the content
of 16 g of fiber/1000 kcal showed a reduction in the contents of Enterobacteriaceae after
6 weeks and the growth of Lachnospira and Roseburia compared to the application of a
diet of 8 g of fiber/1000 kcal [45]. Immediate reaction in the composition of the intestinal
microbiome after diet modification was proven in KovatchevDatchary’s study. In only
3 days of a high-fiber diet (37.5 g/day), an increase in the amount of Bacteroidetes and in
the Prevotella/Bacteroides ratio was observed [46]. A high-fiber diet leads to the growth of
SCFA-producing bacteria, including Lachnospira, Akkermansia, Bifidobacterium, Lactobacillus,
Ruminococcus, Roseburia, Clostridium, Faecalibacterium and Dorea [45,47,48].

4. The Effectiveness of Cancer Inmunotherapy Depends on the Microbiome

Immunotherapy is widely used in systemic treatment of many types of cancers. In the
late nineteenth century, American surgeon William Coley observed spontaneous remission
of a malignant sarcoma in a patient with comorbid bacterial infection (erysipelas). Inspired
by that experiment, Coley started to infect cancer patients with Staphyloccocus aureus
which causes erysipelas, or by injecting bacterial culture supernatants. In his studies, he
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achieved remission of various types of cancers. This became the basis of nonspecific active
immunotherapy, used, inter alia, in BCG vaccine (Bacillus Calmette-Guérin) for intravesical
infusion in patients with surgically removed bladder cancer.

Immunotherapy is based on the immune potential of the host. Under regular condi-
tions the human immune system destroys cancer cells that arise spontaneously in the body.
To avoid this, cancer cells have developed mechanisms to escape from the surveillance of
the immune system, thus ensuring their survival and further growth. This phenomenon
was discovered in 1967 by Burnet and Thomas and ushered in a new era of cancer treatment.
The avoiding process is various and multi-stage. First, cancer cells tend to be invisible
by reducing or completely removing the expression of major histocompatibility complex
class I molecules (MHC), their antigens and co-stimulatory molecules. The expression
of proteins related to the recognition and transport of antigens across the cell membrane
is inhibited. As a result, tumor cells are not recognized by cytotoxic T cells. The second
mechanism of cancer cells” defense is the production of anti-inflammatory factors such as
prostaglandins, histamine, epinephrine, arginase, TGF- and IL-1 [6]. An “immune desert”
is formed, poor in non-specific (NK cells, macrophages, neutrophils) and specific (effector
cytotoxic T cells, Tregs, T helper cells) immune cells as well as pro-inflammatory cytokines
(e.g., IL-2, IL-12, TNF-x). A non-immunogenic “cold tumor” is characterized by a low
response to immunotherapy. The third mechanism by which a tumor escapes from immune
surveillance is the most important in the context of immunotherapy. It consists in the direct
neutralization of immune cells by interaction of immune checkpoints such as cytotoxic
T cell antigen 4 (CTLA-4) and programmed death 1 (PD-1, CD279). PD-1 is located on
the surface of macrophages, monocytes as well as T and B cells. It performs a major role
in suppressing the immune system. Tumor cells develop ligands for PD-1 (PD-L1 and
PD-L2) that bind the PD-1 receptor on T cells and inhibit their activity. CTLA-4 is located on
lymphocytes, and its displacement of CD28 (costimulatory molecule) from binding to CD80
(B7-1) and CD86 (B7-2) on APCs causes T cells anergy [5]. To defeat these mechanisms is
a challenge for immunotherapy research. Its action is based on the use of anti-CTLA-4,
anti-PD-1 or anti-PD-L1 antibodies, which, after binding to immune checkpoints, lead to
the activation of lymphocytes. Tumors become rich in immune cells and pro-inflammatory
cytokines such as TNF-«, which is a prerequisite for the effectiveness of immunotherapy.
This ensures the destruction of the tumor not by a cytotoxic drug but by the host’s own
immune cells, so it is potentially possible to cure the tumor even at a very advanced stage.

Immune cells” responses depend on many factors. One of them is the gut micro-
biome [30,31]. The first scientific reports indicated an increased incidence of colorectal
cancer in patients with intestinal dysbiosis, which is beyond doubt. Chronic inflammation,
IBD, food intolerance, infections, colonization with pathogenic strains, butyrate deficiency,
a high-protein diet and products of its metabolism leading to a decrease in the pH in the
colon, all create favorable conditions for the intensification of the inflammatory process
and carcinogenesis.

However, in the development of clinical trials, a correlation was observed between
the effectiveness of immunotherapy (but also chemotherapy and radiotherapy) for various
types of cancer located outside the large intestine (e.g., in the lung) and the composition
of the intestinal microbiome. Initial observations were made in mice with solid tumors
receiving broad-spectrum antibiotic therapy. A significantly worse response to the im-
munotherapeutic PD-1 blockade has been demonstrated. A similar dependence took place
in a group of mice grown in germ-free conditions. The reason was the significantly low
level of TNF-oc and T cells activation. Oral supplementation with intestinal bacteria strains
restored the ability to respond to immunotherapy [49]. High levels of TNF-« correlated
with a good response to immunotherapy and increased levels of Alistipes shahii in mice
gut [50,51]. The enrichment of the microbiome of mice with bacteria of the Bifidobacterium
species resulted in an increase in the level of T CD8+ cells in the tumor microenvironment
and a delay in tumor growth. The combination of Bifidobacterium supplementation with
anti-PD-L1 antibody resulted in almost complete tumor remission in mice [50]. An analo-
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gous response was observed for anti-CTLA-4 antibody in mice with melanoma, sarcoma
and colorectal cancer. Bacteroides thetaiotamicron and Bacteriodes fragilis were necessary for
the efficacy of the anti-CTLA4 antibody. These bacteria induced interleukin-12-dependent
antitumor T-helper 1 lymphocyte responses [52].

In the group of patients not treated with antibiotics or with short-term exposure to
antibiotics (<7 days), longer overall survival (OS) and progression-free survival (PFS) were
reported, compared to patients with longer exposure [53]. The effect of antibiotic admin-
istration was strongest within 30 days prior to treatment with checkpoint blockade [54].
Of 60 patients with advanced cancer (including lung, kidney, melanoma, hepatocellular
carcinoma, head and neck cancer and urothelial carcinoma) treated with anti-PD-1 antibod-
ies, 17 patients were receiving antibiotics within 2 weeks before or after starting treatment
for various bacterial infections. These patients had a worse response to immunotherapy.
Treatment with broad-spectrum antibiotics (against Gram-positive and Gram-negative
bacteria, both aerobic and anaerobic) resulted in shorter overall survival compared to
patients treated with narrow-spectrum antibiotics (Gram-positive bacteria only) [55,56].
Heumer et al. conducted a study of 30 patients with non-small-cell lung cancer (NSCLC)
of whom 11 received an antibiotic within a month before or after starting treatment with
immune-checkpoint inhibitors (ICIs). Authors observed a significantly shorter PFS and OS
in patients treated with antibiotics (2.9 and 7.5 months) versus patients without antibiotics
(13.1 and 15.1 months) (p = 0.028 and p = 0.026) [57]. The above observations are justified by
a decrease in the diversity and richness of the gut microbiome, which leads to a reduction
in the production of pro-inflammatory cytokines and less pronounced tumor necrosis.

5. Gut Microbiota Species Associated with the Efficacy of Inmunotherapy

The influence of the intestinal microbiota on the efficacy of ICIs has been noted through
the remote modulation of lymphoid and myeloid cells. The microbiome triggers the activa-
tion mechanism of IL-12 dependent Th1 cells with cross-reactivity to tumor and bacterial
antigens and stimulates DCs [7]. Mucin-eating bacteria (i.a. Bifidobacterium longum or
Akkermansia muciniphila) have been linked to a better response to treatment [58]. It was
confirmed that Bacteroides (Bacteroides thetaiotaomicron and Bacteroides fragilis) increases
the effectiveness of anti-CTLA-4 therapy and restores its effects after administration of
antibiotics [59,60]. Patients whose gut microbiome was rich in Bacteroides had increased
Th1 cells and decreased Tregs cells and myeloid suppressor cells (MDSC). In mice with
large numbers of Bacteroides (mainly B. fragilis) and Burkholderia in the intestines, slower
growth of various tumors was observed [7]. In mice, a reduction in MCA205 sarcoma was
observed during anti-CTLA-4 therapy when Bacteroides fragilis, Bacteroides thetaiotamicron
and Burkholderia species were present in their organisms. These bacterial species may influ-
ence the IL-12 dependent Th1 immune response, which enables better disease control [52].
However, it is believed that other common species of Bacteroides do not have an impact on
the efficacy of anti-CTLA-4 treatment [61].

Patients with melanoma treated with anti-CTLA-4, and with high Faecalibacterium
abundance and low abundance of Bacteroidales, had significantly prolonged PFS compared
to those with low and high abundance of these bacteria (p = 0.03 and p = 0.05) [62,63].
However, the presence of more Bacteroidetes, including Bacteroidaceae, Rikenellaceae and
Barnesiellaceae, had a preventive effect against the onset of complications of immunotherapy
in the form of autoimmune colitis after immunotherapy [63,64].

The presence of Bifidobacterium spp.in the gut microbiome has been associated with
greater anti-PD-L1 treatment efficacy in melanoma patients. Oral administration of probi-
otics containing Bifidobacterium to mice increased the anti-tumor efficacy of PD-L1 blockade
and led to an almost complete inhibition of tumor growth [50]. Gopalakrishnan et al.
showed that in melanoma patients, a higher level of Faecalibacterium prausnitzii, Ruminococ-
cus bromii, Enterococcus faecium, Collinsella aerofaciens, Bifidobacterium adolescentis, Klebsiella
pneumoniae, Veillonella parvula, Parabac-teroides merdae and Lactococcus formicus correlated
with a better response to anti-PD-1 immunotherapy [49,61,62,65]. In metastatic melanoma
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patients, the richness of Bifidobacterium longum, Bifidobacterium adolescentis, Enterococcus
faecium, Collinsella aerofaciens, Lactobacillus species, Klebsiella pneumoniae, Veillonella parvula
and Parabacteroides merdae was higher among responders to anti-PD-L1 treatment, whereas
Roseburia intestinalis and Ruminococcus obeum were significantly higher among the non-
responders [65].

More detailed studies were carried out in a group of patients treated with anti-PD-
1 with various types of cancer (NSCLC, melanoma, renal cell carcinoma, etc.). Multiparam-
eter immunohistochemistry (IHC) confirmed a higher density of CD8+ T cells in the tumor
environment in patients with a better response than in patients with a worse response
to immunotherapy (p = 0.04). A high level of T CD8+ in tumor tissue correlated with an
increased abundance of the genus Faecalibacterium of the Ruminococcaceae family and of
the order Clostridiales. Flow cytometric analysis showed that patients with high levels of
Clostridiales, Ruminococcaceae or Faecalibacterium in the gut had higher levels of CD4+ and
CD8+ effector T cells in the peripheral blood. These patients responded more frequently
to anti-PD-1 therapy. However, the patients with high abundance of Bacteroidales in gut
microbiome had higher levels of regulatory Tregs and MDSC in the peripheral blood and
they were less responsive to ICIs treatment [66,67]. Higher content of Faecalibacterium in the
gut microbiome was connected with a high density of immune cells and high concentration
of pro-inflammatory and antigen-presenting cytokines compared to patients with a large
amount of Bacteroidales [68].

In other research, Tanoue et al. indicate 11 commensal strains which induce CD8+ T
cells and interferon-y in the intestine of germ-free mice and cause significant increase of the
response to anti-PD-1 or anti-CTLA-4 antibodies [69]. These strains are: Ruthenibacterium
lactatiformans, Bacteroides uniformis, Bacteroides dorei, Fusobacterium ulcerans, Eubacterium limo-
sum, Phascolarctobacterium succinatutens, Paraprevotella xylaniphila, Parabacteroides distasonis
and Parabacteroides johnsonii. Bacteria may increase the efficacy of checkpoint inhibitors
therapy by stimulating dendritic cells to secrete IL-12 and stimulate differentiation of
cytotoxic T cells [56,61].

Song et al. analyzed the gut microbiome in NSCLC patients treated with ICIs. PFS >
6 months was associated with significantly increased diversity in the gut microbiome com-
pared to the PFS < 6 months. In the PFS > 6 months group, a richness of Methanobrevibacter
and Parabacteroides was observed, while in the PFS group < 6 months an enrichment in
Selenomonadales, Negativicutes and Veillonella was noted [70]. Jin et al. showed a relationship
between high abundance of Alistipes putredinis, Prevotella copri and Bifidobacterium longum
and greater efficacy of anti-PD-1 treatment in NSCLC patients. Multicolor flow cytometry
showed that patients with a greater variety of gut microbes had a higher percentage of
peripheral blood NK cells and memory CD8+ T cells [71]. Valuable research was also
presented by Lee et al., who demonstrated the richness of the microbiome in Bifidobacterium
bifidum in a group of NSCLC patients with a better response to anti-PD-L1 treatment [72].
The presence of Bifidobacterium spp. is associated with a response due to an increase in CD8+
T cells and DCs in the tumor microenvironment. Consequently, a higher level of IFN-y is
produced [62]. Bifidobacterium spp. improves tumor-specific immunity and the response to
anti-PD-L1 immunotherapy by activating antigen-presenting cells inside the tumor [50].

Akkermansia muciniphila and Alistipes indistinctus have a marked effect on the anti-
PD-1 response in NSCLC and renal cell carcinoma (RCC). Their disproportionate number
was recorded in the stool of people with a better response to treatment (partial response
or stable disease) compared to those without response (progression). High abundance
of Akkermanasia muciniphila was significantly associated with response to ICIs therapy in
NSCLC and RCC patients (p = 0.004). A. muciniphila was also more frequent in the stool of
patients with PFS longer than 3 months (p = 0.028) [49]. Oral supplementation with specific
Akkermansia muciniphila may restore the responsive phenotype in non-responders [49,73]. A
high proportion of the following species among microbiota increases the effectiveness of
anti-PD-1 immunotherapy in NSCLC patients: Akkermansia muciniphila, Alistipes indistinctus,
Bifidobacterium breve, Propionibacterium acnes, Prevotella copri, Rikenellaceae, Staphylococcus
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aureus, Streptocptoccus prausnitzi, Bacteroides plebeius, Enterococcus hirae and Enterobacteriaceae
[Table 1]. In contrast, in patients with a good response to anti-PD-1 therapy, Ruminococcus
bromii, Dialister and Sutterella occurred less [7,71,73]. Moreover, abundance of Ruminococcus
unclassified was detected in the gut microbiome of patients with a poor response [71].

Table 1. Gut microbiota species associated with efficacy of cancer immunotherapy.

Malignancy Treatment Bacteria Correlated with Positive Inmunotherapy Response Reference
Akkermansia muciniphila, Alistipes, Enterococcus hirae [49,50,71]
Bifidobacterium bifidum [50,72]
Non-small-cell . Alistipes putredinis, Prevotella copri, Bifidobacterium longum [71]
anti-PD-L1 Methanobrevibacter and Parabacteroides [70]

lung cancer

Bifidobacterium breve, Propionibacterium acnes, Prevotella copri,
Rikenellaceae, Staphylococcus aureus, Streptococcus, Peptostreptococcus,
Oscillospira, Faecalibacterium prausnitzi, Bacteroides plebeius,
Enterococcus hirae, Enterobacteriaceae

[7,71,73,74]

Bifidobacterium, Akkermansia muciniphila, Alistipes, Enterococcus hirae,
anti-PD-L1 Faecalibacterium prausnitzii, Bacteroides thetaiotamicron, Holdemania [62]
filiformis, Bacteroides caccae

Ruthenibacterium lactatiformans, Eubacterium limosum, Fusobacterium
ulcerans, Phascolarctobacterium succinatutens, Bacteroides uniformis,

Melanoma Bacteroides dorei, Paraprevotella xylaniphila, Parabacteroides distasonis, [56,68]
anti-PD-L1, Parabacteroides johnsonii
anti-CTLA-4 Enterococcus faecium, Collinsella aerofaciens, Bifidobacterium adolescentis,
Klebsiella pneumoniae, Veillonella parvula, Parabacteroides merdae, [69]
Lactobacillus spp., Bifidobacterium longum
Bifidobacterium longum, Collinsella aerofaciens, Enterococcus faecium [49,61]
Sarcoma anti-PD1 or Bacteroides fragilis, Bacteroides thetaiotamicron, Burkholderia, [49,52]
anti-CTLA-4 Akkermansia muciniphila, Enterococcus hirae, Alistipes ’
Ruthenibacterium lactatiformans, Eubacterium limosum, Fusobacterium
Colorectal cancer anti-PD1 or ulcerans, Phascolarctobacterium succinatutens, Bacteroides uniformis, [68]
anti-CTLA-4 Bacteroides dorei, Paraprevotella xylaniphila, Parabacteroides johnsoni,

Parabacteroides gordonii, Alistipes senegalensis

Akkermansia muciniphila, Lachnospiraceae, Erisypelotrichaceae lacteria,

Ren.a Feell anti-PD-L1 Enterococus faevium, Alistipes indistinctus, Bacteroidaceae, Bacteriodes [49]
carcinoma . ) ..
xylanisolvens, Bacteroides nordii
Streptococcus thermophilus, Fusobacterium ulcerans, Candidatus
Liberibacter, Lactobacillus mucosae, Ruminococcus obeumn, unclassified
. Lachnospiracae, Ruminococcus bromii, Subdoligranulum, Bacteroides
Carcinoma . ; ) ! . L
anti-PD-1 cellulosyticus, Lactobacillus gasseri, Anaerotruncus colihominis, [75]
hepatocellulare

Eubacterium hallii, Dorea formicigenerans, Lactobacillus vaginalis, Dalister
invisus, Lactobacillus oris, Akkermansia muciniphila, Bifidobacterium
dentium, Megasphera micronuciformis, Coproccus comes

Abbreviations: PD-1—programmed death-1, PD-L1—programmed death-1 ligand, CTLA4—cytotoxic T cell antigen 4.

6. Our Own Observations on the Relationship between the Gut Microbiome and the
Effectiveness of Anti-PD-1 or Anti-PD-L1 Immunotherapy in NSCLC Patients

The study of the microbiome is possible thanks to next-generation sequencing (NGS),
which allows the identification of the composition of the broad range of microbiota without
the need for culture. The bacterial hypervariable region of 16S RNA genes, which are
characteristic of individual bacteria, is analyzed in this approach. In our preliminary study
of the gut microbiome of patients with advanced non-small-cell lung cancer treated with
anti-PD-1 or anti-PD-L1 antibodies, we found that high abundance of the Akkermansiaceae
family (of which Akkermansia mucinifila is a major member) is a favorable predictor of im-
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munotherapy efficacy (PFS prolongation), thus confirming the results in the literature [76].
Nevertheless, an excessively high percentage of Akkermansiaceae may be an indicator of
dysbiosis and low diversity of the gut microbiome, occurring, for example, as a result of the
use of antibiotics (especially broad-spectrum antibiotics). This is a very important factor,
due to the fact that a high diversity in the composition of the microbiome is associated
with stimulation of the immune system in oncological diseases, and with an increase in the
efficacy of immunotherapy.

In 37 NSCLC patients not treated previously with antibiotics, the abundance of Oscil-
lospirales (especially Oscillospirales UCG-010) was significantly positively correlated with
PFS duration. Moreover, high content of Staphylococcaceae and Leuconostocaeae was associ-
ated with a significantly shorter PFS (data not published). In the whole group of patients
treated and not treated with antibiotics (n = 47), we observed even more significant cor-
relations between PFS and the abundance of the mentioned bacterial groups. In addition,
we noticed that in the whole group of patients a high abundance of Veillonellaceae was
correlated with shorter PFS, which seems to be in line with the results of Song et al. [70].
Moreover, Cekikij et al. indicated that patients with CRC non-resistant to ICIs therapy
had an increased content of Akkermansia, Clostridium sensu stricto 1 and Oscillospiraceae
and decreased content of Streptococcus and Leuconostoc [77]. Due to the fact that PFS is
not the best indicator of the effectiveness of immunotherapy, our 47 advanced NSCLC
patients with microbiome genotyping are under surveillance in order to obtain prospective
long-term observations in terms of overall survival.

7. Probiotics and Prebiotics

Knowing the influence of particular species of bacteria on the immune system and the
effectiveness of cancer immunotherapy, it is worth considering how we can interfere with
the quantitative and qualitative composition of the microbiome to a patient’s benefit. The
experiences to date confirm that even a few days’ diet modification has a clear impact on
the microbiome [46]. Modifying the microbiome through the diet can be directly through
the supply of live bacteria (probiotics), which are a natural component of food. In this way,
we provide the organism with fermenting bacteria, such as Lactobacillus, Bifodobacterium,
Enterococcus or Pediococcus [7,78,79]. Dairy products, mainly yoghurts, kefirs and cheeses,
are commonly enriched with Bifidobacterium longum, B. lactis, Lactobacillus acidophilus, L. casei
and L. paracasei [80]. Buttermilk provides L. lactis and L. bulgaricus. Fermented vegetables
such as pickled cucumbers or cabbage are rich in Lactobacillus species, especially L. plantarum
and L. brevis, while kimchi provides Lactococcus lactis. Fermented soybean products such as
tempeh and miso contain large amounts of Enterococcus faecium and Lactobacillus species.
Live bacteria can also be supplied in the form of ready-made preparations, standardized
in relation to the quantitative and qualitative composition [78]. It should be strongly
emphasized that the safety and efficacy of large amounts of probiotics in cancer patients
has not been demonstrated. There are also no data regarding whether such a procedure
has an impact on the effectiveness of immunotherapy. Probiotics can disrupt the natural
composition of the microbiome, which may be counterproductive.

Modification of the microbiome is also possible by supplying the body with ingre-
dients that contribute to its enrichment. Prebiotics are commonly known substrates in
the form of non-digestible food ingredients (carbohydrates) which are components of the
dietary fiber fraction, primarily oligosaccharides, among which the most important are
fructooligosaccharides, lactulose and soy oligosaccharides, and polysaccharides, among
which the most important are inulin, 3-glucans, and pectin [78]. Foods naturally rich in
prebiotics include chicory, onions, asparagus, garlic, potatoes, bananas, soybeans (including
soybean whey), artichokes, wheat, oats, barley, Jerusalem artichoke, tomatoes and honey.
Fiber selectively stimulates growth and increases the activity of microorganisms that are
beneficial to health in the intestinal microbiota, regulates the pH of the intestinal contents,
and provides a breeding ground for bacteria, stimulating the production of SCFAs, butyric
acid and vitamins. A diet rich in dietary fiber results in an increase in the total amount of
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intestinal bacteria, increasing the diversity of the microbiome with a significant increase in
Bifidobacterium spp. and Lactobacillus spp. [43]. A high-fiber diet enriches the microbiome
with bacteria, which has been associated with increased immunotherapy effectiveness in
various cancers, which was widely described above.

8. Micronutrients, Gut Microbiome and Cancer

As opposed to the commonly known beneficial effects of fiber, knowledge about
the influence of micronutrients on the development of intestinal microbiota beneficial
for humans is less widespread. However, micronutrient deficiencies have been linked to
changes of bacterial species in the human gut microbiota affecting the host regulation of
immune responses. Moreover, malnutrition is one of the common symptoms of cancer [81].
The supply of selected elements and vitamins could promote the richness of the intestinal
microbiome and increase the amount of bacteria that are vital to higher effectiveness of
oncological treatment (Table 2).

8.1. Vitamin A

In a large study involving 306 children, vitamin A supplementation compared to
the placebo resulted in a higher concentration of Bifidobacterium in the faeces. These ob-
servations were made in boys, but this difference was not present in girls [82]. In girls
in late infancy, a positive correlation was found between the concentration of retinol in
the plasma with Bifidobacterium and Akkermansia abundance. In a group of patients with
retinol deficiency, a higher concentration of Enterococcus faecalis in the faeces was demon-
strated [83]. Studies by Mandala et al. showed that an increase in retinol consumption was
associated with the increase in Proteobacteria to Actinobacteria and Proteobacteria to Firmicutes
ratios [84]. However, research results on the influence of vitamin A supplementation on the
composition of the microbiome are inconsistent. Another study in a group of 64 children
showed that after vitamin A intake, stool samples were dominated by Bacteroidetes (46%) as
well as Proteobacteria, Actinobacter, Enterobacter and Bifidobacterium [85].

Consumption of carotenoids in the diet may reduce the risk of colon cancer, and
conversely, dietary beta-carotene consumption was inversely related to the incidence
of colorectal adenoma. A link has been shown between vitamin A deficiency and an
increased incidence of different cancers, e.g., breast, cervix, lung, skin, mouth, prostate and
leukemia [86,87]. Vitamin A has been used in clinical trials, alone or in combination with
chemotherapy, to treat breast cancer, colorectal cancer, hepatocellular carcinoma, melanoma,
neuroblastoma, glioblastoma, skin T-cell lymphoma, lung cancer, prostate cancer, gastric
cancer and pancreatic cancer [88]. Interesting results were presented by Pastorino and
co-authors. In a group of 307 patients with stage I NSCLC after surgery, the adjuvant effect
of high-dose vitamin A was examined. One group of patients received retinol palmitate
(orally 300,000 IU daily for 12 months) and the control group received a placebo [89].
After a median follow-up of 46 months, 131 relapses were observed. Recurrence of the
disease occurred in 56 patients receiving vitamin A (37%) and in 75 patients in the control
arm (48%) [89]. The development of the second primary tumor occurred with a similar
frequency in patients receiving and not receiving vitamin A supplementation (29% vs.
33%). Carotenoids in human breast cancer cell lines inhibit cell proliferation and increase
cancer cell apoptosis [90,91]. Vitamin A supplementation reduced the liver metastases
of colon cancer [92] and reduced melanoma metastases in mice [93]. Despite numerous
scientific studies and clinical trials, Vitamin A has not been widely used in the prevention
and treatment of cancer. Only all-trans retinoic acid (ATRA) has been registered for the
treatment of acute promyelocytic leukemia (APL).

In the context of cancer therapy, vitamin A has a wide range of effects on the immune
system. Retinol is required for B cells stimulation, thymocytes growth, myeloid-derived
suppressor cells (MDSC) maturation and NK cells activation [94]. Vitamin A is involved in
regulating the function of mitochondria and microRNA and it influences tumor stem cells.
Retinoids bind to selective proteins in the target cells, such as RAR (retionoic acid receptor),
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RXR (retinoid X receptor), EGFR (epidermal growth factor receptor), JAK2 and caspase-
3 [95]. On the other hand, receptor complexes bind to a selective region of nuclear DNA,
which enables the regulation of gene expression and protein synthesis. A total of seventeen
gene signaling pathways have been involved in the anti-tumor mechanisms of retinoids [88].
Modulating the appropriate signaling pathways of vitamin A results in inhibition of tumor
cells proliferation and tumor growth arrest [88]. There are no scientific reports examining
the effect of vitamin A on the effectiveness of cancer immunotherapy, either directly or
through the influence of this vitamin on the immune system or microbiome, except for one
phase II clinical trial. Five melanoma patients received ipilimumab alone and another five
patients ipilimumab plus ATRA. ATRA significantly decreased the frequency of circulating
MDSCs compared to ipilimumab treatment alone in advanced-stage melanoma patients.
Additionally, ATRA reduced the expression of immunosuppressive genes, including PD-L1,
IL-10 and indoleamine 2,3-dioxygenase (IDO), by MDSCs. Furthermore, ATRA did not
increase the frequency of grade 3 or 4 adverse events [96].

8.2. B Vitamins

The effect of vitamin B1 (thiamine) was demonstrated on lymphoid tissue—lymph
nodes and spleen were smaller in the group of mice that were not given vitamin B1. Upon
commencement of supplementation, tissues increased in volume and returned to normal
size in 14 days [97]. In studies in mice infected with Mycobacterium tuberculosis that were
treated with vitamin B1, increased levels of TNF-« and IL-6 in the lungs and enhanced
upregulation of CD86 and MHC-II expression on antigen-presenting cells were shown. Fur-
ther observations indicate that vitamin B1 could regulate the functions of macrophages and
regulate the NF-kB signal in macrophages to promote the protective immune response [98].
In a group of 257 patients, the influence of the supply of vitamin Bl in a dose of up to
0.6 mg/1000 kcal/day on the intestinal microbiota was examined. The study showed a
significant increase in Bacteroides, Faecalibacterium and Prevotella. The greatest correlation
was found between the Ruminococcaceae family and the vitamin B1 supplementation [99].

It has been observed that the microbial pathway of vitamin B2 (riboflavin) synthesis
produces metabolites that stimulate the activation of mucosa-bound T cells in intestines and
airways, promote a tissue repair response and help to maintain the integrity of the epithelial
barrier [100]. Vitamin B2 supplementation resulted in an enrichment of the overall diversity
of the microbiome, in particular in Faecalibacterium and Roseburia, as well as a reduction
in the number of Enterobacteriaceae [101,102]. The use of high doses of vitamin B2 (100 mg
daily) resulted in an increase in Faecalibacterium prausnitzii (one of the main producers of
butyrate) within 2 weeks of supplementation. A reduction in the number of these bacteria
was observed after the end of supplementation. An increase in the number of Roseburia
species and a decrease in Escherichia coli were also shown. Randomized studies of vitamin
B2 supplementation at a dose of 75 mg/day showed an increase in Alistipes shahii in the gut
microbiome [103]. In a study of patients who received vitamin B2 for 2 weeks, there was an
increase in Faecalibacterium prausnitzii in the faeces, which is a strong producer of SCFAs.
Another study, in which supplementation lasted for 3 weeks, showed a reduction in the
number of potentially pathogenic Enterobacteriaceae (including Escherichia coli) [101].

Studies conducted in a group of people supplementing orally with vitamin B3 (nico-
tinic acid) indicate the effect of this vitamin on the growth of Bacteroidetes [103]. To confirm
this concept, 10 volunteers received vitamin B3: nicotinic acid (30-300 mg) and nicotinamide
(900-3000 mg) to the ileo-colonic region to evaluate direct effects on the gut microbiome.
After a period of 6 weeks, a significant increase in the amount of Bacteroidetes was observed
in the group using nicotinic acid compared to the group using nicotinamide [104]. Vitamin
B3 suppresses monocytes by inhibiting the release of inflammatory mediators such as
TNF-«, IL-6 and monocyte chemotactic protein-1, and it also reduces the production of
pro-inflammatory cytokines by macrophages [105].

Vitamin B12 in food is present in the form of a protein complex and it is released free
via pepsin in the stomach. It is absorbed in the small intestine via the intrinsic factor (IF).
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Vitamin B12 is also produced by intestinal bacteria, which include Bifidobacterium animalis,
B. infantis, B. longum, Lactobacillus plantarum, L. coryniformis, Bacteroides fragilis, Prevotella
copri, Faecalibacterium prausnitzii and Ruminococcus lactaris [106]. Vitamin B12 produced
by Eubacterium hallii promotes Akkermansia muciniphila growth and propionate produc-
tion [107]. Additionally, A. muciniphila stimulates the growth of E. hallii and Anaerostipes
caccae, which are responsible for the participation in the vitamin B12 biosynthetic pathway.
In murine models, vitamin B12 deficiency reduces the number of lymphocytes and CD8+ T
cells, increases the ratio of CD4+ cells to CD8+ cells and inhibits the activity of NKT cells.
This effect can be reversed with vitamin B12 supplementation. These observations confirm
that vitamin B12 contributes to the immune response mediated by CD8+ T cells and NK
T cells. Vitamin B12 supplements may reduce the direct toxic side effects of therapy as
vitamin B12 is required for DNA synthesis, neural functions and reduction of the severity
of drug-induced peripheral neuropathy in patients who receive chemotherapy (especially
pemetrexed) [108].

8.3. Vitamin C

Vitamin C supplementation significantly increases the biodiversity of the gut micro-
biome, with a particular abundance of Collinsella and fecal SCFA levels, especially butyrate
and propionate [103]. In vitro studies showed that high vitamin C concentration causes
the growth of Roseburia, Faecalibacterium, Akkermansia and Bifidobacterium, but this trend
has not yet been confirmed in humans. Vitamin C is essential for the survival of com-
mensal anaerobes such as Bacteroides [109]. Vitamin C acts as an absorber for radicals
(e.g., hydroxyl OH— or superoxide O, —), thus generating ascorbyl free radical (AFR) and
hydrogen peroxide (H,0O,) or water [94]. Neoplastic cells coexist with increased expression
of vitamin C transporters and intensified oxidative processes. In this way, the accumulation
of free radicals occurs, which causes an imbalance in the activity of mitochondria and the
production of reactive oxygen species. This in turn causes demethylation, damage to DNA
strands and biological membranes. In the mechanism outlined above, vitamin C inhibits
cancer proliferation and enhances cancer cell apoptosis.

Vitamin C deficiency has been correlated with a higher frequency of gastric cancer
and prostate cancer occurrence [94]. Vitamin C stimulates and strengthens the function
of leukocytes and neutrophils. Supplementation may enhance the proliferation of T cells
and increase the production of cytokines. Numerous studies examine the usefulness of
vitamin C as monotherapy or in combination with chemotherapy or immunotherapy in the
treatment of many types of cancer [110]. Leukemia, colorectal cancer, melanoma, pancreatic
cancer, prostate cancer, NSCLC, breast cancer, ovarian cancer, hepatocellular carcinoma,
mesothelioma, thyroid cancer, oral squamous cell carcinoma, neuroblastoma and glioma
were the most commonly studied. Studies conducted in animal models have shown inhi-
bition of tumor growth (40-60%) by the use of increased doses of ascorbate (1-4 pg/kg)
intravenously or intraperitoneally. The supply of vitamin C was also effective in inhibiting
the formation of metastases (50-90%) [110]. In combination with immunotherapy, vitamin
C increased the immunogenicity of effector T cells in murine models [111,112]. Complete
regression was observed in several mice, and immunity persisted after re-injecting the tu-
mor cells. Influenced by vitamin C, increased tumor infiltration by CD8+ T cells (including
cytotoxic T cells) and macrophages was demonstrated, and increased production of IL-12 by
antigen-presenting cells was observed. Vitamin C contributes to the transformation of “cold
tumors” insensitive to immunotherapy into “hot tumors” susceptible to treatment [110].

8.4. Vitamin D

Recent studies show that vitamin D can directly affect the intestinal and respiratory
tract microbiome and alleviate dysbiosis [113]. In animal models, C57BL/6 mice reared
on a vitamin D-rich diet had 50 times more bacteria in the colon and greater microbial
diversity, as well as increased production of SCFAs per gram of dry weight, compared to
those fed a low-vitamin D diet [114]. Butyrate increases the expression of the vitamin D
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receptor (VDR) in intestinal epithelial cells. A similar effect of VDR stimulation occurs
after administration of the probiotic strains Lactobacillus rhamnosus GG ATCC 53,103 and
L. plantarum [115]. The intestinal microbiota of mice deficient in VDR shows loss of Lacto-
bacillus spp. and an increase in Proteobacteria spp. and Bacteroidetes spp. [115]. In humans,
in a group of 3188 IBD patients, it was observed that higher plasma 25(OH)D3 concentra-
tion (27.1 ng/mL) was associated with a significantly reduced risk of Clostridium difficile
infection [114,116]. In studies of patients with multiple sclerosis (MS), it has been shown
that supplementation with 5000 IU of vitamin D3 daily for 90 days increased the number
of Akkermansia as well as Faecalibacterium and Coprococcus, which produce butyrate and
anti-inflammatory SCFA [117]. A study of MS patients treated with vitamin D3 showed
that the supply of this vitamin caused changes in the levels of Firmicutes, Actinobacteria
and Proteobacteria and an increase in the number of Enterobacteria compared to those who
were not treated with vitamin D3 [118]. The daily intake of 60 ug of cholecalciferol resulted
in an enrichment of Bifidobacterium longum in stool samples [119]. The use of high doses
of 50,000 IU cholecalciferol weekly for 9 weeks reduced the amount of Bacteroidetes and
Lactobacillus, whilst Firmicutes and Bifidobacterium increased after supplementation [120].
Subsequent studies confirm that high serum vitamin D levels can be correlated with high
abundance of several Firmicutes such as Ruminococcus, Coprococcus, Mogibacterium and Blau-
tia [121]. In another study, vitamin D supplementation (300,000 IU over 4 weeks) modified
the composition of the gut microbiome resulting in the growth of beneficial bacteria such
as Alistipes, Faecalibacterium, Roseburia and Parabacteroides [122,123]. A correlation was also
observed between changes in the composition of the intestinal microbiome and the season
of the year. In the summer—-autumn period, when sun exposure and serum level of vitamin
D are the highest, abundance of Pediococcus spp., Clostridium spp.and Escherichia/Shigella spp.
is increased [124]. A randomized study of 23 patients with confirmed vitamin D deficiency
revealed that 50,000 IU of oral vitamin D3 once weekly supplementation caused Lactococcus
to increase, whereas Veillonella and Erysipelotrichaceae were substantially decreased after
12 weeks [113]. Vitamin D controls the expression of antimicrobial peptides, contributing
to a protective effect on the intestinal and bronchial mucosa, it maintains the integrity of
the mucosal barrier and it promotes epithelial healing [125].

Vitamin D develops a suppressive effect on the immune system. VDR receptors are
found on the surface of dendritic cells, macrophages, T and B cells. Vitamin D inhibits
the activity of the immune cells, the proliferation of B and T cells and the production of
pro-inflammatory cytokines, IL-2, IL-12, IL-17, IFN-y and TNF-o [126]. The influence of
vitamin D on the development and growth of NKT cells was noted. Numerous observa-
tional studies have shown the impact of vitamin D deficiencies on the risk of autoimmune
diseases such as type I diabetes, Hashimoto’s thyroiditis, inflammatory bowel disease, sys-
temic lupus erythematosus, multiple sclerosis, vitiligo, psoriasis and rheumatoid arthritis.
Supplementation of high dose vitamin D could improve the clinical course of vitiligo. Since
vitamin D deficiency affects the development of autoimmune diseases, its supplementation
may prevent other serious adverse events during immunotherapy of cancer [108].

On the other hand, vitamin D increases the production of IL-10 by DCs and cathelicidin
by macrophages, and it activates Tregs as well as induces the production of IL-4 by Th2 cells
together with a downregulation of the pro-inflammatory Th1, Th17 and Th9 lymphocytes.
In mice, the effect of high concentrations of vitamin D on the decreased level of IL-22 was
also observed. Vitamin D inhibits inflammatory cytokine production by monocytes, and
suppresses dendritic cell differentiation and maturation, which helps to maintain immune
tolerance [125].

8.5. Vitamin E

Vitamin E influences the gut microbiome and correlates with an increase in Firmi-
cutes [127,128] and a significant decrease in the Bacteroidetes cluster [127]. In a study com-
paring a group with supplementation of iron and vitamin E with a group with only iron
supplementation, a marked decrease in Bacteroides and an increase in Firmicutes (espe-
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cially Roseburia) was observed. Supplementation has been positively associated with SCFA
production. Thus, the addition of vitamin E to therapeutic iron supplementation may
create a more favorable profile of the gut microbiome by promoting the growth of butyrate-
producing bacteria [129]. Higher levels of vitamin E have also been associated with greater
abundance of Akkermansia and other health-promoting taxa such as Lactobacillus, Bifidobac-
terium and Faecalibacterium [102,130]. The research results are interesting, but there are too
few of them and further analysis is needed.

Vitamin E has an antioxidant effect and participates in immune regulation by inhibit-
ing the NF-kB and STAT3 signaling pathways. It affects the proliferation of cells through the
phosphoinositide 3-kinase (PI3K) pathway and the process of apoptosis [101]. It was shown
that the level of vitamin E in the blood was significantly lower in patients with prostate
cancer (n = 32, mean concentration—>5.2 pg/mL) than in healthy subjects (n = 40, mean
concentration—14.2 pug/mlL) [131]. Zhang et al. reported that vitamin E intake could reduce
colorectal cancer risk [132]. A study involving 278 cases of lung cancer and 205 cases of
prostate cancer presented a significantly lower concentration of «-tocopherol in cancer pa-
tients than in healthy volunteers [133]. Recent studies indicated the importance of vitamin
E in immunotherapy with immune checkpoints inhibitors. Cancer patients with vitamin
E supplementation during ICIs treatment had a prolongation of survival. Vitamin E acts
on DCs through the SCARBI receptor and inhibits the protein tyrosine phosphatase SHP1,
the internal checkpoint of dendritic cells [134]. Cross-presentation of antigen triggered
systemic, antigen-specific T-cell antitumor immunity. Combining immunotherapy with
vitamin E supplementation could significantly increase the effectiveness of oncological
treatment.

8.6. Vitamin K

Vitamin K supports the diversity of bacteria in the gut microbiome. In a group
of Japanese women whose diets were poor in vitamin K, a high relative abundance of
Ruminococcaceae and Bacteroides was demonstrated, while in a group of women on a vitamin-
K-rich diet, a high relative abundance of Bifidobacterium and Lactobacillales was found [135].
The cytotoxic and antitumor properties of vitamin K result from the reactivity of the quinone
moiety of this molecule, which generates oxygen free radicals. This effect is also associated
with a change in the cell cycle at the transcriptional level and a disturbance in carboxylation
biochemistry [94]. Vitamin K influences cell proliferation by enhancing the expression of
protein kinase A and inhibiting NF-«B by suppressing IkB kinase. The anti-tumor activity
of the vitamin K analog—PPM-18 has also been demonstrated in a group of bladder cancer
patients [136]. PPM-18 activated AMP-activated protein kinase (AMPK) and inhibited
the PI3K/AKT and mTORC1 pathways in bladder cancer cells, inducing autophagy and
apoptosis of cancer cells. There are no studies analyzing the efficacy of combination therapy
with anticancer drugs and vitamin K supplementation.

8.7. Iron

In vivo and in vitro studies have shown adverse effects of oral Fe supplementation
on the composition of the gut microflora, gut metabolism and gut health. Changes in
the bacterial composition caused by the administration of iron influenced the bacterial
pathway of Staphylococcus aureus, suggesting a reduced protective gut microbiota response
to bacterial infections and carcinogenesis [137]. Paganini and co-authors demonstrated a
relationship between higher iron concentration and a decline in the amount of lactic acid
bacteria—Bifidobacterium and Lactobacillus and an increase in enteropathogenic strains such
as Escherichia coli [138]. In a group of 35 children in Kenya, after 4 months of Fe using, there
was a lower number of the genus Lactobacillus (p = 0.048) and Bifidobacterium (p = 0.058),
and a higher number of Clostridiales (p = 0.015) and Enterobacteriaceae family (p = 0.086),
compared to the control group. Moreover, the number of Ruminococcaceae, Lachnospiraceae
(mainly Dorea, Blautia and Coprococcus) and Erysipelotrichaceae was significantly higher
in the group with Fe supplementation compared to the control group (p < 0.05 for all
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of the listed ones). Another study, involving 139 children aged 6-14 years, showed that
after 6 months of iron supplementation, there was a significant increase in the number
of Enterobacteriaceae (p < 0.005) and a decrease in the number of Lactobacillus (p < 0.0001).
Moreover, an increase in concentration of fecal calprotectin (p < 0.01), which is a marker of
enteritis, has been observed [139]. Simonyte et al. confirmed the above observations. Their
study assessed the effect of various doses of supplemented iron on the microbiota and it
was found that the consumption of a high dose of iron for 45 days reduced the amount of
Bifidobacterium (p < 0.001, 60% vs. 78%) and Lactobacillus (p < 0.007, 8% vs. 42%), while no
increase in pathogenic bacteria was observed [137]. It was also observed that an increase
in SCFAs enhances iron absorption. In infants with iron deficiency, a reduction in the
abundance of butyrate-producing species such as Butyricicoccus, Roseburia and Coprococcus
was shown [35].

High iron level is associated with high risk of colorectal cancer by increasing the activ-
ity of bacterial enzymes involved in carcinogenesis of the large intestine. Bifidobacteriaceae
are able to bind Fe in the large intestine and reduce the formation of free radicals. Lactobacil-
lus fermentum reduces Fe (III) to Fe (IT) and increases its absorption [140]. A very interesting
discovery regarding the use of iron oxide nanoparticles (IONP) in cancer immunotherapy
was described by Chung et al. [141]. IONPs can be used to stimulate immune cells to
increase their activity at the tumor site and improve the response to cancer immunotherapy.
Iron from IONPs is widely present in the organism, it is used by various cellular processes
and it is biodegradable, which are advantages over other nanoparticles. IONPs can be con-
verted to exhibit specific physicochemical properties, such as, for example, surface charge.
By these modifications, the surface of the IONPs can be tailored to conjugate therapeutic
agents as well as antibodies that are selective and specific for a particular cell type. The
modified surface enables the delivery of antigens, adjuvants and therapeutic agents to
immune cells, and the conjugation of antigens to IONPs protects them from degradation
in vivo. IONPs’ labeling of immune cells, such as DCs, macrophages and lymphocytes,
increases the number of cells in the vicinity of the tumor. The magnetic properties of
IONPs in MRI enable the targeting of molecules to specific tumor sites. Labeling with
antibodies against immune checkpoints (e.g., anti-PD-L1) could increase the effectiveness
of immunotherapy. In tumor-bearing C57BL/6 mice with anti-PD-L1 antibodies on the
IONPs’ surface, higher tumor growth suppression and survival rate were observed. IONPs
can also be used in photothermal therapy to induce an immune response in tumors and
provide immunostimulants to strengthen the effect.

8.8. Zinc

Dietary zinc deficiency affects the gut microbiota, and the gut microbiota affects the
absorption of zinc in the intestines. Numerous studies indicate that prophylactic doses
of zinc oxide (Zn0O) in various animal models reduced the presence of anaerobic Gram-
negative bacteria [142]. The supply of zinc caused a decrease in Enterobacteriaceae, mainly
Escherichia coli and Clostriudium spp., in pigs. Coated ZnO nanoparticles increased the
microbial richness of Ruminococcus flavefaciens and Prevotella [143,144]. Data on changes in
the number of Lactobacillus are inconsistent. Recent studies have shown a decrease in the
level of Lactobacillus after zinc supplementation [144-146]; however, there are reports of an
increase in the level of this bacterium after the use of Zn [147]. In studies carried out on
chicks, it was shown that in the caecum of individuals with Zn deficiency a higher number
of Proteobacteria and a smaller number of Firmicutes were observed compared to the group
with iron supplementation. The Firmicutes:Proteobacteria ratio was significantly lower in the
Zn-deficient group [148]. Moreover, in the Zn-deficient group, the number of Bacteroidetes
increased while the Actinobacteria decreased. Zn-deficient chicks had a significantly higher
relative abundance of Enterococcus, Enterobacteriaceae and Ruminococcaceae, and a signifi-
cantly lower relative abundance of Clostridiales and Peptostreptococcaceae, compared to the
Zn-supplemented group.
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Zinc improved the function of the immune system by increasing the level of pro-
inflammatory cytokines such as IL-1f, IL-2, IL-6, TNF-« and IFN-y and reducing IL-10 in
the serum, confirming the central role of Zn for cytokine production and immunoreg-
ulation [148,149]. Zinc supplementation in combination with the probiotic Lactobacillus
plantarum 1S-10506 for 90 days resulted in a significantly increased humoral immune re-
sponse [147]. Evidence from several studies showed that abnormal zinc metabolism has
been closely associated with the development of various types of malignancies includ-
ing breast, pancreatic, lung, liver, stomach, cervical and prostate cancer [150]. Cells of
prostate cancer contained 62-85% less zinc than cells from normal tissues. Low zinc level
has been correlated with a higher tendency to cancer progression and the advancement
of the neoplastic process. In the treatment of prostate cancer, zinc can induce a strong
necrotic response by activating ERK1/2 and protein kinase C (PKC) in tumor cells [150].
Similar to the above-mentioned iron, research is underway on the use of zinc in the form of
nanoclusters in combination with bovine serum albumin (ZnS@BSA) [151]. Zinc ions are
released in the tumor’s acid microenvironment and activate the signaling pathway of cyclic
guanosine monophosphate-adenosine monophosphate synthase/stimulator of interferon
genes (cGAS/STING). This causes an influx of CD8+ T cells to the tumor and dendritic
cells, leading to improved immunotherapy efficacy, what has been proven in mice with
hepatocellular carcinoma.

8.9. Magnesium

Little research has been done on the effects of magnesium on the gut microbiome. It has
been shown so far that low doses of magnesium in the diet (30 mg/kg) resulted in a greater
abundance of selected bacterial species in mice and a higher presence of rare species than
in a high magnesium supplementation diet (4000 mg/kg) [152]. The intestinal microbiota
of hypo-Mg mice showed a lower relative abundance of Actinomycetes and Proteobacteria
while a higher abundance of Bacteroidetes, Clostridiales and Clostridiaceae. In hyper-Mg mice,
a higher abundance of Bifidobacterium, Adlercreutzia and Lachnospiraceae was observed. In
studies on liver damage caused by methotrexate therapy, it was shown that magnesium
Isoglycyrrhizinate (MgIG) changed the composition of the intestinal microbes by increasing
the level of probiotic Lactobacillus and reducing the level of Muribaculaceae [153]. Another
study demonstrated that mice on a low-magnesium diet showed a lowered number of
Bifidobacterium in the gut and high levels of TNF-a and IL-6 [154].

Table 2. The relationship between micronutrients and microbiome.

Micronutrient Influence on Microbiome Reference
Akkermansia T [83]
Bifidobacterium 1 [83,85]
. . Proteobacteria to Actinobacteria ratio T [84]
Vitamin A Proteobacteria to Firmicutes ratio 1
Bacteroidetes T
Proteobacteria 1 [85]
Actinobacter 1 Enterobacter 1
Vitamin B1 Bacteroides T, Faecalibacterium 1, Prevotella T [99]
Faecalibacterium 1, Roseburia 1, Enterobacteriaceae | [101,102]
Vitamin B2 . -
Alistipes shahii 1 [103]
Vitamin B3 Bacteroidetes T [103]
Vitamin B12 Akkermansia 1 [107]
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Table 2. Cont.

Micronutrient Influence on Microbiome Reference
Collinsella 1 [103]
Vitamin C Bacteroides 1, Roseburia‘T‘, Faecalil'mcterium +, Akkermansia 1, [109]
Bifidobacterium 1

Lactobacillus rhamnosus 1, Lactobacillus plantarum 1 [115]
Clostridium difficile |, [114,116]

Akkermansia 1, Faecalibacterium 7, Coprococcus 1 [117]

Vitamin D Enterobacteria 1 [118]
Bifidobacterium longum 1 [119,120]

Ruminococcus 1, Mogibacterium 1, Blautia 1 [121]
Alistipes T, Roseburia 1, Parabacteroides [122,123]

Pediococcus 1, Clostridium 1, Escherichia 1, Shigella [124]
Firmicutes 1 [127,128]

Vitamin E Bacteroidetes cluster | [127]
Akkermansia 1, Ltzctob‘ucillus' 1, Bifidobacterium 1, [102,130]

Faecalibacterium 1
Vitamin K Bifidobacterium 1, Lactobacillales [135]
Bifidobacterium ¢,' Escherichia cqli 1, R.uminococcuceae 1, [138]
Lachnospiraceae T, Erysipelotrichaceae 1

Iron Enterobacteriaceae T [139]
Lactobacillus | [138,139]

Escherichia coli |, Clostriudium |, [142]
Zinc Ruminococcus flavefaciens 1, Prevotella [143,144]
Lactobacillus | [144-146]

Magnesium Bifidobacterium 1, Adlercreutzia 1, Lachnospiraceae 1 [152]

Lactobacillus 1, Muribaculaceae | [153]

Selenium Lachnospiraceae 1, Ruminococcaceae 1, Christensenellaceae 1, [155]

Lactobacillus 1
T-increase in the number of bacteria; |-decrease in the number of bacteria.

8.10. Selenium

Selenium supplementation determined an increase in the number of families Lach-
nospiraceae, Ruminococcaceae, Christensenellaceae and Lactobacillus in the gut microbiome [155].
Selenium stimulates the functionality of NK cells, macrophages and neutrophils as well
as the production of IFN-y, TNF-a and IL-6 [155]. Selenium supplementation enhances
the cytotoxic functions of NK cells in mice by increasing the expression of IL-2 receptors
(IL-2R) on their surface. Consumption of Se-enriched foods (200 mg per serving) over
3 days increased the levels of IL-2, IL-4, IL-5, IL-13 and IL-22, indicating that selenium
promotes the immune response of Th1l and Th2 cells. Selenium is anti-cancerous in the
tumor microenvironment, inhibiting the proliferation of cancer cells. In leukemia, sodium
selenite (200 mg/day for 8 weeks) increased the CD8+ T cells-mediated tumor cytotoxicity
and NK cell activity. Similar observations have been made in different neoplasms [156]. It
strengthens the immune system by regulating the production of antibodies. Immunomodu-
lating functions of selenium could reduce immunorelated adverse events (irAEs) of cancer
immunotherapy [157].
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8.11. Omega-3

Studies comparing the effects of different doses of omega-3 polyunsaturated fatty acids
(PUFAs) showed that supplementation with low doses of PUFAs (30 mg) was associated
with a higher concentration of Bacteroidales, Clostridium, Eubacterium and Planococcaceae and
with a lower abundance of Lactobacillus, Helicobacter and Ruminococcus than supplementa-
tion with 60 mg or 90 mg of the omega-3 PUFAs [158]. Firmicutes, Clostridiales, Lactobacillus
and Bifidobacterium were relatively more abundant in the group with supplementation of
60 mg of PUFAs, while Bacteroidetes were less abundant in this group. However, in the group
treated with 90 mg omega-3 PUFAs, there was a much higher concentration of Helicobacter,
Jeotgalicoccus, Staphylococcus, Ruminococcus and Alcaligenaceae than in remaining groups. A
higher percentage of Lactobacillus, Helicobacter and Ruminococcus and a lower percentage
of Bacteroides, Clostridium and Prevotella was observed in groups receiving higher dose of
PUFAs (60 and 90 mg). Studies on mice showed that omega-3 supplementation resulted in
enrichment of the intestinal microbiome in Bifidobacterium spp., Bacteroidetes, Lactobacillus
spp. (Firmicutes), Enterobacteriales (Proteobacteria), Lactococcus, Eubacterium, Lachnospermaceae,
Ruminococcansiaae and Akkermansia [159].

The effects of omega-3 PUFAs on the immune system is manifested by the inhibition of
release of pro-inflammatory cytokines: tumor necrosis factor-« (TNF-«), IL-1, IL-6, IL-8 and
IL-12, as well as by activation of nuclear factor kappa B [159]. In addition, omega-3 PUFAs
modulate the activity of immune cells, primarily neutrophil function, including migration
and phagocytic capacity, as well as the production of reactive oxygen species and cytokines.
It stimulates macrophages to produce and secrete cytokines and chemokines, and increases
the ability to phagocytose. Moreover, PUFAs modulate the activation of T cells.

9. Conclusions

The effectiveness of immunotherapy depends on the activity of the host’s immune
system and its ability to defeat tumor escape mechanisms from immune surveillance. The
transformation of “cold tumors” into “hot tumors” is associated with an increased number
of immune cells and cytokines in the tumor microenvironment, an increased tumor cells
apoptosis and a greater effectiveness of immunotherapy. The intestinal microbiome is
a proven immune system modulating factor, which positive role has been observed in
numerous cancers. An increase in the level of Th CD4+ and CD8+ cells and a decrease
in Tregs in the tumor microenvironment correlate with the abundance of Bifidobacterium,
Faecalibacterium genus Ruminococcaceae family and Clostridiales order in the gut. Increased
TNEF-o production is correlated with greater abundance of Bacteroidetes, especially Alistipes.
A higher percentage of peripheral blood NK cells and memory CD8+ T cells have been asso-
ciated with higher numbers of Alistipes putredinis, Prevotella copri and Bifidobacterium longum.
Richness of Bifidobacterium spp., Akkermanisa muciniphila and Enterococcus hire improves
anti-tumor specific immunity and the response to anti-PD-1 or anti-PD-L1 immunotherapy
by activating antigen-presenting cells and cytotoxic T cells within the tumor. Moreover, Bifi-
dobacterium spp. Bacteroides, especially B. fragilis and B. thetaiotamicron, may affect the IL-12-
and IFN-y-dependent Th1 immune response and enhance the efficacy of immunotherapy.

Micronutrients affect directly the activities of the immune system or regulate their
function by influencing the composition of the microbiome. Therefore, micronutrients
can significantly influence the effectiveness of immunotherapy and the development of
irEAs. This may become an interesting direction for further research on the predictors of
immunotherapy.

Vitamin A supplementation may contribute to the growth of Bifidobacterium, Akker-
mansia, Proteobacteria and Firmicutes, the richness of which have been correlated with the
greater effectiveness of immunotherapy in NSCLC, RCC, hepatocellular and colorectal
cancer patients. Retinol is required for B-cell stimulation, thymocyte growth and NK cell
activation, leading to inhibition of tumor cell proliferation and tumor growth arrest. B
vitamins affect the increased level of TNF-o« and IL-6 in the tumor microenvironment, the
activation of NF-kB factor in macrophages and the increased abundance of Bacteroides,
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Faecalibacterium and Prevotella, which stimulate the response to immunotherapy in NSCLC
and melanoma patients. Vitamin B2 stimulates T cell activation and enriches the overall mi-
crobiome diversity, especially in Alistipes, which may increase the effectiveness of NSCLC,
RCC, sarcoma and melanoma immunotherapy. Vitamin B12 particularly stimulates growth
of Akkermansia muciniphila and Eubacterium halli and the immune response mediated by
NK and T cells. Vitamin C supplementation enriches the microbiome in Roseburia, Faecal-
ibacterium, Akkermansia, Bifidobacterium and Bacteroides and may increase the effectiveness
of the treatment of numerous neoplastic diseases, including leukemia, colorectal cancer,
melanoma, pancreatic cancer, prostate cancer, NSCLC, breast cancer and ovarian cancer.
Vitamin C increases the immunogenicity of effector T cells in murine models and inhibits
tumor growth. Vitamin D and E stimulate the growth of Lactobacillus, Akkermansia, Fae-
calibacterium, Firmicutes, Actinobacteria, Proteobacteria and Bifidobacterium, which enhance
the effectiveness of immunotherapy in melanoma patients. Zinc enriches the microbiome
in Prevotella, Proteobacteria and Actinobacteria and improves the function of the immune
system by increasing the level of pro-inflammatory cytokines such as IL-1f3, IL-2, IL-6,
TNF-« and IFN-y in the tumor environment. Moreover, zinc has been studied as a drug
transporter directly to the tumor. Magnesium promotes the growth of Bifidobacterium in the
intestines and increases the level of TNF-x and IL-6. Selenium enriches the microbiome in
Lachnospiraceae, Ruminococcaceae, Christensenellaceae and Lactobacillus, which may favor the
therapy in hepatocellular carcinoma patients.
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W N e

Simple Summary: Cancer refers to a disease involving abnormal cells that proliferate uncontrollably
and can invade normal body tissue. It was estimated that at least 9 million patients are killed by cancer
annually. Recent studies have demonstrated that bacteria play a significant role in cancer treatment
and prevention. Owing to its unique mechanism of abundant pathogen-associated molecular patterns
in antitumor immune responses and preferentially accumulating and proliferating within tumors,
bacteria-based cancer immunotherapy has recently attracted wide attention. We aim to illustrate that
naive bacteria and their components can serve as robust theranostic agents for cancer eradication.
In addition, we summarize the recent advances in efficient antitumor treatments by genetically
engineering bacteria and bacteria-based nanoparticles. Further, possible future perspectives in
bacteria-based cancer immunotherapy are also inspected.

Abstract: Owing to its unique mechanism of abundant pathogen-associated molecular patterns in
antitumor immune responses, bacteria-based cancer immunotherapy has recently attracted wide
attention. Compared to traditional cancer treatments such as surgery, chemotherapy, radiother-
apy, and phototherapy, bacteria-based cancer immunotherapy exhibits the versatile capabilities for
suppressing cancer thanks to its preferentially accumulating and proliferating within tumors. In
particular, bacteria have demonstrated their anticancer effect through the toxins, and other active
components from the cell membrane, cell wall, and dormant spores. More importantly, the design of
engineering bacteria with detoxification and specificity is essential for the efficacy of bacteria-based
cancer therapeutics. Meanwhile, bacteria can deliver the cytokines, antibody, and other anticancer
theranostic nanoparticles to tumor microenvironments by regulating the expression of the bacterial
genes or chemical and physical loading. In this review, we illustrate that naive bacteria and their
components can serve as robust theranostic agents for cancer eradication. In addition, we summarize
the recent advances in efficient antitumor treatments by genetically engineering bacteria and bacteria-
based nanoparticles. Further, possible future perspectives in bacteria-based cancer immunotherapy
are also inspected.

Keywords: tumor therapy; engineered bacteria; bacteria-based cancer treatment

1. Introduction

Cancer refers to a disease involving abnormal cells that proliferate uncontrollably
and can invade normal body tissue. According to the World Health Organization (WHO),
cancer is the second leading cause of death worldwide [1]. It was estimated that at least
9 million patients are killed by cancer annually. Conventional therapies for cancer include
surgery, chemotherapy, and radiotherapy. However, the downside of these traditional
cancer treatment methods is that patients often suffer from various side effects during
treatment. In particular, conventional treatment exhibits low specificity, leading to drug
resistance in cancer cells.

Meanwhile, bacteria also have played an important role in maintaining good health
and preventing diseases from healthier environments for millions of years. It is estimated
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that the human body contains trillions of bacteria [2]. The human gastrointestinal tract
is the largest reservoir of commensal bacteria [3]. Intestinal bacteria such as Firmicutes,
Bacteroides, Actinomycetes, and Enterobacteriaceae promote human health by synthesiz-
ing vitamin K, preventing colonization of pathogens, and maintaining the homeostasis of
intestines [4]. There are more than 500 strains of bacteria such as Streptococcus and Actino-
mycetes in the mouth, which forms a protective biofilm on the surface of the teeth [5-7].
Additionally, Lactobacillus is dominant in the human vagina, maintaining the pH home-
ostasis of the environment by secreting lactic acid and inhibiting the interaction of other
bacteria with epithelial cells [8]. By contrast, Lactobacillus, Staphylococcus, Streptococcus, etc.,
exist in the skin and nasal cavity, protecting the human body from other pathogens [7,9].
More importantly, recent studies have demonstrated that bacteria play a significant role
in cancer treatment and prevention. In this review, we will firstly introduce the naive
bacteria and bacterial components of anticancer activity. We then summarize the recent
work on efficient antitumor treatments that combine bacteria and nanoparticles. Further,
we demonstrate that bacteria can be equipped with anticancer properties through gene
editing technology, which provides a new insight into cancer therapy.

2. Bacterial Components of Antitumor Treatment

To date, bacterial toxins produced by bacterial cells, such as the Coley toxin, diph-
theria toxin, Clostridium perfringens enterotoxin, bacterial enzymes L-asparaginase and
arginine deaminase, and biosurfactant, such as surface and prodigiosin-like pixels, is able
to effectively inhibit tumor growth through cell-cycle arrest, tumor-cell signal-pathway
interruption, and other mechanisms. In addition, the components of bacteria, bacterial
outer surface, the bacterial membrane, bacterial wall, and biofilm can also specifically
activate the immune response to kill tumor cells.

2.1. Bacterial Toxins

In 1891, Dr. Coley successfully cured cancer patients with a mixture of live bacteria
and “Coley toxin” heat-inactivated bacteria Streptococcus pyogenes and Bacillus mirabilis,
opening the door to bacterial treatment of cancer [10,11]. Subsequent studies illustrated that
Coley toxins include exotoxins produced by Streptococcus pyogenes and Serratia marcescens.
In addition, S. pyogenes can produce pyrogenic exotoxins SpeA, SpeB, and SpeC, which
have the ability to nonspecifically stimulate CD4+ lymphocytes, resulting in stronger
secretion of different cytokines [12]. Similarly, prodigiosin, produced by S. marcescens, is
a low molecular weight, red pigment, and heterocyclic tripyrrole toxin with antitumor
activity, causing fever and potential antitumor immune response when combined with
other components in the preparation [13].

Diphtheria toxin is a toxic protein produced by Corynebacterium diphtheria, while DTAT
is its modified form, which targets the vascular endothelium of the tumor, results in the
regression of cancer tissues in mice [14]. Clostridium difficile toxin includes two subtypes
of cytotoxin (TedB) and enterotoxin (TadA), which can kill cancer cells by recruiting proin-
flammatory factors to activate immune response [15]. Clostridium perfringens enterotoxin
produced by C. perfringens also has anticancer activity, which leads to dose-dependent acute
toxicity by binding to the overexpressed claudin-4 receptor on pancreatic cancer cells [16].
In addition, Verotoxin 1 (vt-1) is produced by pathogenic Escherichia coli and its function
is to arrest the cancer cell cycle. Exotoxin A (PE) synthesized by Pseudomonas aeruginosa
inhibits protein synthesis through ADP ribosylation, leading to cancer cell apoptosis [17,18].
The recombinant protein has better anticancer activity by modifying the cell structure
recognition domain of the protein and preserving the membrane translocation domain
and ADP ribosylation domain [15]. Hemolysin produced by bacteria, such as hemolysin
A produced by E. coli clyA gene and hemolysin O produced by Listeria monocytogenes, is
toxic to cancer cells. As a bacterial virulence factor, Listeria monocytogenes is released from
phagocytes by perforating the phagocyte membrane. This phagosome escape mechanism
enables Listeria monocytogenes to finally induce the immune response through MHC class
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I'molecules in the cytoplasm with the protein expressed by the vector as an endogenous
antigen [19].

2.2. Bacterial Enzymes

Bacterial enzyme L-asparaginase from Escherichia coli is an effective cancer therapeutic
agent, which can inhibit the progression of malignant cells by activating asparagine hydrol-
ysis and reducing its blood concentration, thereby causing toxicity to the MCF-7, HepG2,
and SK-LU-1 cell lines. Bacterial-derived asparaginase has been approved for the treatment
of acute lymphoblastic leukemia and non-Hodgkin’s lymphoma [20]. In addition, Fiedler
et al. demonstrated that Streptococcus pyogenes produces arginine deaminase, which can
consume arginine in tumor cells, resulting in decreased proliferation of arginine-deficient
tumor glioblastoma multiforme [21].

2.3. Biosurfactant

Cyclic lipopeptide is an example of a biosurfactant with extensive antibacterial and
antitumor activities that is produced by Bacillus subtilis natto TK-1. Xiaohong Cao et al.
demonstrated that cyclic lipopeptide inhibited proliferation of human breast cancer MCF-7
cells by inducing apoptosis and increasing ion calcium concentration in the cytoplasm.
Flow cytometric analysis revealed that cyclic lipopeptide caused dose- and time-dependent
apoptosis through cell arrest at G(2)/M phase [22]. Another lipopeptide such as surfactin,
have also been demonstrated their potential antitumor activity against several cancer cell
lines. [23]. Surfactin induces the increase in calcium ions in human breast cancer MCF-7
cells and the accumulation of tumor suppressor p53 and cyclin kinase inhibitor p21, leading
to cell-cycle arrest and apoptosis [22]. The same genus Marine Bacillus subtilis sp., can also
produce an L-lysine biopolymer Epsilon-poly-L-lysine with antibacterial and anticancer
activity. Studies have shown that Epsilon-poly-L-lysinet has obvious cytotoxicity on the
cervical adenocarcinoma cell HeLaS3 and liver cancer cell HepG2 [24]. Pseudomonas liba-
nensis m9-3 produces a cyclic lipopeptide named viscosin with extensive antibacterial and
antitumor activities. The MTT results indicated that viscosin inhibited the proliferation of
MDA-MB-231 in breast cancer at 15 uM concentration. Moreover, viscosin also inhibited
the migration of the prostate cancer cell line PC-3M [25,26]. The cyclic peptide AT514
(serratamolide) from Serratia marcescens is cytotoxic to B-cell chronic lymphocytic leukemia
and induces endogenous apoptosis by activating the release of caspase-3, the antitumor
function of which was confirmed in mouse experiments [27]. A variety of secondary
metabolites, prodigiosin-like fragments, BE18591 and roseophilin with antitumor activity
were isolated from Streptomyces sp. BE18591 inhibited the growth of the human Thomas
cancer cell MKN-45 [28]. Roseophilin binds to the intracellular antiapoptotic receptor Mcl-1
and induces apoptosis of cancer cells [29,30]. Prodigiosin-like fragments showed significant
cytotoxic activity against the colon cancer cell line HCT-116, liver cancer cell line HepG-2,
and breast cancer cell line MCF-7. Table 1 lists biosurfactants with cancer cell prolifera-
tion, which are known as antitumor agents and inhibit some cancer progression processes.
Biosurfactants show promising application in microemulsion-based drug formulations.
Microemulsion comprises an aqueous phase, an oil phase, and a surfactant, which can
encapsulate or solubilize a hydrophobic or hydrophilic drug for antitumor therapy. The
combination of biosurfactant and liposome also demonstrates specific targeting to cancer
cell. Shim, Ga Yong et al. revealed that surfactin enhanced cellular delivery of liposome
siRNA in Hela cells. In this way, it was possible to improve the antitumor effectiveness
of those nanoparticles [31]. Biosurfactants have application in broad-spectrum antitumor
treatments and are viewed as safe vehicles or ingredients in drug-delivery systems.
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Table 1. Biosurfactants with antitumor activity against cancer cells.

Biosurfactant Cancer Type References
Cyclic lipopeptide Bacillus subtilis natto TK-1 Breast cancer [22]
Surfactin Bacillus subtilis natto T-2 Breast cancer [23]

L-lysine biopolymer Liver carcinoma

Epsilon-poly-L-lysine Marine Bacillus subtilis sp. Cervix adenocarcinoma (24]
. . Pseudomonas libanensis
viscosin 19-3 Breast cancer [25]
AT514 Serratia marcescens B-cell chronic Iymphocytlc [27]
leukemia
BE18591 Streptomyces sp. Gastric cancer [28]
Roseophilin Streptomyces sp. Hematologic cancer [29]

Colon cancer

2.4. Extracellular Surface

Exopolysaccharides (EPS) are carbohydrate compounds secreted by Gram-positive
Lactobacillus bacteria outside the cell wall and usually infiltrated into the culture medium
in the process of growth and metabolism. Some adhere to the microbial cell wall to form a
capsule, which are called capsular polysaccharides. They have a dose-dependent and time-
dependent antitumor effect of antiproliferation, and they promote apoptosis in anticancer
activity [32]. The S-layer that is composed of protein and glycoprotein on the outermost
cell surface of Gram-positive bacteria also has antitumor activity. Studies have shown that
the S-layer protein of Lactobacillus acidophilus CICC 6074 can be regarded as a potential
antitumor drug [33].

2.5. Bacterial Cell Membrane

The bacterial membrane components used in anticancer treatment include the cyto-
plasmic membrane vesicles of Gram-positive bacteria and the outer membrane vesicles of
negative bacteria, as well as membrane fragments. Because of its rich pathogen-associated
molecular patterns (PAMPs), the bacterial membrane is recognized by antigen-presenting
cells (APCs) and activates the immune activity of T cells. It can also bind and activate the
toll-like receptor (TLR), which regulates the production of proinflammatory cytokines, such
as IL-12, and other constituent molecules, such as CD40. Subsequently, these mediators
produce interferon (IFN)-y and start the Th1-dependent immune response, mainly medi-
ated by CD8+ effector cells, which induces a strong immune response against cancer cells
in the tumor microenvironment [34,35].

The results of Min Li et al. showed that the PAMP on E. coli outer membrane vesicles
(OMVs) was effectively recognized and internalized by neutrophils in revascularization.
Neutrophils then crossed the blood vessels and guided OMVs to target inflammatory
tumors (Figure 1) [36].
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Figure 1. Schematic illustration showing the chemotaxis-driven delivery of NPNs for complete
eradication of tumors post-phototherapy. (a) Neutrophils sense, capture, and engulf pathogens
by recognizing the PAMPs with toll-like receptors (TLRs). (b) Preparation of NPNs by coating
the OMVs on NPs, which inherit PAMPs from the OMVs. (c) Preparation of PEG-b-PLGA NPs
encapsulating PBIBDF-BT (PBT) as a photothermal transducer. (d) The limited penetration of laser
light used in PTT causes heterogeneous heat distribution within the tumor tissue and incomplete
eradication of tumors, thus leading to tumor recurrence. (e) Treatment-induced cell death creates
an inflammatory environment of the residual tumor and induces the production of granulocyte
colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF),
and chemokines CXCL1 and MIP-2. #la The released G-CSF and GM-CSF increase neutrophil
production from bone marrow. #1b The released CXCL1 and MIP-2 broadcast the location of the
inflamed tumor. #2 Neutrophils enter the blood circulation and encounter the injected NPNs. #3
Neutrophils sense NPNs with the recognition of LPS and lipoprotein by TLRs and subsequently
engulf them. #4 Neutrophils laden with NPNs are recruited into the tumor site in response to the
chemokine gradient through the following cascade: adhesion, crawling, and transmigration. #5 NPNs
are released from neutrophils to kill tumor cells along with the formation of NETs in the inflamed
tumor (Adapted from reference [36] with permission).
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The OMVs of Gram-negative bacteria are mostly used in anticancer research and are
composed of a lipopolysaccharide (LPS), outer membrane protein (OMP), and PG similar
to the outer membrane. (3-Barrel assembly machine (BamA) protein guides and inserts
the outer membrane protein of the OMYV into the outer membrane of newly produced PG
to induce the outer membrane maturation of cells [37]. Knocking out the phospholipid
transporter vacj/yrb increases the production of OMVs in two Gram-negative bacteria:
Haemophilus influenzae and Vibrio cholerae [38]. RNA binding protein L7ae and lysosomal
escape protein listeriolysin O are modified on the surface of bacterial OMVs. L7ae specifi-
cally binds to the mRNA vaccine to deliver antigens to dendritic cells (DCs). Listeriolysin
O mediates the phagosome escape mechanism. This OMV-based mRNA tumor vaccine de-
livery platform can significantly inhibit the growth of melanoma and colon cancer cells [39].
OMVs of Gram-negative bacteria hybridize with tumor-derived cell membranes (MTs)
to form new functional vesicles. In vivo experiments showed that MT-OMVs can induce
adaptive immune response and then inhibit lung metastasis of the tumor [40].

As a tool for the delivery of nanomaterial and vaccines, the bacterial membrane plays
not only the role of antitumor cells, but also a role in antivirus and antibacterial infection.
Hydrophobic drugs can be loaded through the incubation method with convenient op-
eration, and common drugs can be loaded through electroporation, ultrasonic method,
extrusion method, freezing cycle, and saponin treatment method. The bacterial membrane
can be loaded with anticancer compounds, functional small RNA molecules, cancer cell an-
tibodies, and cytokines, and can jointly eliminate cancer cells through chemotherapy, gene
silencing or mutation, immunity, photothermal therapy, photodynamic therapy, and other
methods. Bacterial extracellular vesicles (BEVs) existing in the tumor microenvironment
can be engulfed by cells through antigen—-antibody-specific binding or membrane fusion.
The BEV then releases the cargo in the cytoplasmic space, allowing its nanomaterials to
play a role leading to apoptosis, necrosis, or autophagy of cancer cells. For example, RNA
drugs and antisense oligonucleotides were loaded into extracellular vesicles by ultrasound,
which played a role in the mouse breast cancer model [41].

Different pathogens will prefer colonization of specific tissues, such as Klebsiella pneu-
monia infecting the lungs, Neisseria meningitidis and Listeria monocytogenes infecting brain
nerves, which means specific bacterial membranes can be used to target the corresponding
cancer sites. After incubating the OMV of Klebsiella pneumonia with doxorubicin, a broad-
spectrum chemotherapy drug, and then mixing in PBS and removing the free doxorubicin,
it quickly reached the vicinity of the lung tumor in A549 BALB/c nude mice, and TUNEL
results indicated that it significantly induced tumor cell apoptosis (Figure 2) [42].
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Figure 2. The attenuated Klebsiella pneumonia derived outer-membrane vesicles (OMVs), as a kind
of biological drug-delivery carriers, are highly effective in transporting the chemotherapy drug
doxorubicin (DOX) into nonsmall-cell lung cancer (NSCLC) A549 cells. Moreover, they can elicit
appropriate immune responses, thereby enhancing the anti-NSCLC effect of DOX with no obvious
toxicity in vivo (Adapted from reference [42] with permission).

2.6. Cell Wall

The bacterial cell wall is mainly composed of peptidoglycans. In addition to main-
taining the shape of bacterial cells, peptide aggregation was also found to be related to
regulating immune response, stimulating the production of tumor necrosis factor, inter-
feron, and interleukin (IL-1, IL-6, IL-8, IL-12) [43].

2.7. Biofilm

Biofilm formed by bacteria also plays a role in tumor treatment. Biofilm is a glycopro-
tein lipid layer spontaneously formed by bacteria in the process of growth and attached
to abiotic or biological surfaces including protein, DNA, metabolites, and so on. Biofilm
forms in the tumor microenvironment and inhibits the growth, metastasis, and diffusion of
tumor cells. The anticancer metabolites secreted by different bacteria are released in the
biofilm, which can be accumulated and retained, so that they can be transferred to play a
role in tumor cells [44,45].

2.8. Dormant Spores

In a harsh environment, bacteria will produce dormant spores. The spores of Clostrid-
ium can resist the harsh external environment and only revive when targeting the hypoxic
tumor microenvironment. These advantages make anaerobic spores one way to target
cancer cells. Studies have shown that Clostridium novyi NT spores do not contain lethal
toxins, will not cause any systemic side effects in the injected host, and are an effective
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therapeutic agent for experimental tumors in mice [46]. The spores of Clostridium spp. are
transformed into the active state in the tumor microenvironment only because of their strict
anaerobic nature and are used in cancer treatment [47].

2.9. Magnetosomes

Magnetosomes are unique prokaryotic organelles containing 35 and 120 nm sized
magnetite (Fe3O4) or cinerite (Fe3S4) magnetic iron mineral crystals surrounded by phos-
pholipid bilayers. Mature magnetosomes are arranged in chains in the bacterial cytoplasm
to form magnetosome chains, which cause magnetotactic bacteria to swim in the direc-
tion of the Earth’s magnetic field line [48,49]. Magnetotropic bacteria (MTB) are natural
biomineralized bacteria that synthesize multiple magnetic nanoparticle chains in their own
cytoplasm and can sense external magnetic fields. In order to detect and treat cancer, the
bacteria can be combined with chemotherapy or radiotherapy drugs to target their delivery
through magnetic force [50].

3. Naive Living Bacteria for Anticancer

Compared with the extracted bacterial components, anaerobic or facultative anaer-
obic naive living bacteria have better tumor targeting. When naive living bacteria enter
the host body, they can actively target the tumor microenvironment, which includes the
characteristics of hypoxia, high purine, and low acid content. They can deliver the anti-
cancer bacterial components more efficiently. The bacteria with anticancer activity that
have been verified by animal experiments include probiotics: Lactobacillus [51-58] and
Escherichia coli [59], Streptococcus, Lactococcus lactis, Lactobacillus casei, Lactobacillus casei
Zhang, Bifidobacterium longum, and Clostridium butyricum, etc.; general toxic bacteria include
Muycobacterium tuberculosis [60], Salmonella typhimurium [61], and Listeria monocytogenes [62];
and pathogenic bacteria such as Vibrio parahaemolyticus, Pseudomonas aeruginosa [63], etc.

3.1. Mycobacterium tuberculosis

The first bacterial agent approved by the FDA was Bacillus Calmette-Guerin (BCG).
The Pasteur strain was obtained by Calmette and Guérin after 231 passages in cultures as
a vaccine for the prevention of tuberculosis. After entering the host, APC macrophages
selectively ingest Mycobacterium tuberculosis and activate the powerful ability of the innate
T-like effector cell group CD4+/CD8+ T cell. Weakened Mycobacterium tuberculosis is used
to treat superficial nonmuscle invasive bladder cancer (NMIBC), which eventually leads to
tumor cell apoptosis by activating the toll-related caspase-8 signaling pathway-like receptor
7 (TLR?). So far, this vaccine is still the most effective treatment for the disease [60,64,65].

3.2. Listeria monocytogenes

As a Gram-positive bacterium, Listeria monocytogenes is a superior carrier for cancer cell
antigen delivery. It is absorbed by macrophages in the process of infection and synthesizes
Listeria hemolysin O as a bacterial virulence factor, which destroys the integrity of the
phagosome together with bacterial phospholipase. Listeria monocytogenes are released
from phagocytes. This phagosome escape mechanism uses the Listeria monocytogenes protein
as an endogenous antigen to finally induce CD4+ and CD8+ T-cell immune responses
against tumors through MHC class I molecules [62,66,67].

3.3. Salmonella typhimurium

It was first reported in 1935 that Salmonella typhimurium has a high-efficiency antitumor
effect. With in-depth study, it was found to enhance innate and adaptive anticancer
immune responses through an inflammatory response. The specific enrichment ability
of Salmonella typhimurium in the tumor hypoxic microenvironment is 1000 times greater
than in normal tissues [61]. After Salmonella typhimurium is phagocytized by immune cells
in vivo, because it lacks a phagosome escape mechanism, its surface protein is presented by
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MHC class II molecules as an exogenous antigen to induce CD8+ T cells and CD4+ T-cell
cancer immune response (Figure 3).

IFN-y, TNF-a, IL-1B, IL-6, etc.
IL-4, TGF-B, VEGF, etc.< Infiltration of Cytotoxic T Lymphocytes,

APCs, Macrophages.

-

>
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Figure 3. Salmonella stimulates host immune response against tumors. Salmonella accumulates
in tumors (especially in necrosis region), inhibits tumor angiogenesis, and induces apoptosis and
autophagy in tumor cells. Salmonella increases and activates cytotoxic T lymphocytes, antigen
presenting cells (APCs) and macrophages against tumor cells, reduces tumor infiltration of Treg
cells, and ablates the immunosuppressive capacity of myeloid-derived suppressor cells (MDSCs) and
tumor-associated macrophages (Adapted from reference [61] with permission).

3.4. Lactic Acid Bacteria

Lactic acid bacteria are a kind of probiotic Gram-positive bacteria that include Lacto-
coccus and Lactobacillus. Spherical lactic acid bacteria include Streptococcus, Lactococcus lactis,
and Pediococcus. Lactobacilli include Lactobacillus rhamnosus, Lactobacillus casei, and Bifidobac-
terium longum. Streptococcus is a probiotic that kills tumor cells by activating host immunity
and has been verified in animal experiments and clinical experiments [51]. Lactococcus
lactis produces Nisin A, inhibits the growth of colon cancer tumors, and stops the cell
division cycle [52]. Lactobacillus casei produces antimicrobial peptide kl15; interleukin (IL)
-22 cytokines are downregulated, and caspase-7 and caspase-9 are upregulated, inducing
apoptosis of colon cancer cells and the host immune response [52]. The oral probiotics
Lactobacillus casei Zhang increase the levels of short-chain fatty acids and nicotinamide in
the serum and kidney, which reduces the damage to kidney cells [53]. Lactococcus lactis and
Streptococcus bovis produce Nisin A and bovicin HC5, respectively, which kill breast cancer
cells. In addition, antimutagenic and anti-inflammatory effects from lactic acid bacteria
were also found [54,55].

Bifidobacterium longum is a facultative anaerobic probiotic strain. After intravenous
injection of mice, it was found to specifically locate solid tumors and slow tumor growth.
Anticancer treatment seems to increase TNF-« Cytokine and nitric oxide synthesis [56-58].

Spores-dex is prepared by the chemical reaction between Clostridium butyricum and
glucan. The spores-dex can specifically target colon cancer after oral administration. In
the tumor microenvironment, Clostridium butyricum ferments glucan to produce anticancer
short-chain fatty acids. In the subcutaneous tumor model of mice, the high-efficiency tumor
inhibition ability of drug-loaded spores-dex was verified [68].

3.5. Escherichia coli

Escherichia coli is a model organism of Gram-negative bacteria. The bacteria mainly
used for antitumor treatment are probiotic strains Escherichia coli Nissle 1917 (ECN) and
wild-type MG1655, rather than serotype therapeutic strains. Genome analysis showed that
ECN lacked virulence factors, such as «-. The expression of hemolysin, p-fimbriae adhesin,
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and adaptive factors do not produce any enterotoxins or cytotoxins related to pathogenic
Escherichia coli strains, and it is an excellent targeted tumor vector [59].

3.6. Pseudomonas aeruginosa

Pseudomonas aeruginosa strain 1409 is a Gram-negative, pathogenic clinical strain that
induces TC-1 cell necrosis by activating the TLR4 receptor, phosphorylation of RIP3, and
activation of MLKI. Moreover, the necrotic tumor cells release HMGB1 to further induce
the maturation and migration of DC cells. DC promotes the immune response of T cells
by presenting tumor-related antigens, resulting in the large-scale death of tumor cells.
Pseudomonas aeruginosa 1409 exerted a good therapeutic effect in the mouse TC-1 tumor
model. However, it is worth noting that this bacterium is highly pathogenic, and it is
resistant to three basic antibiotics. Thus, it is difficult to remove the colonization in the
body, so it is not suitable for direct treatment of cancer [63].

4. Engineered Bacteria for Cancer Treatment

Engineered bacteria refer to expression exogenous protein in precise period and
position. Despite the advantages of this, it is still limited by a few shortcomings that need to
be urgently solved. The most important issue to be aware of is safety. Engineered bacterial
therapeutics based on engineered bacteria refer to obtention of antibiotic resistance cassettes
and ethical issues with transgenes, which presses challenges for the future of engineered
bacteria therapy. Although direct injection of bacteria has an obvious killing effect on
cancer cells, its side effects cannot be ignored. The research has shown that too high or
too low a number of bacteria cause bacterial ecological imbalance [69], and the toxicity of
bacteria is also harmful to normal tissues. The study by Cayetano Pleguezuelos-Manzano
found that the occurrence of CRC in colorectal cancer was related to colistin produced by
pathogenic PKS + E. coli. It is a toxin encoded and synthesized by a PKS island, which
induces DNA double bond breakage and the death of host cells [70]. Bacteria are known as
an autonomously disorganized and proliferating species. Its unique PAMPs and virulence
factors induce an immune response in the human body, which promotes the killing of
cancer cells by the human immune system. When the immune response is excessive, it
threatens the patient’s life. In short, safe and reliable attenuated targeted bacteria, gene
editing to express endogenous bacterial toxins, pigment proteases, etc., or exogenous drug
precursor enzymes, antigen immune fragments, cytokines, anti-immune checkpoints, and
noncoding RNA, among others, are used. It can push the bacterial treatment of cancer
to a new level of low dose and high efficiency. The clinical trials for bacterial cancer
treatments are summarized in Table 2. The S. typhimurium VNP20009 strain and Clostridium
novyi-NT spores have entered a phase I clinical trial, which all revealed a promising
antitumor effect. The famous S. typhimurium VNP20009 strain achieved the purpose of
constructing attenuated and purine-deficient strains through msbB and purL deletion. After
intravenously injecting 1 x 10°~1 x 10° CFU/mL of S. typhimurium VNP20009 in 24 patients
with metastatic melanoma, bacteria target purine-rich tumor regions and reduce the host’s
nitric oxide and proinflammatory cytokines such as TNF-« and IL-1p. Unfortunately, no
objective antitumor effect was observed. Engineering bacteria to specifically target tumors
or the combinations of bacteria-based with antitumor protein will be applied in the future
for therapeutic effect on tumors.
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Table 2. Ongoing and previous clinical trial details on bacterial strain alone or in combination for

cancer treatment (Adapted from reference [71] with permission).

Bacterial Strain Phase Cancer Type Num.ber of References
Patients
Salmonella typhimurium Metastatic melanoma;
VNP20009 (attenuated I metastatic renal 25 [72]
Salmonella typhimurium) cell carcinoma
S. typhimurium VNP20009 (live
genetically modified I Melanoma 4 [73]
S. typhimurium)
S. typhimurium VNP20009 Head and neck or
(attenuated Salmonella
. . . I esophageal 3 [74]
bacterium expressing the E. coli ;
. . adenocarcinoma
cytosine deaminase gene)
S. typhzmu(zum VNPZQQO9 (live, Patients with adx./anced ) NCT00004216
genetically modified I or metastatic Not provided [75]
Salmonella typhimurium solid tumors
S typ hlmw.mm VNPZQQO9 (live, Unspecified adult . NCT00006254
genetically modified I . Not provided
X . solid tumors [76]
Salmonella typhimurium)
Sty phzmur.zum VNPZQQO9 (live, Neoplasm or neoplasm NCT00004988
genetically modified I . 45
. . metastatic tumors [77]
Salmonella typhimurium)
S. typhimurium (IL-2 expressing, . NCT01099631
attenuated S. typhimurium) I Liver cancer 22 [78]
S. typhimurium Ty21a VXMO1
(live attenuated.S‘ typhi carrying I Pancreatic cancer 2% [79]
an expression plasmid
encoding VEGFR)
Clostridium Novyi-NT spores I Colorectal cancer 2 NCT([)gg]S 8397
Clostridium Novyi-NT spores I Sohd tumor 5 NCTOL118819
malignancies [81]
Clostridium novyi-NT I SOl%d tumf)r 24 NCT01924689
malignancies [82]
. Refractory advanced NCT03435952
C. novyi-NT spores Ib solid tumors 18 [83]
Listeria monocytogenes I Metastatic pancreatic 90 [84]
tumors
L. monocytogenes 1I Cervical cancer 109 [85]
L. monocytogenes I Cervical cancer 450- NCT(E;S]&S 3604

4.1. Engineered Bacteria to Achieve Detoxification
4.1.1. Modify the Bacterial Outer Membrane

The surface of Gram-negative bacteria is wrapped by an outer membrane rich in a
variety of PAMP pathogen recognition molecules, which is a source of bacterial virulence.
Through recombination or covering the outer membrane structure, the bacterial immune
response to the human body can be reduced, and the dose tolerated by the human body can
be increased to fight cancer cells. Specifically, the structure of lipid A, the main component
of the outer membrane, is underacetylated by knocking out the msbB gene [87]. The
synthase of the LPS such as rfaG and rfaD [88] is knocked out, resulting in the production
of a truncated LPS with incomplete structure and overexpression of MSHA flagellin and
bacterial surface capsular polysaccharide CAP to reduce the exposure of outer membrane
surface virulence factors.
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In Salmonella typhimurium and Escherichia coli, gene editing to knockout the msbB gene
is a common method of detoxification. msbB encodes the catalytic enzyme of the acylation
process of lipid A, the main component of the outer membrane, and converts the acylation of
the pentaacylated lipopolysaccharide into a complete hexaacylated lipopolysaccharide. The
msbB gene was knocked out to produce underage-type pentaacylated lipopolysaccharide
and endotoxic lipid A [89]. The famous S. typhimurium VNP20009 strain achieved the
purpose of constructing attenuated and purine-deficient strains through msbB and purL
deletion. Ultimately, it targets purine-rich tumor regions and reduces the host’s nitric oxide
and proinflammatory cytokines such as TNF-«. This was verified in tumor experiments in
mice and pigs and has been safely used in patients with metastatic melanoma and renal
cancer in phase I clinical trials. However, no efficacy was observed [72].

To this day, PAMPs can also effectively reduce toxicity by covering the surface of
bacteria. Pseudomonas aeruginosa mannose-sensitive hemagglutinin (PA-MSHA) is a Gram-
negative bacterium that overexpresses MSHA flagella after gene editing. It weakens the
toxicity of Pseudomonas aeruginosa by minimizing the exposure of surface virulence
factors. Engineered PA-MSHA can inactivate the EGFR epidermal growth factor pathway
signal in cancer cells and induce apoptosis. In the mouse model of bladder cancer, an
injection of PA-MSHA effectively inhibited the growth of the tumor [90].

Tetsuhiro Harimoto et al. established a programmable cap expression system for
bacterial surface capsular polysaccharides. The system regulates the extracellular biopoly-
mer through the external inducer IPTG, so that the extracellular membrane is wrapped,
temporarily avoiding the immune attack of the host and prolonging the circulation time of
bacteria in the body. Their conclusion was proven in a mouse tumor model. By overexpress-
ing ICAP, they were able to increase the maximum tolerated dose of bacteria by 10 times.
They encapsulated E. coli strains, enabling them to escape the immune system and reach
tumors. Because they did not administer IPTG in vivo, E. coli ICAP lost its encapsulation
through time and was easier to eliminate from other parts of the body, thereby minimizing
toxicity [91].

4.1.2. Nutritional Deficiencies

Transforming bacteria into specific nutrition-dependent mutations can also effectively
reduce toxicity and improve their antitumor activity. Salmonella typhimurium produces
leucine and arginine synthesis-deficient trophic strain al-r by knocking out leu and arg
genes [92]. Attenuated and purine-deficient strain VNP2009 was constructed by msbB and
purL deletion, targeting purine-rich tumor regions [93].

AroA gene mutation leads to the nutritional deficiency of aromatic amino acids in
bacteria, which is considered safe and used widely in attenuated strains. The absence
of aroA in Pseudomonas aeruginosa resulted in a tenfold increase in the safe dose of the
bacterium compared with the wild-type [94]. Genetic engineering of aroA and aroD dou-
ble mutant Salmonella typhimurium as reported by Yoon W.S. was used to treat mouse
melanoma, resulting in 50% tumor regression [95]. M. Gabriela Kramer et al. constructed
Salmonella typhimurium LVRO1 of attenuated mice knockout aroC and virus vector particles
expressing the IL-12 (sfv-IL-12) gene. When inoculated into the mouse model of advanced
breast cancer metastasis, sfv-IL-12 showed an effective antiangiogenesis effect, and the
combined effect of sfv-IL-12 and 1vr01 could inhibit tumor growth and metastasis, finally
prolonging the survival time. It is an effective antimetastasis therapy [96].

4.1.3. Reduce Toxin Expression

Bacterial toxins as the main virulence factors downregulate or knockout the expression
and synthesis of related toxin genes, which can greatly reduce the virulence of bacteria and
improve the dose tolerance of the human body.

So far, gene-editing knockout of the Ppgpp gene in Salmonella typhimurium led to a
defect in the synthesis of guanosine 5'-diphosphate-3'-diphosphate. This signal molecule
participates in the expression of bacterial toxin genes and changes the structure of lipid
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A through the deletion of relA and spoT, which can achieve a 10°-fold detoxification ef-
fect [97]. After the lethal toxin genes toxA and toxB were knocked out by heat shock in
Clostridium novyii, the bacterium turned into a nontoxic and safe strain. After intravenous
injection of the active bacterium, it targeted the tumor area and attacked the cancer cells
through cytokine aggregation immune cells, which eventually led to the reduction in tumor
growth and its disappearance in mice [98]. The toxicity to normal cells was reduced by
knocking out the exotoxin genes exoS, exoT, aroA, and lasI of Pseudomonas aeruginosa [99].

4.2. Engineered Bacteria to Targeting

So far, increasing tumor-targeting by genetic engineering can reduce the injection con-
centration of antitumor bacteria and improve their safety and antitumor efficacy. According
to the characteristics of hypoxia, high purine, and weak acidity in the tumor microenviron-
ment, endogenous inducible promoters with specific responses can be designed. Moreover,
the addition of the exogenous inducers arabinose, salicylic acid, Tet, IPTG, ultraviolet
light, light, heat, etc., at specific time and space can accurately induce the expression of
substances with anticancer activity. Drugs can also be delivered to specific cancer cells by
targeted cancer cell aptamers or proteins, such as the RGD membrane-penetrating peptide,
nuclear localization signal, secretory system signal peptide, antibody, etc.

4.2.1. Endogenous Inducible Promoter

It is well-known that inducible promoters exert precise spatiotemporal regulation of
protein expression. Promoters responding to hypoxia, acidity, high purine, and bacterial
density of the tumor microenvironment were designed based on their characteristics. This
ensures that after the bacteria are enriched into the tumor microenvironment, they will
express proteins with anticancer activity to reduce the toxicity to normal tissues.

Mitra Samadi et al. designed a hypoxia-inducible expression system using the nirB
promoter of the hypoxia response of E. coli BW25133 to express anticancer protein, cardiac
peptides, and GFP signal proteins. In in vivo experiments, this inhibited the growth and
metastasis of mouse breast cancer tumors and improved the survival rate of the mice [100].
In addition, the hypoxia-responsive fdhF promoter in E. coli mc1061 can be used to accurately
regulate the expression of anticancer compounds [101].

The weak acidity of the tumor microenvironment enables acid response promoters to
express active anticancer proteins. Kelly Flentie screened five genes—adiY, yoh], STM1787,
TM1791, and STM1793—related to the acidic environment of tumors by co-culturing the
library of Salmonella typhimurium transposon insertion mutants with melanoma or colon
cancer cells. The corresponding promoter, as an acidic promoter, seems to play a role in
targeted tumors [102].

The construction of the nutrient-deficient strains mentioned in Section 4.1.2 enable
acteria to specifically enrich within purine and amino acid tumor microenvironments.
Purine-deficient strains were constructed by purl deletion to target purine-rich tumor
regions [93]. AroA gene mutations can lead to nutritional deficiencies of aromatic amino
acids in bacteria, targeting amino acid-rich tumor regions [95].

By controlling the expression of lysed proteins through the Luxi and LuxR quorum-
sensing response system, the engineering flora can be lysed in microcapsules, and the
expressed protein product can be released to the outside of the cell with the ova subunit
vaccine using the bacterial microcomponent BMC as the carrier. A mouse subcutaneous
tumor model was introduced to demonstrate the potential of nanoparticle delivery, success-
fully activate immunity in mice, and play a preventive role against b16-ova tumors [103].
The deletion of the quorum-sensing gene can reduce the toxicity of bacteria and increase
their number at a mild dose. The lasI gene encodes the syntheses of the quorum-sensing
homoserine lactones 3-oxo-c12-hsl and kIl encodes C4-HSL occur in Pseudomonas aeroginosa.
By deleting the lasI and rhll genes, the number of bacteria in mild doses was increased
10 times compared with the wild-type [94].
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4.2.2. Exogenous Inducible Promoter

L-arabinose induced the araC promoter, salicylic acid induced the PM promoter,
tetracycline induced the TET promoter; T7 promoter was induced by Isopropyl-p-D-
thiogalactoside, single-stranded DNA repair protein RecA promoter was induced by ultra-
violet light, and so on [104]. Protein expression promoters commonly used in bacteria have
the ability to accurately induce engineering bacteria to express active antitumor proteins by
in situ injection into the tumor microenvironment as exogenous inducers [105].

The activity of heat-sensitive promoter HSB was activated by ultrasound or light
source stimulation. In wild-type Escherichia coli Nissle 1917, the temperature-sensitive
promoter (HSB-GFP) plasmid was constructed to express the tumor necrosis factor «
(TNF-a). The growth of 4T1 tumor mice injected with the bacterium was significantly
inhibited after three heat-stimulation treatments [106].

Chunli Han designed a photogenetic scavenging gene circuit based on blue light-
responsive OptO proteins EL222. The circuit adopted the strategy of dark inducing the
expression of detoxifying protein CcdA and blue light inducing the expression of toxin
protein CcdB. When exposed to a 488 nm laser, the engineering bacteria died. A photosen-
sitive promoter is used to ensure that the engineering bacteria can be removed after use
and to further ensure the safety of subcutaneous administration of engineering bacteria
microcapsules. The survival of engineering bacteria microcapsules carrying photogenetic
scavenging gene circuits after exposure to blue light in vitro or in vivo can be reduced by
about three orders of magnitude [103].

4.2.3. Signal Peptide

The reported signal peptides that improve the targeted effect of cancer cells include
membrane-penetrating peptides, nuclear localization sequences, bacterial secretion system
signal peptides, and so on.

By displaying RGD (Arg-Gly-ASP)-penetrating peptide on the surface of bacteria,
the tumor was targeted and the therapeutic effects of attenuated Salmonella were en-
hanced [107]. Sujie Huang et al. linked the DNA toxin drug camptothecin (CPT) with the
nuclear localization sequence to construct a nanomaterial with cancer nuclear localization
ability. Experiments proved the enhancement of cytotoxicity and selectivity [108].

The special protein secretion system of bacteria delivers effector proteins to target
eukaryotic cells through complex needle-like molecular machines. Type III and VI se-
cretion systems have been used to secrete fusion proteins with anticancer activity owing
to their widespread presence in bacteria [109,110]. In Pseudomonas aeruginosa, 54 amino
acid fragments at the N-terminal of the ExoS protein for the Type III secretion system-
mediated translocation were fused with fragments at the C-terminal of ovalbumin for
antigen—antibody specific binding by genetic engineering. Then, based on the special Type
III secretion system of Pseudomonas aeruginosa, it was injected into the host cells to induce
the immune response of CD8+ T lymphocytes [94].

4.2.4. Targeted Proteins

Current means to improve targeting cancer cells include engineering the expression
of proteins with a high affinity with cancer cells. These toxin proteins or antibodies can
specifically recognize cancer cell antigens

OpcA protein can cross the blood-brain barrier and target nerve cells. Engineering
expression of the outer membrane invasion protein OpcA of Neisseria meningitidis can guide
the specific enrichment of Neisseria meningitidis in the central nervous system. Methotrexate,
a chemotherapy drug, was loaded into manganese dioxide (MnO2) hollow nanoparticles
with surface-modified Neisseria meningitidis OpcA protein to construct a bionic nanotreat-
ment system with great potential for glioblastoma (MTX@MnO2-Opca) [111].

Through genetic engineering methods, 30 amino acids that specifically express the
C-terminal of Clostridium perfringens enterotoxin (CPE) were constructed to specifically
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bind to cldn-4 antigen on the surface of cancer cells and induce apoptosis of cldn-4-positive
cancer cells [112].

Engineering expression of cytolysin A (ClyA), located on the outer membrane surface,
express with antibody fragmentof cancer cells can also improve targeting [113]. CD20 is a
specific antigen that is overexpressed by lymphoma cells. The engineered single domain
antibody expressing CD20 in Salmonella can significantly improve the tumor specificity of
Salmonella [114].

4.2.5. Aptamer

Aptamer is a single-stranded oligonucleotide synthesized by artificial screening, which
specifically targets substrates such as small molecules, peptides, proteins, cells, and tis-
sues. Zhongmin Geng et al. anchored the aptamer AS1411 on the surface of attenuated
Salmonella typhimurium VNP2009 by amidation, which can specifically target the nucleolin
nucleus overexpressed on the cancer cell membrane (Figure 4). In the tumor-bearing mouse
model inoculated subcutaneously with 4T1 cancer cells, the accumulation of bacteria in the
tumor tissue after 12 h was nearly two times higher than that of the nonanchored aptamers.
In addition, the aptamer TLs11a, which has a high binding affinity with the hepatocellular
carcinoma cell line, was also tested. After injection into mice, aptamer bacteria showed
high enrichment of H22 cells and better inhibition of tumor growth [115].
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Figure 4. Design, preparation and characterization of ApCB. (a) Preparation of ApCB through amide
condensation. (b) Aptamer-assisted tumor localization of bacteria for enhanced biotherapy. (c) Typical
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LSCM images of aptamer-conjugated bacteria. The red and green channels indicate aptamers conju-
gated with Cy5- and EcN-producing GFP, respectively. Images are representative of three independent
biological samples. Scale bar: 10 pm. (d) Flow cytometric analysis of EcN and EcN conjugated with
Cy5-labeled AS1411. (e) Percentages of conjugated EcN under different feed ratios. Error bars
represent the standard deviation (n = 3 independent experiments). Data are presented as mean
values £ SD. (f) Average binding number of aptamers on each bacterial quantified by calculating
the difference of fluorescent intensity of the aptamer solution after reaction. Error bars represent
the standard deviation (n = 3 independent experiments). Data are presented as mean values + SD.
(g) Bacterial viabilities of ECN, 2ApCB, 5ApCB, and 10ApCB by LB agar plate counting. Plates were
incubated at 37 °C for 24 h prior to enumeration (n = 3 independent experiments). Data are presented
as mean values + SD; significance was assessed using Student’s t test (two-tailed); ns: no significance.
(h) Degradation kinetics of the conjugated AS1411 in 90% phosphate-buffered serum solution at 37
°C. Error bars represent the standard deviation (n = 3 independent experiments). Original data are
provided as a Source Data file. (Adapted from reference [115] with permission).

4.3. Engineered Bacteria to Anticancer
4.3.1. Drug Precursors and Drug Synthase

The gene of respiratory chain enzyme II NDH-2 was overexpressed in engineered
Escherichia coli MG1655 to obtain a large amount of H,O, (Figure 5.). The bacterial surface
was covalently connected with magnetic Fe304 nanoparticles, which were then injected into
animals to specifically colonize the tumor area and convert H,O, into toxic hydroxyl radi-
cals (OH) through the Fenton reaction, resulting in the increase in ROS and the induction
of severe tumor cell apoptosis [116].
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Figure 5. The scheme of bacteria-based Fenton-like bioreactor and its chemodynamic therapy process
for antitumor therapy (Adapted from reference [116] with permission).

Cytosine deaminase has been successfully applied in two kinds of targeted pre-enzyme
drug therapies in Clostridium. The first was gene editing Clostridium to overexpress cytosine
deaminase and specifically convert the prodrug 5-fluorocytosine into the anticancer agent
5-fluorouracil at the tumor site. This anticancer effect was verified in tumor-bearing mice.
The other was to overexpress the nitroreductase enzyme in Clostridium by gene editing.
In the tumor microenvironment, CB1954 was converted into a DNA crosslinker with
antibacterial and cancerous properties [117].

4.3.2. Antibodies

The expression of immune checkpoint PD-1/PD-L1 and CTLA-4 inhibitors can block
checkpoints and induce immune cells to activate a strong immune response. In addition,
highly specific antibodies expressing tumor antigens can inhibit the growth of cancer cells.
After gene editing, C. novyi NT and C. sporogenes are used to express the heavy chain
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variable region of the highly specific antibody of tumor antigen. This protein binds and
inhibits the activity of HIF cells, reduces the expression of transcription factor hypoxia-
inducible factor lalpha, leads to the transformation of the tumor microenvironment from
hypoxia to oxygen enrichment, slows the growth of cancer cells, and reduces the risk of
cancer cell metastasis [118].

The gene expresses tumor-specific antigen NY-ESO-1 in Salmonella typhimurium, se-
cretes it through the Type III protein secretion system, and presents the antigen to CD8+ T
cells and CD4+ T cells through the MHC class I pathway, specifically activating the immune
pathway against NY-ESO-1-positive cancer cells [119]. Salmonella typhimurium is presented
by MHC class II molecules as an exogenous antigen to induce the immune response of
CD8+ T cells and CD4+ T cells [119]. Listeria monocytogenes has the phagosome escape
mechanism mentioned above. As an endogenous antigen, it finally induces the immune
response through MHC I class molecules. Both bacteria have been widely studied as
vaccine carriers in popular cancer treatment [120].

4.3.3. Cytokines

Cell necrosis factor TNF-o is a double-edged sword, which can activate transcription
factor nuclear factor NF-«b at a low dose. It can stimulate the proliferation of tumor
cells, but it can also be used as a tumor suppressant at high doses. The gene-edited
Clostridium acetobutyricum DSM792 expresses and secretes mouse TNF-«. The purpose of
this experiment was to specifically target the tumor microenvironment and controllably
regulate TNF- o secretion. Unfortunately, owing to the low level of bacterial colonization
in the tumor microenvironment and the specific expression of TNF-«, a limited level failed
to achieve the effect of tumor treatment [121]. The role of cytokine interleukin-2 (IL-2) is
to kill tumor cells by activating natural killer cells and enhancing MHC-restricted T cells.
However, high doses of IL-2 are toxic to normal tissues, so bacteria with active targeting are
selected as carriers. The genetically edited Clostridium acetobutyricum DSM792 successfully
slowed the growth of mouse tumors in animal experiments by specifically expressing
mouse IL-2 [122]. Fas, a proapoptotic factor, can initiate apoptotic signals in cells and
induce apoptosis of Fas-sensitive cells. Fas ligand FasL. membrane protein was expressed
in Salmonella typhimurium and injected intravenously into mouse d2f2 breast cancer or
CT-26 colon cancer tumors. It was observed that the growth of primary tumors in mice was
inhibited by 59% and 82%, respectively [123].

Hypoxia-inducible factor lalpha is a transcription factor of genes responsible for
cell survival triggered by hypoxia in the tumor microenvironment. Arjan J. Groot et al.
inhibited tumor growth by expressing scFv of HIF-1« in Clostridium [118].

4.3.4. Noncoding RNA

siRNA that interferes with the expression of target genes or miRNA that affects the
post-transcriptional function of genes is loaded into bacterial microcapsules using electro-
transfer, chemotransfer, etc. It improves the specificity of noncoding RNA and protects
RNA from degradation during delivery. So far, CRISPR cas9 protein and sgRNA have
only been delivered in cell vesicles and liposomes. For example, delivery through bacterial
vesicles can more conveniently engineer the membrane surface to improve targeting and
protection during delivery [124,125].

At present, Mir-16 mimic coated by nonliving bacterial minicells has inhibited tumor
growth in animal models by restoring miRNA levels in tumor cells in phase 1 clinical
trials [126,127]. Kinesin spindle protein (KSP) is overexpressed in tumor tissues and is an
ideal candidate for targeted cancer therapy. Vipul Gujrati et al. loaded small interfering
RNA targeting KSP into attenuated OMV by electroporation. After injecting OMV-packaged
siRNA into tumor mice, obviously targeted gene silencing and tumor inhibition were
indicated [128].
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4.3.5. Pigment Synthase and Fluorescent Protein

Vipul Gujrati et al. expressed rhizobium tyrosinase MelA protein in attenuated E. coli,
which can metabolize tyrosine into natural melanin and accumulate, with bacteria obtaining
an unexpected photothermal effect. It can monitor the distribution of bacteria in vivo
under near-infrared light irradiation and photothermal treatment of 4T1 tumor-bearing
mice [129]. Zhijuan Yang et al. expressed firefly luciferase in Salmonella typhimurium
AppGpp (STAppGpp) (Figure 6.). The bacterium and photosensitizer Ce6 were injected
into large tumor rabbits, and D-fluorescein continuously produced light to stimulate Ce6
to produce exogenous ROS. Compared with the external 660 nm light excitation of Ce6
by traditional photodynamic therapy, the internal light source of D-fluorescein had better
photodynamic effect to excite Ce6 and inhibit tumor growth [130].
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Figure 6. A scheme illustrating the engineering of bioluminescent bacteria to boost PDT and anti-
tumor immunity for synergistic cancer treatment. Upon i.t. injection, engineered Luc-S.T.AppGpp
would rapidly colonize and emit bioluminescence in the presence of substrate D-luciferin as the
light source to boost PDT by activating Ce6, thereby causing cell death of both cancer cells and
Luc-S.T.AppGpp itself to release tumor associate antigens (TAAs), DAMPs (e.g., CRT), and PAMPs (1).
Meanwhile, such Luc-S.T.AppGpp colonization could also efficiently reverse the immunosuppressive
tumor microenvironments (TMEs) by promoting intratumoral frequencies of M1 macrophages and
NK cells, while suppressing intratumoral frequencies of M2 macrophages and Tregs (2). As the result,
such Luc-S.T.AppGpp as both implantable light source (in the presence of D-luciferin) and immunos-
timulator could elicit potent innate and adaptive antitumor immunity to effectively suppress the
growth of treated tumors, inhibit tumor metastasis, and prevent against tumor recurrence (Adapted
from reference [130] with permission).

Engineered bacteria express luciferase fused with the human influenza hemagglutinin
tag (Luc-HA) and bioluminescence detection technology is used to visualize the distri-
bution of bacteria in organisms [131] to achieve Lux fluorescein and fluorescence tracing.
In addition, E. coli was injected into mice with tumor colonization. When facultative
anaerobic E. coli actively targeted the tumor microenvironment, 18F fluorodeoxysorbitol
(FDS) positron emission tomography (PET), which can be used for specific binding with
E. coli, was injected to image the distribution of E. coli in vivo. This method is expected to
be used for semiquantitative visualization of tumor-targeted bacteria [132]. Engineering
bacteria expressing GFP, YFP, mCherry, and other fluorescent proteins are injected into the
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body through microcapsules for in vivo imaging observation. The results indicate that the
fluorescence can be maintained in the body for no less than 15 days [103].

4.3.6. Bacterial Toxins

Among the bacterial component anticancer 1.1 bacterial toxins, a variety that have
been experimentally proven to have anticancer activity are listed, including the Coley toxin,
diphtheria toxin, Clostridium perfringens enterotoxin, azurol, cyclic dipeptide, rhamnolipid,
and cytochrome A.

Overexpression of high concentrations of cytolysin A (ClyA) in engineered bacte-
ria can bind and form pores in eukaryotic cell membranes, triggering caspase-mediated
programmed cell death [113]. Pei Pan et al. designed the engineering bacterium BAC to
increase the tumor-targeted ability and overexpressed the cytolysin A (ClyA) protein to reg-
ulate the cell cycle from the antiradiation phase to the radiation-sensitive phase. It inhibited
the growth of mouse breast cancer and reduced the side effects of radiotherapy [133].

Yale Yue et al. constructed a protein expression plasmid to fuse the tumor antigen
(Ag) and Fc fragments of mouse immunoglobulin G (IgG) to the C-terminal of OMV (ClyA-
Ag-MFC) surface protein ClyA. In situ controllable production of the OMYV carrying the
tumor antigen (OMV-Ag-MFC) was achieved in the intestine by oral administration of
modified bacterial E. coli and expression-inducer L-arabinose. These OMV-Ag-MFCs
effectively cross the intestinal epithelial barrier and are absorbed by DCS in the lamina
propria, followed by lymph node drainage and tumor antigen presentation. In a variety of
mouse cancer models, tumor antigen-specific immune activation significantly inhibited
tumor growth and resisted tumor challenges [131].

5. Bacteria-Based Nanoparticles for Cancer Treatment

Bacteria and nanomaterials are directly antitumor through the covalent connection of
chemical amide bonds and can also be adsorbed together through electrostatic interaction.
In addition, bacterial membrane fragments and outer membrane vesicles can be fused
with bacteria through repeated freezing and thawing, ultrasound, extrusion, and other
methods. The new combination of nanomaterials and bacteria can inhibit the growth
of tumors through the anticancer activities of nanomaterials such as photothermal and
photodynamic therapy, which not only reduce the toxicity to normal cells, but also increase
tumor specificity.

5.1. Chemical Bond Connection

So far, the way to a stable combination of bacteria and nanomaterials has been mainly
through peptidoglycans of the bacterial cell wall or cell membrane liposomes to form stable
amide bonds with nanomaterials. Through an amide condensation reaction, MnO, was
modified on the surface of Shewanella oneidensis MR-1 bacterial cells, which can specifically
decompose lactic acid. Shewanella oneidensis MR-1 (S. oneidensis MR-1) continuously de-
composes lactic acid produced by the glucose metabolism in the tumor microenvironment
by transferring electrons to the metallic mineral MnO, in an anaerobic environment. This
inhibited the growth of CT26 tumor cells in mouse experiments [134].

Wencheng Wu et al. immobilized liposomes co-loaded with lactic acid oxidase (LOD)
and prodrug tirapazamine (TPZ) on the surface of lactic acid bacteria (LA) through an amide
condensation reaction (Figure 7). Tumor specificity by LA can effectively deliver drug
substances to tumor tissues. Loaded lactic acid oxidase (LOD) catalyzes the oxidation
of lactic acid to HyO,, increasing the level of oxidative stress, which further aggravates
hypoxia in tumors, thereby activating the TPZ prodrug sensitive to hypoxia and inducing
significant tumor cell apoptosis and immunogenic cell death ICD [135].
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Figure 7. Schematic illustration of (a) the construction of LOD/TPZ@Lips-LA microbiotic
nanomedicine by bonding LA and LOD co-loaded liposome onto the lactobacillus (LA) and
(b) LOD/TPZ@Lips-LA triggered immunogenic cell death (ICD) and immune activation in tumor in
synergy with the TZP-triggered chemotherapy (Adapted from reference [135] with permission).

5.2. Electrostatic Interaction

The cell walls of Gram-positive bacteria are crosslinked by negatively charged
N-acetylglucosamine and N-acetyl cell wall acid. LPS, the outer membrane component of
Gram-negative bacteria, is usually negatively charged. Therefore, stable binding bacterial
nanomaterials can be obtained by incubating the positively charged nanomaterials with
negatively charged bacteria.

Di Wei Zheng et al. assembled carbon-dot-doped carbon nitride (C3Ny) on the sur-
face of engineered E. coli carrying a nitric oxide (NO)-generating enzyme by electrostatic
interaction. Under the light, the photoelectrons produced by C3Ny4 can be transferred
to E. coli and promote endogenous NO3;™ metabolism to tumor cells. This method has
achieved good therapeutic effects in mouse tumor models [136]. Shuaijie Ding connected
black phosphorus quantum dots (BPQDs) to the surface of E. coli genetically engineered to
express catalase by electrostatic adsorption, thereby producing an engineered E. coli/BPQD
(EB) system (Figure 8). After intravenous injection into mice, EB can target hypoxic tumor
tissues and produce reactive oxygen species to destroy bacterial membranes. The released
catalase degrades hydrogen peroxide to produce oxygen to alleviate hypoxia in tumors,
thereby enhancing BPQD-mediated photodynamic therapy. The system can effectively kill
tumor cells in vivo [137].
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Figure 8. Schematic illustration of a novel engineered bacterium/black phosphorus quantum dot
hybrid system for hypoxic tumor targeting and efficient photodynamic therapy (Adapted from
reference [137] with permission).

5.3. Bacterial Loading Nanomaterials

So far, nanomaterials with antitumor activity have been combined with bacteria us-
ing liquid nitrogen through repeated heating, freezing and thawing, ultrasonic vibration,
physical extrusion, buffer solution incubation, electroconversion, chemical conversion to
form perforation, etc. The common feature is that nanomaterials are wrapped or wrapped
to form biologically active nanomaterials. Yao Liu et al. constructed an immunotherapy
system of a natural red blood cell (RBC) membrane wrapping Listeria monocytogenes, with
virulence factors removed by the extrusion method (LMO@RBC) (Figure 9). The nano-
material produces a low systemic inflammatory response, and its accumulation effect in
tumors is also improved owing to the long-term blood circulation ability of RBCs and the
tumor hypoxic microenvironment colonization ability of LMO. In the BALB/c solid tumor
model, LMO@RBC reached the tumor microenvironment, promoted the release of ROS in
the tumor area and the activation of caspase 8, inducing extensive porogen gasdermin C
(GSDMC) and dependent pyroptosis, which showed a high inhibitory effect on the growth
of primary tumors and distant tumors [138].
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Figure 9. Schematic depiction of utilizing LMO@RBC to improve cancer immunotherapy.
(A) Schematic illustration of RBC membranes extraction and the preparation of LMO@RBC.
(B) Tumor-homing LMO@RBC effectively accumulated in primary tumor after intravenous ad-
ministration and triggers cancer cell pyroptosis. Pyroptotic cancer cells in primary tumor release
proinflammatory substances, which induce DC maturation and T cell activation in tumor-draining
lymph nodes (TDLNSs), resulting in efficient suppression of primary and remote tumors (Adapted
from reference [138] with permission).

In addition, Jiayu Zhang et al. modified the PD-L1 antibody on the surface of a
Salmonella typhimurium OMV by co-extrusion of a 200 nm polycarbonate membrane and
added hydrophilic catalase CAT and hydrophobic photosensitizer Ce6 to the OMV. By
alleviating tumor hypoxia and improving the photodynamic and immunotherapeutic
effects, the tumor was significantly inhibited [139].

6. Conclusions

Bacteria function as mutually beneficial symbiotic partners with the human body.
Great progress has been made in nearly a century since bacteria were first used to treat
cancer in 1891, and some results have entered the stage of clinical evaluation.

In this review, we discussed the anticancer activity of bacterial cellular components,
including bacterial specific virulence factors, bacterial toxins, bacterial enzymes, biosur-
factant, the outer surface of Gram-positive bacteria, bacterial cell membranes, cell walls,
biofilms formed by spontaneous aggregation, dormant spores formed by poor nutrition,
and magnetosomes, among others. In addition, we discussed the direct anticancer effect of
naive living bacteria. For example, probiotic lactic acid bacteria and Escherichia coli are used
to treat colon cancer, breast cancer, etc. The general pathogenic bacteria Mycobacterium tu-
berculosis, Listeria monocytogenes, and Salmonella typhimurium are used to treat nonmuscle
invasive bladder cancer and breast cancer. The pathogen Pseudomonas aeruginosa inhibits
tumor growth in the mouse TC-1 tumor model. However, the natural virulence factors in
bacteria can activate relevant PAMP immune responses, and they are difficult to remove
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after colonization. Therefore, engineered bacteria after gene editing are more suitable for
cancer treatment. Genetic engineering transformation methods are as follows: (1) Engineer-
ing bacteria that edit genes such as msbB, rfaG, and rfaD can modify the structure of the
outer membrane of Gram-negative bacteria and reduce the toxicity to the host. (2) Through
overexpression of MSHA flagella or ICAP capsular polysaccharide, the bacterial surface
virulence factors are masked. (3) Transforming bacteria into specific nutrition-dependent
mutations can also effectively reduce toxicity, such as aroA gene mutations that lead to
bacterial aromatic amino acid nutritional deficiencies. (4) Downregulation or knockout of
the expression and synthesis genes of bacterial toxin-related toxins, which are the main
virulence factors, can greatly reduce the virulence of bacteria. (5) The expression of an
inducible promoter has precise space-time regulation ability, which can improve the speci-
ficity of bacteria. Exogenous inducible promoters induce the expression of anticancer active
ingredients such as environmental factors and endogenous inducible promoters. (6) Other
ways to improve specificity are the expression of the membrane-penetrating peptide RGD
by engineered bacteria and the secretion of the systemic effector protein signal peptide
by bacteria. (7) Engineering bacteria-expressed antibodies with high affinity to cancer
cell surface antigens or that connect with single-stranded oligonucleotide aptamers is one
way to improve specificity. (8) Engineered bacteria can also treat tumors by expressing
active anticancer ingredients, such as the expression of drug synthase, cancer cell antibod-
ies, the immune checkpoint inhibition antibody anti-PD-L1, cytokines, siRNA, miRNA,
Crispr-Cas9, pigment synthase, fluorescent protein, bacterial toxin, and so on. Bacteria
and nanomaterials are combined through chemical bonds, amide bonds, electrostatic inter-
action, or extrusion ultrasound. This anticancer approach combines the active targeting
by bacteria and the high-efficiency cancer cell lethality of nanomaterials, from the cellular
components of bacteria to naive living bacteria, and the combination of engineered bacteria
and nanomaterials. The application of bacteria in cancer treatment has changed from weak
specific and weak immune response to efficient specific and immune activation response,
with significant anticancer activity.

Despite the advantages of bacteria-based antitumor therapy, it is still limited by a
few shortcomings that need to be urgently resolved. The most important is effectiveness.
Bacteria in anticancer treatment refer to precise targeting processes and complex human
immune responses in tumor environments. Engineered bacteria need to cross complex
blood vessels in high-speed blood flow to reach the tumor environment after intravenous
injection. How to accumulate enough engineered bacteria to exert anticancer effects is
an urgent consideration. Ensuring the highly efficient expression of proteins that exert
anticancer effects for a long time has an important impact on bacteria-based anticancer
therapy. Another issue to be aware of is safety. Bacteria are known as an autonomously
disorganized and proliferating species. Their unique PAMPs and virulence factors induce
an immune response in the human body, which promotes the killing of cancer cells by the
human immune system. When the immune response is excessive, it threatens the patient’s
life. Genetic material based on engineered bacteria also refers to ethical issues with trans-
genes, which presses challenges for the future of engineered bacteria therapy. In general,
future development directions of bacterial tumor therapy will be to combine nanomaterials
and engineering bacteria and to explore the physical and functional relationship between
bacteria and nanomaterials. The results will be a more specific, effective, and accurate
tumor immune response together with a comprehensive and less toxic treatment system.

Funding: This research was funded by Science and Technology Development Fund: 0011/2018/A1;
Science and Technology Development Fund: 025/2015/A1; University of Macau: MYRG2014-00093-
FHS; University of Macau: MYRG 2015-00036-FHS; University of Macau: MYRG2016-00110-FHS;
University of Macau: MYRG2018-00081; National Key R&D Plan of China: 2018 YFB0407200; Shen-
zhen Science and Technology Innovation Commission: JCYJ20170307110157501; National Natural
Science Foundation of China: 81771930.

Conflicts of Interest: The authors declare no conflict of interest.

83



Cancers 2022, 14, 4945

References

1.

N

®© N T w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

de Martel, C.; Georges, D.; Bray, E; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A worldwide
incidence analysis. Lancet Glob. Health 2020, 8, E180-E190. [CrossRef]

Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLoS Biol. 2016, 14,
€1002533. [CrossRef] [PubMed]

van Schaik, W. The human gut resistome. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015, 370, 20140087. [CrossRef] [PubMed]
Dulal, S.; Keku, T.O. Gut Microbiome and Colorectal Adenomas. Cancer J. 2014, 20, 225-231. [CrossRef] [PubMed]

Arweiler, N.B.; Netuschil, L. The Oral Microbiota. Adv. Exp. Med. Biol. 2016, 902, 45-60. [PubMed]

Yamashita, Y.; Takeshita, T. The oral microbiome and human health. J. Oral Sci. 2017, 59, 201-206. [CrossRef]

Byrd, A.L.; Belkaid, Y.; Segre, ].A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143-155. [CrossRef]

Mirmonsef, P.; Hotton, A.L.; Gilbert, D.; Burgad, D.; Landay, A.; Weber, K.M.; Cohen, M.; Ravel, J.; Spear, G.T. Free Glycogen in
Vaginal Fluids Is Associated with Lactobacillus Colonization and Low Vaginal pH. PLoS ONE 2014, 9, €102467. [CrossRef]

De Boeck, L; Broek, M.EV.D.; Allonsius, C.N.; Spacova, I.; Wittouck, S.; Martens, K.; Wuyts, S.; Cauwenberghs, E.; Jokicevic, K.;
Vandenheuvel, D.; et al. Lactobacilli Have a Niche in the Human Nose. Cell Rep. 2020, 31, 107674. [CrossRef]

Nauts, H.C.; E Swift, W.; Coley, B.L. The treatment of malignant tumors by bacterial toxins as developed by the late William B.
Coley, M.D., reviewed in the light of modern research. Cancer Res. 1946, 6, 205-216.

McCarthy, E.E. The toxins of William B. Coley and the treatment of bone and soft-tissue sarcomas. Iowa Orthop. ]. 2006, 26,
154-158.

Dmitrieva, N.F; Trofimov, D.I; Eshchina, A.S.; A Riapis, L.; Pavlova, O.G.; Petrova, T.V.; A Skorkina, I.; Gerasimov, A.N.; Alekseev,
L.P; Zhuravlev, M.V, et al. Frequency of genes speA, speB, and speC in Streptococcus pyogenes strains and the identification of
the infective agent by polymerase chain reaction. J. Microbiol. Epidemiol. Immunobiol. 2002, 3-6.

Elahian, F.; Moghimi, B.; Dinmohammadi, F.; Ghamghami, M.; Hamidi, M.; Mirzaei, S.A. The Anticancer Agent Prodigiosin Is
Not a Multidrug Resistance Protein Substrate. DNA Cell Biol. 2013, 32, 90-97. [CrossRef]

Lewis, D.J.; Dao, H.; Nagarajan, P.; Duvic, M. Primary cutaneous anaplastic large-cell lymphoma: Complete remission for 13 years
after denileukin diftitox. JAAD Case Rep. 2017, 3, 501-504. [CrossRef]

Siegall, C.B.; Chaudhary, V.K,; Fitzgerald, D.J.; Pastan, I. Functional analysis of domains II, Ib, and III of Pseudomonas exotoxin.
J. Biol. Chem. 1989, 264, 14256-14261. [CrossRef]

Michl, P.; Buchholz, M.; Rolke, M.; Kunsch, S.; Lohr, M.; McClane, B.; Tsukita, S.; Leder, G.; Adler, G.; Gress, T.M. Claudin-4:
A new target for pancreatic cancer treatment using Clostridium perfringens enterotoxin. Gastroenterology 2001, 121, 678-684.
[CrossRef]

Rommasi, F. Bacterial-Based Methods for Cancer Treatment: What We Know and Where We Are. Oncol. Ther. 2022, 10, 23-54.
[CrossRef]

Michalska, M.; Wolf, P. Pseudomonas Exotoxin A: Optimized by evolution for effective killing. Front. Microbiol. 2015, 6, 963.
[CrossRef]

Singh, R.; Dominiecki, M.E.; Jaffee, E.M.; Paterson, Y. Fusion to Listeriolysin O and delivery by Listeria monocytogenes enhances
the immunogenicity of HER-2/neu and reveals subdominant epitopes in the FVB/N mouse. ]. Immunol. 2005, 175, 3663-3673.
[CrossRef]

Mayakrishnan, V.; Kannappan, P.; Tharmalingam, N.; Bose, R.J.C.; Madheswaran, T.; Ramasamy, M. Bacterial cancer therapy: A
turning point for new paradigms. Drug Discov. Today 2022, 27, 2043-2050. [CrossRef]

Fiedler, T.; Strauss, M.; Hering, S.; Redanz, U.; William, D.; Rosche, Y.; Classen, C.F,; Kreikemeyer, B.; Linnebacher, M.; Maletzki, C.
Arginine deprivation by arginine deiminase of Streptococcus pyogenes controls primary glioblastoma growth in vitro and in vivo.
Cancer Biol. Ther. 2015, 16, 1047-1055. [CrossRef]

Cao, X.; Wang, A.H.; Jiao, R.Z.; Wang, C.L.; Mao, D.Z.; Yan, L.; Zeng, B. Surfactin induces apoptosis and G(2)/M arrest in human
breast cancer MCF-7 cells through cell cycle factor regulation. Cell Biochem. Biophys. 2009, 55, 163-171. [CrossRef]

Gudina, E.J.; Rangarajan, V.; Sen, R.; Rodrigues, L.R. Potential therapeutic applications of biosurfactants. Trends Pharmacol. Sci.
2013, 34, 667-675. [CrossRef]

El-Sersy, N.A.; Abdelwahab, A.E.; Abouelkhiir, S.S.; Abou-Zeid, D.M.; Sabry, S.A. Antibacterial and anticancer activity of
epsilon-poly-L-lysine (epsilon-PL) produced by a marine Bacillus subtilis sp. . Basic Microbiol. 2012, 52, 513-522. [CrossRef]
Saini, H.S.; Barragan-Huerta, B.E.; Lebron-Paler, A.; Pemberton, J.E.; Vazquez, R.R.; Burns, A.M.; Marron, M.T.; Seliga, C.J.;
Gunatilaka, A.A.L.; Maier, R.M. Efficient Purification of the Biosurfactant Viscosin from Pseudomonas libanensis Strain M9-3 and
Its Physicochemical and Biological Properties. J. Nat. Prod. 2008, 71, 1011-1015. [CrossRef]

De Vleeschouwer, M.; Van Kersavond, T.; Verleysen, Y.; Sinnaeve, D.; Coenye, T.; Martins, ].C.; Madder, A. Identification of the
Molecular Determinants Involved in Antimicrobial Activity of Pseudodesmin A, a Cyclic Lipopeptide From the Viscosin Group.
Front. Microbiol. 2020, 11, 646. [CrossRef]

Escobar-Diaz, E.; Lopez-Martin, E.M.; Hernandez del Cerro, M.; Puig-Kroger, A.; Soto-Cerrato, V.; Montaner, B.; Giralt, E.;
Garcia-Marco, J.A.; Perez-Tomas, R.; Garcia-Pardo, A. AT514, a cyclic depsipeptide from Serratia marcescens, induces apoptosis
of B-chronic lymphocytic leukemia cells: Interference with the Akt/NF-kappaB survival pathway. Leukemia 2005, 19, 572-579.
[CrossRef]

84



Cancers 2022, 14, 4945

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Kojiri, K.; Nakajima, S.; Suzuki, H.; Okura, A.; Suda, H. A new antitumor substance, BE-18591, produced by a streptomycete. L.
Fermentation, isolation, physico-chemical and biological properties. |. Antibiot. 1993, 46, 1799-1803. [CrossRef]

Bracken, J.D.; Carlson, A.D.; Frederich, J.; Nguyen, M.; Shore, G.C.; Harran, P.G. Tailored fragments of roseophilin selectively
antagonize Mcl-1 in vitro. Tetrahedron Lett. 2015, 56, 3612-3616. [CrossRef]

Kawasaki, T.; Sakurai, F.; Hayakawa, Y. A Prodigiosin from the Roseophilin Producer Streptomyces griseoviridis. J. Nat. Prod.
2008, 71, 1265-1267. [CrossRef]

Shim, G.Y.; Kim, S.H.; Han, S.-E.; Kim, Y.; Oh, Y.J.A.].PS. Cationic surfactin liposomes for enhanced cellular delivery of siRNA.
Asian J. Pharm. Sci. 2009, 4, 207-214.

Garbacz, K. Anticancer activity of lactic acid bacteria. Semin. Cancer Biol. 2022; in press.

Zhang, T.; Pan, D.; Yang, Y.; Jiang, X.; Zhang, ].; Zeng, X.; Wu, Z.; Sun, Y.; Guo, Y. Effect of Lactobacillus acidophilus CICC 6074
S-Layer Protein on Colon Cancer HT-29 Cell Proliferation and Apoptosis. J. Agric. Food Chem. 2020, 68, 2639-2647. [CrossRef]
[PubMed]

Moriyama, K.; Nishida, O. Targeting Cytokines, Pathogen-Associated Molecular Patterns, and Damage-Associated Molecular
Patterns in Sepsis via Blood Purification. Int. ]. Mol. Sci. 2021, 22, 8882. [CrossRef] [PubMed]

Eletto, D.; Mentucci, F; Voli, A.; Petrella, A.; Porta, A.; Tosco, A. Helicobacter pylori Pathogen-Associated Molecular Patterns:
Friends or Foes? Int. . Mol. Sci. 2022, 23, 3531. [CrossRef]

Li, M,; Li, S;; Zhou, H.; Tang, X.; Wu, Y.; Jiang, W.; Tian, Z.; Zhou, X.; Yang, X.; Wang, Y. Chemotaxis-driven delivery of
nano-pathogenoids for complete eradication of tumors post-phototherapy. Nat. Commun. 2020, 11, 1126. [CrossRef]

Mamou, G.; Corona, F.; Cohen-Khait, R.; Housden, N.G.; Yeung, V.; Sun, D.; Sridhar, P.; Pazos, M.; Knowles, T.J.; Kleanthous, C.;
et al. Peptidoglycan maturation controls outer membrane protein assembly. Nature 2022, 606, 953-959. [CrossRef]

Roier, S.; Zingl, E.G.; Cakar, E; Durakovic, S.; Kohl, P.; Eichmann, T.O.; Klug, L.; Gadermaier, B.; Weinzerl, K.; Prassl, R; et al.
A novel mechanism for the biogenesis of outer membrane vesicles in Gram-negative bacteria. Nat. Commun. 2016, 7, 10515.
[CrossRef]

Li, Y;; Ma, X;; Yue, Y.; Zhang, K.; Cheng, K.; Feng, Q.; Ma, N.; Liang, J.; Zhang, T.; Zhang, L.; et al. Rapid Surface Display of
mRNA Antigens by Bacteria-Derived Outer Membrane Vesicles for a Personalized Tumor Vaccine. Adv. Mater. 2022, 34, €2109984.
[CrossRef]

Zou, M.-Z; Li, Z.-H.; Bai, X.-F;; Liu, C.-].; Zhang, X.-Z. Hybrid Vesicles Based on Autologous Tumor Cell Membrane and Bacterial
Outer Membrane To Enhance Innate Immune Response and Personalized Tumor Immunotherapy. Nano Lett. 2021, 21, 8609-8618.
[CrossRef]

Jayasinghe, M.K,; Pirisinu, M.; Yang, Y.; Peng, B.; Pham, T.T,; Lee, C.Y.; Tan, M.; Vu, L.T,; Dang, X.T.T.; Pham, T.C.; et al.
Surface-engineered extracellular vesicles for targeted delivery of therapeutic RNAs and peptides for cancer therapy. Theranostics
2022, 12, 3288-3315. [CrossRef]

Kuerban, K.; Gao, X.; Zhang, H.; Liu, J.; Dong, M.; Wu, L.; Ye, R.; Feng, M.; Ye, L. Doxorubicin-loaded bacterial outer-membrane
vesicles exert enhanced anti-tumor efficacy in non-small-cell lung cancer. Acta Pharm. Sin. B 2020, 10, 1534-1548. [CrossRef]
Hamann, L.; El-Samalouti, V.; Ulmer, A.].; Flad, H.-D.; Rietschel, E.T. Components of gut bacteria as immunomodulators. Int. .
Food Microbiol. 1998, 41, 141-154. [CrossRef]

Divyashree, M.; Prakash, S.K.; Aditya, V.; Aljabali, A.A.; Alzahrani, K.J.; Azevedo, V.; Gées-Neto, A.; Tambuwala, M.M.; Barh, D.
Bugs as drugs: Neglected but a promising future therapeutic strategy in cancer. Future Oncol. 2022, 18, 1609-1626. [CrossRef]
Adnan, M.; Khan, S.; Al-Shammari, E.; Patel, M.; Saeed, M.; Hadji, S. In pursuit of cancer metastasis therapy by bacteria and its
biofilms: History or future. Med. Hypotheses 2017, 100, 78-81. [CrossRef]

Diaz, L.A.; Cheong, L; Foss, C.A.; Zhang, X.; Peters, B.A.; Agrawal, N.; Bettegowda, C.; Karim, B.; Liu, G.; Khan, K,; et al.
Pharmacologic and Toxicologic Evaluation of C. novyi-NT Spores. Toxicol. Sci. 2005, 88, 562-575. [CrossRef]

Umer, B.; Good, D.; Anné, J.; Duan, W.; Wei, M.Q. Clostridial Spores for Cancer Therapy: Targeting Solid Tumour Microenviron-
ment. J. Toxicol. 2012, 2012, 862764. [CrossRef]

Lower, B.H.; Bazylinski, D.A. The Bacterial Magnetosome: A Unique Prokaryotic Organelle. ]. Mol. Microbiol. Biotechnol. 2013, 23,
63-80. [CrossRef]

Uebe, R.; Schiiler, D. Magnetosome biogenesis in magnetotactic bacteria. Nat. Rev. Microbiol. 2016, 14, 621-637. [CrossRef]
Gandia, D.; Gandarias, L.; Rodrigo, I.; Robles-Garcia, J.; Das, R.; Garaio, E.; Garcia, J.A.; Phan, M.H.; Srikanth, H.; Orue, I; et al.
Unlocking the Potential of Magnetotactic Bacteria as Magnetic Hyperthermia Agents. Small 2019, 15, €1902626. [CrossRef]
Marzhoseyni, Z.; Shojaie, L.; Tabatabaei, S.A.; Movahedpour, A.; Safari, M.; Esmaeili, D.; Mahjoubin-Tehran, M.; Jalili, A.;
Morshedi, K.; Khan, H.; et al. Streptococcal bacterial components in cancer therapy. Cancer Gene Ther. 2022, 29, 141-155.
[CrossRef]

Joo, N.E,; Ritchie, K.; Kamarajan, P.; Miao, D.; Kapila, Y.L. Nisin, an apoptogenic bacteriocin and food preservative, attenuates
HNSCC tumorigenesis via CHAC 1. Cancer Med. 2012, 1, 295-305. [CrossRef]

Zhu, H; Cao, C.; Wu, Z.; Zhang, H.; Sun, Z.; Wang, M.; Xu, H.; Zhao, Z.; Wang, Y.; Pei, G.; et al. The probiotic L. casei Zhang
slows the progression of acute and chronic kidney disease. Cell Metab. 2021, 33, 1926-1942.e8. [CrossRef]

Rodrigues, G.; Silva, G.G.O.; Buccini, D.F.; Duque, H.M.; Dias, S.C.; Franco, O.L. Bacterial Proteinaceous Compounds With
Multiple Activities Toward Cancers and Microbial Infection. Front. Microbiol. 2019, 10, 1690. [CrossRef]

85



Cancers 2022, 14, 4945

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Paiva, A.D.; de Oliveira, M.D.; de Paula, S.0.; Baracat-Pereira, M.C.; Breukink, E.; Mantovani, H.C. Toxicity of bovicin HC5
against mammalian cell lines and the role of cholesterol in bacteriocin activity. Microbiology 2012, 158 Pt 11, 2851-2858. [CrossRef]
Lee, D.K; Jang, S.; Kim, M.J.; Kim, ].H.; Chung, M.J.; Kim, K.J.; Ha, N.J. Anti-proliferative effects of Bifidobacterium adolescentis
SPMO0212 extract on human colon cancer cell lines. BMC Cancer 2008, 8, 310. [CrossRef]

Yazawa, K.; Fujimori, M.; Amano, J.; Kano, Y.; Taniguchi, S. Bifidobacterium longum as a delivery system for cancer gene therapy:
Selective localization and growth in hypoxic tumors. Cancer Gene Ther. 2000, 7, 269-274. [CrossRef]

Fujimori, M.; Amano, J.; Taniguchi, S. The genus Bifidobacterium for cancer gene therapy. Curr. Opin. Drug Discov. Dev. 2002, 5,
200-203.

Grozdanov, L.; Raasch, C.; Schulze, J.; Sonnenborn, U.; Gottschalk, G.; Hacker, J.; Dobrindt, U. Analysis of the Genome Structure
of the Nonpathogenic Probiotic Escherichia coli Strain Nissle 1917. ]. Bacteriol. 2004, 186, 5432-5441. [CrossRef]

Yu, D.; Wu, C; Ping, S.; Keng, C.; Shen, K. Bacille Calmette-Guerin can induce cellular apoptosis of urothelial cancer directly
through toll-like receptor 7 activation. Kaohsiung J. Med. Sci. 2015, 31, 391-397. [CrossRef]

Wang, D.; Wei, X.; Kalvakolanu, D.V.; Guo, B.; Zhang, L. Perspectives on Oncolytic Salmonella in Cancer Immunotherapy—A
Promising Strategy. Front. Immunol. 2021, 12, 615930. [CrossRef]

Oladejo, M.; Paterson, Y.; Wood, L.M. Clinical Experience and Recent Advances in the Development of Listeria-Based Tumor
Immunotherapies. Front. Immunol. 2021, 12, 642316. [CrossRef] [PubMed]

Qi, J.-L.; He, J.-R.; Jin, S.-M.; Yang, X.; Bai, H.-M.; Liu, C.-B.; Ma, Y.-B. P. aeruginosa Mediated Necroptosis in Mouse Tumor Cells
Induces Long-Lasting Systemic Antitumor Immunity. Front. Oncol. 2020, 10, 610651. [CrossRef] [PubMed]

Pi,J.; Zhang, Z.; Yang, E.; Chen, L.; Zeng, L.; Chen, Y.; Wang, R.; Huang, D.; Fan, S.; Lin, W.; et al. Nanocages engineered from
Bacillus Calmette-Guerin facilitate protective Vgamma2Vdelta2 T cell immunity against Mycobacterium tuberculosis infection.
J. Nanobiotechnol. 2022, 20, 36. [CrossRef] [PubMed]

Gontero, P; Bohle, A.; Malmstrom, P.-U.; O’'Donnell, M.A.; Oderda, M.; Sylvester, R.; Witjes, F. The Role of Bacillus Calmette-
Guérin in the Treatment of Non—-Muscle-Invasive Bladder Cancer. Eur. Urol. 2010, 57, 410-429. [CrossRef]

Poussin, M.A.; Goldfine, H. Involvement of Listeria monocytogenes Phosphatidylinositol-Specific Phospholipase C and Host
Protein Kinase C in Permeabilization of the Macrophage Phagosome. Infect. Immun. 2005, 73, 4410-4413. [CrossRef]

Brunt, L.M.; A Portnoy, D.; Unanue, E.R. Presentation of Listeria monocytogenes to CD8+ T cells requires secretion of hemolysin
and intracellular bacterial growth. J. Immunol. 1990, 145, 3540-3546.

Zheng, D.; Li, R;; An, J.; Xie, T.; Han, Z.; Xu, R.; Fang, Y.; Zhang, X. Prebiotics-Encapsulated Probiotic Spores Regulate Gut
Microbiota and Suppress Colon Cancer. Adv. Mater. 2020, 32, €2004529. [CrossRef]

Wang, L.; Zhou, J.; Xin, Y.; Geng, C.; Tian, Z.; Yu, X.; Dong, Q. Bacterial overgrowth and diversification of microbiota in gastric
cancer. Eur. . Gastroenterol. Hepatol. 2016, 28, 261-266. [CrossRef]

Pleguezuelos-Manzano, C.; Puschhof, J.; Rosendahl Huber, A.; Van Hoeck, A.; Wood, H.M.; Nomburg, J.; Gurjao, C.; Manders, F.;
Dalmasso, G.; Stege, P.B.; et al. Mutational signature in colorectal cancer caused by genotoxic pks (+) E. coli. Nature 2020, 580,
269-273. [CrossRef]

Duong, M.T.-Q.; Qin, Y.; You, S.-H.; Min, ].-J. Bacteria-cancer interactions: Bacteria-based cancer therapy. Exp. Mol. Med. 2019, 51,
1-15. [CrossRef]

Toso, ].E; Gill, V.J.; Hwu, P.; Marincola, EM.; Restifo, N.P.; Schwartzentruber, D.J.; Sherry, R.M.; Topalian, S.L.; Yang, J.C.; Stock,
E; et al. Phase I study of the intravenous administration of attenuated Salmonella typhimurium to patients with metastatic
melanoma. J. Clin. Oncol. 2002, 20, 142-152. [CrossRef]

Heimann, D.M.; Rosenberg, S.A. Continuous Intravenous Administration of Live Genetically Modified Salmonella Typhimurium
in Patients With Metastatic Melanoma. J. Immunother. 2003, 26, 179-180. [CrossRef]

Nemunaitis, J.; Cunningham, C.; Senzer, N.; Kuhn, J.; Cramm, J.; Litz, C.; Cavagnolo, R.; Cahill, A.; Clairmont, C.; Sznol, M. Pilot
trial of genetically modified, attenuated Salmonella expressing the E. coli cytosine deaminase gene in refractory cancer patients.
Cancer Gene Ther. 2003, 10, 737-744. [CrossRef]

VNP20009 in Treating Patients with Advanced or Metastatic Solid Tumors That Have Not Responded to Previous Therapy. 2019.
Available online: ClinicalTrials.gov (accessed on 3 October 2022).

VNP20009 in Treating Patients with Advanced Solid Tumors. 2019. Available online: ClinicalTrials.gov (accessed on
3 October 2022).

Treatment of Patients with Cancer with Genetically Modified Salmonella Typhimurium Bacteria. 2019. Available online:
ClinicalTrials.gov (accessed on 3 October 2022).

IL-2 Expressing, Attenuated Salmonella Typhimurium in Unresectable Hepatic Spread. 2019. Available online: ClinicalTrials.gov
(accessed on 3 October 2022).

Schmitz-Winnenthal, EH.; Hohmann, N.; Schmidt, T.; Podola, L.; Friedrich, T.; Lubenau, H.; Springer, M.; Wieckowski, S.; Breiner,
K.M.; Mikus, G.; et al. A phase 1 trial extension to assess immunologic efficacy and safety of prime-boost vaccination with
VXMO1, an oral T cell vaccine against VEGFR2, in patients with advanced pancreatic cancer. Oncolmmunology 2018, 7, e1303584.
[CrossRef]

One Time Injection of Bacteria to Treat Solid Tumors That Have Not Responded to Standard Therapy. 2019. Available online:
ClinicalTrials.gov (accessed on 3 October 2022).

86



Cancers 2022, 14, 4945

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Safety Study of Clostridium Novyi-NT Spores to Treat Patients with Solid Tumors That Have Not Responded to Standard
Therapies. 2019. Available online: ClinicalTrials.gov (accessed on 3 October 2022).

Safety Study of Intratumoral Injection of Clostridium Novyi-NT Spores to Treat Patients with Solid Tumors That Have Not
Responded to Standard Therapies. 2019. Available online: ClinicalTrials.gov (accessed on 3 October 2022).

Pembrolizumab with Intratumoral Injection of Clostridium Novyi-NT. 2019. Available online: ClinicalTrials.gov (accessed on
3 October 2022).

Le, D.T.; Wang-Gillam, A.; Picozzi, V.; Greten, T.F,; Crocenzi, T.; Springett, G.; Morse, M.; Zeh, H.; Cohen, D.; Fine, R.L; et al.
Safety and Survival With GVAX Pancreas Prime and Listeria Monocytogenes—Expressing Mesothelin (CRS-207) Boost Vaccines for
Metastatic Pancreatic Cancer. J. Clin. Oncol. 2015, 33, 1325-1333. [CrossRef]

Basu, P; Mehta, A ; Jain, M.; Gupta, S.; Nagarkar, R.V.; John, S.; Petit, R. A Randomized Phase 2 Study of ADXS11-001 Listeria
monocytogenes-Listeriolysin O Immunotherapy with or without Cisplatin in Treatment of Advanced Cervical Cancer. Int. |.
Guynecol. Cancer 2018, 28, 764-772. [CrossRef]

Study of ADXS11-001 in Subjects with High Risk Locally Advanced Cervical Cancer. 2019. Available online: ClinicalTrials.gov
(accessed on 3 October 2022).

Kong, Q.; Six, D.A.; Liu, Q.; Gu, L.; Roland, K.L.; Raetz, C.R.H.; Curtiss, R. Palmitoylation State Impacts Induction of Innate
and Acquired Immunity by the Salmonella enterica Serovar Typhimurium msbB Mutant. Infect. Immun. 2011, 79, 5027-5038.
[CrossRef]

Kong, Q.; Yang, J.; Liu, Q.; Alamuri, P; Roland, K.L.; Curtiss, R. Effect of Deletion of Genes Involved in Lipopolysaccharide Core
and O-Antigen Synthesis on Virulence and Immunogenicity of Salmonella enterica Serovar Typhimurium. Infect. Immun. 2011,
79, 4227-4239. [CrossRef]

Kocijancic, D.; Felgner, S.; Schauer, T.; Frahm, M.; Heise, U.; Zimmermann, K.; Erhardt, M.; Weiss, S. Local application of
bacteria improves safety of Salmonella-mediated tumor therapy and retains advantages of systemic infection. Oncotarget 2017, 8,
49988-50001. [CrossRef]

Chang, L.; Xiao, W.; Yang, Y,; Li, H.; Xia, D.; Yu, G.; Guo, X.; Guan, W.; Hu, Z.; Xu, H.; et al. Pseudomonas aeruginosa-mannose—
sensitive hemagglutinin inhibits epidermal growth factor receptor signaling pathway activation and induces apoptosis in bladder
cancer cells in vitro and in vivo. Urol. Oncol. 2014, 32, 36.e11-36.€18. [CrossRef]

Harimoto, T.; Hahn, J.; Chen, Y.-Y,; Im, J.; Zhang, J.; Hou, N.; Li, E; Coker, C.; Gray, K.; Harr, N.; et al. A programmable
encapsulation system improves delivery of therapeutic bacteria in mice. Nat. Biotechnol. 2022, 40, 1259-1269. [CrossRef]

Zhao, M; Yang, M; Li, X.-M,; Jiang, P; Baranov, E.; Li, S.; Xu, M.; Penman, S.; Hoffman, R.M. Tumor-targeting bacterial therapy
with amino acid auxotrophs of GFP-expressing Salmonella typhimurium. Proc. Natl. Acad. Sci. USA 2005, 102, 755-760. [CrossRef]
Clairmont, C.; Lee, K.C.; Pike, ].; Ittensohn, M.; Low, K.B.; Pawelek, ].; Bermudes, D.; Brecher, S.M.; Margitich, D.; Turnier, J.; et al.
Biodistribution and Genetic Stability of the Novel Antitumor Agent VNP20009, a Genetically Modified Strain of Salmonella ty-
phimurium. |. Infect. Dis. 2000, 181, 1996-2002. [CrossRef]

Epaulard, O.; Derouazi, M.; Margerit, C.; Marlu, R.; Filopon, D.; Polack, B.; Toussaint, B. Optimization of a Type III Secretion
System-Based Pseudomonas aeruginosa Live Vector for Antigen Delivery. Clin. Vaccine Immunol. 2008, 15, 308-313. [CrossRef]
Yoon, W.S.; Choi, W.C,; Sin, J.-I; Park, Y.K. Antitumor therapeutic effects of Salmonella typhimurium containing FIt3 Ligand
expression plasmids in melanoma-bearing mouse. Biotechnol. Lett. 2007, 29, 511-516. [CrossRef]

Kramer, M.G.; Masner, M.; Casales, E.; Moreno, M.; Smerdou, C.; Chabalgoity, J.A. Neoadjuvant administration of Semliki Forest
virus expressing interleukin-12 combined with attenuated Salmonella eradicates breast cancer metastasis and achieves long-term
survival in immunocompetent mice. BMIC Cancer 2015, 15, 620. [CrossRef]

Na, H.S.; Kim, H.].; Lee, H.-C.; Hong, Y.; Rhee, ].H.; E Choy, H. Immune response induced by Salmonella typhimurium defective
in ppGpp synthesis. Vaccine 2006, 24, 2027-2034. [CrossRef] [PubMed]

Dang, L.H.; Bettegowda, C.; Huso, D.L.; Kinzler, K.W.; Vogelstein, B. Combination bacteriolytic therapy for the treatment of
experimental tumors. Proc. Natl. Acad. Sci. USA 2001, 98, 15155-15160. [CrossRef] [PubMed]

Pang, Z.; Gu, M.-D.; Tang, T. Pseudomonas aeruginosa in Cancer Therapy: Current Knowledge, Challenges and Future
Perspectives. Front. Oncol. 2022, 12, 891187. [CrossRef] [PubMed]

Samadi, M.; Majidzadeh-A, K.; Salehi, M.; Jalili, N.; Noorinejad, Z.; Mosayebzadeh, M.; Muhammadnejad, A.; Khatibi, A.S.;
Moradi-Kalbolandi, S.; Farahmand, L. Engineered hypoxia-responding Escherichia coli carrying cardiac peptide genes, suppresses
tumor growth, angiogenesis and metastasis in vivo. J. Biol. Eng. 2021, 15, 20. [CrossRef] [PubMed]

Anderson, ].C; Clarke, E.J.; Arkin, A.P.; Voigt, C.A. Environmentally Controlled Invasion of Cancer Cells by Engineered Bacteria.
J. Mol. Biol. 2006, 355, 619—-627. [CrossRef]

Flentie, K.; Kocher, B.; Gammon, S.T.; Novack, D.V.; McKinney, J.S.; Piwnica-Worms, D. A Bioluminescent Transposon Reporter-
Trap Identifies Tumor-Specific Microenvironment-Induced Promoters in Salmonella for Conditional Bacterial-Based Tumor
Therapy. Cancer Discov. 2012, 2, 624-637. [CrossRef]

Han, C; Zhang, X.; Pang, G.; Zhang, Y; Pan, H.; Li, L.; Cui, M,; Liu, B.; Kang, R.; Xue, X.; et al. Hydrogel microcapsules containing
engineered bacteria for sustained production and release of protein drugs. Biomaterials 2022, 287, 121619. [CrossRef]

Ganai, S.; Arenas, R.B.; Forbes, N.S. Tumour-targeted delivery of TRAIL using Salmonella typhimurium enhances breast cancer
survival in mice. Br. J. Cancer 2009, 101, 1683-1691. [CrossRef]

87



Cancers 2022, 14, 4945

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Terpe, K. Overview of bacterial expression systems for heterologous protein production: From molecular and biochemical
fundamentals to commercial systems. Appl. Microbiol. Biotechnol. 2006, 72, 211-222. [CrossRef]

Li, L; Pan, H.; Pang, G.; Lang, H.; Shen, Y,; Sun, T.; Zhang, Y.; Liu, J.; Chang, ].; Kang, J.; et al. Precise Thermal Regulation of
Engineered Bacteria Secretion for Breast Cancer Treatment In Vivo. ACS Synth. Biol. 2022, 11, 1167-1177. [CrossRef]

Park, S.-H.; Zheng, ] H.; Nguyen, V.H.; Jiang, S.-N.; Kim, D.-Y.; Szardenings, M.; Min, ].H.; Hong, Y.; Choy, H.E. RGD Peptide
Cell-Surface Display Enhances the Targeting and Therapeutic Efficacy of Attenuated Salmonella-mediated Cancer Therapy.
Theranostics 2016, 6, 1672-1682. [CrossRef]

Huang, S.; Zhu, Z.; Jia, B.; Zhang, W.; Song, J. Design of acid-activated cell-penetrating peptides with nuclear localization capacity
for anticancer drug delivery. . Pept. Sci. 2021, 27, €3354. [CrossRef]

Coulthurst, S.J. The Type VI secretion system—A widespread and versatile cell targeting system. Res. Microbiol. 2013, 164,
640-654. [CrossRef]

Galan, J.E.; Lara-Tejero, M.; Marlovits, T.C.; Wagner, S. Bacterial Type III Secretion Systems: Specialized Nanomachines for Protein
Delivery into Target Cells. Annu. Rev. Microbiol. 2014, 68, 415-438. [CrossRef]

Dong, C.Y.; Huang, Q.X.; Cheng, H.; Zheng, D.W.; Hong, S.; Yan, Y.; Niu, M.T;; Xu, J.G.; Zhang, X.Z. Neisseria meningitidis
Opca Protein/MnO, Hybrid Nanoparticles for Overcoming the Blood-Brain Barrier to Treat Glioblastoma. Adv. Mater 2022,
34, €2109213. [CrossRef]

Yao, Q.; Cao, S.; Li, C.; Mengesha, A.; Low, P; Kong, B.; Dai, S.; Wei, M. Turn a diarrhoea toxin into a receptor-mediated therapy
for a plethora of CLDN-4-overexpressing cancers. Biochem. Biophys. Res. Commun. 2010, 398, 413-419. [CrossRef]

Murase, K. Cytolysin A (ClyA): A Bacterial Virulence Factor with Potential Applications in Nanopore Technology, Vaccine
Development, and Tumor Therapy. Toxins 2022, 14, 78. [CrossRef]

Massa, PE.; Paniccia, A.; Monegal, A.; De Marco, A.; Rescigno, M. Salmonella engineered to express CD20-targeting antibodies
and a drug-converting enzyme can eradicate human lymphomas. Blood 2013, 122, 705-714. [CrossRef]

Geng, Z.; Cao, Z.; Liu, R.; Liu, K; Liu, J.; Tan, W. Aptamer-assisted tumor localization of bacteria for enhanced biotherapy.
Nat. Commun. 2021, 12, 6584. [CrossRef]

Fan, J.X.; Peng, M.Y.; Wang, H.; Zheng, H.R,; Liu, Z.L.; Li, C.X,; Wang, X.N.; Liu, X.H.; Cheng, S.X.; Zhang, X.Z. Engineered
Bacterial Bioreactor for Tumor Therapy via Fenton-Like Reaction with Localized HyO, Generation. Adv. Mater 2019, 31, e1808278.
[CrossRef]

Minton, N.P.; Mauchline, M.L.; Lemmon, M.].; Brehm, ] K.; Fox, M.; Michael, N.P.; Giaccia, A.; Brown, ].M. Chemotherapeutic
tumour targeting using clostridial spores. FEMS Microbiol. Rev. 1995, 17, 357-364. [CrossRef]

Groot, A.].; Mengesha, A.; van der Wall, E.; van Diest, P.J.; Theys, ]J.; Vooijs, M. Functional antibodies produced by oncolytic
clostridia. Biochem. Biophys. Res. Commun. 2007, 364, 985-989. [CrossRef]

Nishikawa, H.; Sato, E.; Briones, G.; Chen, L.-M.; Matsuo, M.; Nagata, Y.; Ritter, G.; Jager, E.; Nomura, H.; Kondo, S.; et al. In vivo
antigen delivery by aSalmonella typhimurium type III secretion system for therapeutic cancer vaccines. J. Clin. Investig. 2006, 116,
1946-1954. [CrossRef]

Shahabi, V.; Maciag, P.C.; Rivera, S.; Wallecha, A. Live, attenuated strains of Listeria and Salmonella as vaccine vectors in cancer
treatment. Bioeng. Bugs 2010, 1, 237-245. [CrossRef] [PubMed]

Mclntosh, J.K.; Mulé, J.].; A Krosnick, J.; A Rosenberg, S. Combination cytokine immunotherapy with tumor necrosis factor alpha,
interleukin 2, and alpha-interferon and its synergistic antitumor effects in mice. Cancer Res. 1989, 49, 1408-1414. [PubMed]
Barbe, S.; Van Mellaert, L.; Theys, J.; Geukens, N.; Lammertyn, E.; Lambin, P.; Anne, J. Secretory production of biologically active
rat interleukin-2 by Clostridium acetobutylicum DSM792 as a tool for anti-tumor treatment. FEMS Microbiol. Lett. 2005, 246,
67-73. [CrossRef] [PubMed]

Loeffler, M.; Le’'Negrate, G.; Krajewska, M.; Reed, ].C. Inhibition of Tumor Growth Using Salmonella Expressing Fas Ligand.
J. Natl. Cancer Inst. 2008, 100, 1113-1116. [CrossRef]

Deng, H.; Tan, S.; Gao, X.; Zou, C.; Xu, C; Tu, K,; Song, Q.; Fan, F; Huang, W.; Zhang, Z. Cdk5 knocking out mediated by
CRISPR-Cas9 genome editing for PD-L1 attenuation and enhanced antitumor immunity. Acta Pharm. Sin. B 2020, 10, 358-373.
[CrossRef]

Meng, W.; He, C.; Hao, Y.; Wang, L.; Li, L.; Zhu, G. Prospects and challenges of extracellular vesicle-based drug delivery system:
Considering cell source. Drug Deliv. 2020, 27, 585-598. [CrossRef]

Yan, Y.; Liu, X.-Y.; Lu, A.; Wang, X.-Y.; Jiang, L.-X.; Wang, J.-C. Non-viral vectors for RNA delivery. ]. Control Release 2022, 342,
241-279. [CrossRef]

Reid, G.; Kao, S.C.; Pavlakis, N.; Brahmbhatt, H.; MacDiarmid, J.; Clarke, S.; Boyer, M.; van Zandwijk, N. Clinical development
of TargomiRs, a miRNA mimic-based treatment for patients with recurrent thoracic cancer. Epigenomics 2016, 8, 1079-1085.
[CrossRef]

Gujrati, V;; Kim, S.; Kim, S.-H.; Min, ].J.; E Choy, H.; Kim, S.C.; Jon, S. Bioengineered Bacterial Outer Membrane Vesicles as
Cell-Specific Drug-Delivery Vehicles for Cancer Therapy. ACS Nano 2014, 8, 1525-1537. [CrossRef]

Gujrati, V.; Prakash, J.; Malekzadeh-Najafabadi, J.; Stiel, A.; Klemm, U.; Mettenleiter, G.; Aichler, M.; Walch, A.; Ntziachristos, V.
Bioengineered bacterial vesicles as biological nano-heaters for optoacoustic imaging. Nat. Commun. 2019, 10, 1114. [CrossRef]

88



Cancers 2022, 14, 4945

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Yang, Z.; Zhu, Y.; Dong, Z.; Hao, Y.; Wang, C.; Li, Q.; Wu, Y; Feng, L.; Liu, Z. Engineering bioluminescent bacteria to boost
photodynamic therapy and systemic anti-tumor immunity for synergistic cancer treatment. Biomaterials 2022, 281, 121332.
[CrossRef]

Yue, Y,; Xu, J.; Li, Y.; Cheng, K.; Feng, Q.; Ma, X.; Ma, N.; Zhang, T.; Wang, X.; Zhao, X.; et al. Antigen-bearing outer membrane
vesicles as tumour vaccines produced in situ by ingested genetically engineered bacteria. Nat. Biomed. Eng. 2022, 6, 898-909.
[CrossRef]

Kang, S.R; Jo, EJ.; Nguyen, V.H.; Zhang, Y.; Yoon, H.S.; Pyo, A.; Kim, D.Y.; Hong, Y.; Bom, H.S.; Min, ].J. Imaging of tumor
colonization by Escherichia coli using (18)F-FDS PET. Theranostics 2020, 10, 4958-4966. [CrossRef]

Pan, P; Dong, X.; Chen, Y.; Zeng, X.; Zhang, X.-Z. Engineered Bacteria for Enhanced Radiotherapy against Breast Carcinoma.
ACS Nano 2022, 16, 801-812. [CrossRef]

Chen, Q.; Wang, J.; Wang, X_; Fan, J.; Liu, X,; Li, B.; Han, Z.; Cheng, S.; Zhang, X. Inhibition of Tumor Progression through the
Coupling of Bacterial Respiration with Tumor Metabolism. Angew. Chem. Int. Ed. 2020, 59, 21562-21570. [CrossRef]

Wu, W.; Pu, Y;; Yao, H.; Lin, H.; Shi, J. Microbiotic nanomedicine for tumor-specific chemotherapy-synergized innate/adaptive
antitumor immunity. Nano Today 2022, 42, 101377. [CrossRef]

Zheng, D.-W.; Chen, Y.; Li, Z.-H.; Xu, L.; Li, C.-X,; Li, B.; Fan, ].-X,; Cheng, S.-X_; Zhang, X.-Z. Optically-controlled bacterial
metabolite for cancer therapy. Nat. Commun. 2018, 9, 1680. [CrossRef]

Ding, S.; Liu, Z.; Huang, C.; Zeng, N.; Jiang, W.; Li, Q. Novel Engineered Bacterium/Black Phosphorus Quantum Dot Hybrid
System for Hypoxic Tumor Targeting and Efficient Photodynamic Therapy. ACS Appl. Mater. Interfaces 2021, 13, 10564-10573.
[CrossRef]

Liu, Y,; Lu, Y;; Ning, B.; Su, X;; Yang, B.; Dong, H.; Yin, B.; Pang, Z.; Shen, S. Intravenous Delivery of Living Listeria monocytogenes
Elicits Gasdmermin-Dependent Tumor Pyroptosis and Motivates Anti-Tumor Immune Response. ACS Nano 2022, 16, 4102-4115.
[CrossRef]

Zhang, J.; Li, Z.; Liu, L,; Li, L.; Zhang, L.; Wang, Y.; Zhao, ]. Self-Assembly Catalase Nanocomplex Conveyed by Bacterial Vesicles
for Oxygenated Photodynamic Therapy and Tumor Immunotherapy. Int. . Nanomed. 2022, 17, 1971-1985. [CrossRef]

89






cancers

Review

Immunotherapy of Neuroendocrine Neoplasms: Any Role for
the Chimeric Antigen Receptor T Cells?

Giuseppe Fanciulli '*, Roberta Modica >*, Anna La Salvia 3, Federica Campolo %, Tullio Florio ¢,
Nevena Mikovic 7, Alice Plebani 8, Valentina Di Vito #, Annamaria Colao >° and Antongiulio Faggiano 7+

on behalf of NIKE Group

Citation: Fanciulli, G.; Modica, R.; La
Salvia, A.; Campolo, E; Florio, T.;
Mikovic, N.; Plebani, A.; Di Vito, V.;
Colao, A.; Faggiano, A.
Immunotherapy of Neuroendocrine
Neoplasms: Any Role for the
Chimeric Antigen Receptor T

Cells? Cancers 2022, 14, 3991.
https://doi.org/10.3390/
cancers14163991

Academic Editor:

Subbaya Subramanian

Received: 25 July 2022
Accepted: 17 August 2022
Published: 18 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Neuroendocrine Tumour Unit, Department of Medicine, Surgery and Pharmacy, University of
Sassari—Endocrine Unit, AOU Sassari, 07100 Sassari, Italy

Endocrinology, Diabetology and Andrology Unit, Department of Clinical Medicine and Surgery, Federico I
University of Naples, 80131 Naples, Italy

Division of Medical Oncology 2, IRCCS Regina Elena National Cancer Institute, 00144 Rome, Italy
Department of Experimental Medicine, “Sapienza” University of Rome, 00161 Rome, Italy

Department of Internal Medicine, University of Genoa, 16132 Genoa, Italy

Scientific Institute for Research, Hospitalisation and Healthcare Ospedale Policlinico San Martino,

16132 Genoa, Italy

Endocrinology Unit, Department of Clinical and Molecular Medicine, Sant’Andrea Hospital, ENETS Center of
Excellence, Sapienza University of Rome, 00189 Rome, Italy

Laboratory of Geriatric and Oncologic Neuroendocrinology Research, Istituto Auxologico Italiano IRCCS,
Cusano Milanino, 20095 Milan, Italy

¢ UNESCO Chair, Education for Health and Sustainable Development, Federico II University,

80131 Naples, Italy

Correspondence: gfanciu@uniss.it

1t These authors contributed equally to this work.

1 Membership of NIKE Group is provided in the Acknowledgments Section.

- N N )

Simple Summary: Neuroendocrine neoplasms (NENs) comprise a heterogeneous group of tumors
arising in different organs whose clinical course is variable according to histological differentiation
and metastatic spread. Therapeutic options have recently expanded, but there is a need for new
effective therapies, especially in less differentiated forms. Chimeric antigen receptor T cells (CAR-T)
have shown efficacy in several cancers, mainly hematological, but data on NENs are scattered. We
aimed to analyze the available preclinical and clinical data about CAR-T in NENS, to highlight their
potential role in clinical practice. A significant therapeutic effect of CAR-T cells in NENs emerges
from preclinical studies. Results from clinical trials are expected in order to define their effective role
in these cancers.

Abstract: Neuroendocrine neoplasms (NENs) are a heterogeneous group of tumors with variable
clinical presentation and prognosis. Surgery, when feasible, is the most effective and often curative
treatment. However, NENSs are frequently locally advanced or already metastatic at diagnosis.
Consequently, additional local or systemic therapeutic approaches are required. Immunotherapy,
based on chimeric antigen receptor T cells (CAR-T), is showing impressive results in several cancer
treatments. The aim of this narrative review is to analyze the available data about the use of CAR-T
in NENS, including studies in both preclinical and clinical settings. We performed an extensive search
for relevant data sources, comprising full-published articles, abstracts from international meetings,
and worldwide registered clinical trials. Preclinical studies performed on both cell lines and animal
models indicate a significant therapeutic effect of CAR-T cells in NENs. Ongoing and future clinical
trials will clarify the possible role of these drugs in patients with highly aggressive NENs.

Keywords: chimeric antigen receptor-T cells; neuroendocrine neoplasm; neuroendocrine tumor;
neuroendocrine carcinoma; carcinoid tumor; somatostatin receptors
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1. Introduction

Neuroendocrine neoplasms (NENs) include a heterogeneous group of tumors with
variable clinical presentation and prognosis, mainly arising in the gastroenteropancreatic
and pulmonary tract, with steadily increasing incidence, irrespective of site and stage [1,2].
Even though NENs usually show an indolent behavior, they are often locally advanced
or already metastatic at diagnosis [1,2]. Their management is therefore challenging, and,
even though the landscape of therapy has considerably expanded in the last decades [3,4],
additional loco-regional or systemic approaches are required [5]. The available treatment
options include somatostatin analogues (SSAs), such as octreotide and lanreotide, targeted
therapies (everolimus and sunitinib), liver-directed therapies, external beam radiotherapy,
peptide receptor radionuclide therapy, and chemotherapies, in variable sequences [6,7].
Prognosis is largely influenced by several factors, including patient age, tumor grade, stage,
and localization [2]. Although survival rates have been improving over time, tailored
therapies are needed, especially for patients with rapidly progressing diseases. The role of
immunotherapy in NENS is gaining interest [8,9], and encouraging clinical results have
been reported in small cell lung cancer (SCLC) [10], Merkel cell carcinoma [11], pheochro-
mocytoma/paraganglioma [12], lung carcinoid [13], and medullary thyroid carcinoma
(MTC) [14]. T cell immunotherapy using CAR-T cells is showing encouraging results in
cancer treatment. CARs are recombinant receptors composed of the single-chain fragment
variant (scFv) of an antibody for recognition of specific antigens, an extracellular hinge
domain, a transmembrane domain, and an intracellular signal domain (Figure 1) [15]. A
CAR-T cell is a T lymphocyte isolated from the patient, genetically engineered to express an
antigen-specific receptor, introduced using a plasmid or viral vector, that binds directly to a
cell surface antigen expressed on the cell intended to be recognized and eliminated [16]. The
T cells used for CAR-T cell engineering are obtained from patient’s peripheral blood cells,
which are expanded ex vivo and then re-infused back in patients after lymphodepleting
chemotherapy. After binding to target antigens, CAR-T cells are activated, proliferate, and
exert their antitumor activity, which includes tumor lysis and induction of a secondary
immune response against the tumor [17]. CAR-T cells have demonstrated remarkable
success in the treatment of hematological tumors, and, to date, the European Medicines
Agency (EMA) and US Food and Drug Administration (FDA) have approved six different
CAR-T cell immunotherapies for these malignancies (Table 1).

Table 1. Current FDA/EMA approved CAR-T cells.

Brand Name Generic Name Target Indications FDA Approval EMA Approval
(Year) (Year)
Abecma 1de§abtagene B-cell m.aturahon relapsed /refractory multiple 2021 2021 (conditional)
vicleucel antigen myeloma
relapsed /refractory diffuse
large B-cell lymphoma,
lisocabtagene primary mediastinal large 2022
Breyanzi maralefcel CD19 B-cell lymphoma, follicular 2021 (initial orphan drug
lymphoma grade 3B, after approval 2017)
two or more lines of systemic
therapy
Carvykti ciltacabtagene D38 Relapsed/refractory multiple 2022 2022 (orphan)
autoleucel myeloma
B-cell acute lymphoblastic
leukemia, relapsed or L
Kymriah tisagenlecleucel CD19 refractory diffuse large B-cell 2017 2018 (initial orphan

lymphoma and follicular drug approval 2016)

lymphoma
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Table 1. Cont.

Brand Name Generic Name Target Indications FDA Approval EMA Approval
(Year) (Year)
Tecartus brexucabtagene D19 relapsed /refractory mantle 2020 2019 (conditional)
autoleucel cell lymphoma
diffuse large B-cell
axicabtagene lymphoma, transformed 2018 (initial orphan
Yescarta ciloleucel CD1o follicular lymphoma, primary 2017 drug approval 2016)
mediastinal B-cell lymphoma
first second third fourth
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Figure 1. Diagrammatic representation of chimeric antigen receptors (CARs).

CARs are transduced on the T cell surface and interact with the selected antigens on
tumor cells to induce T cell-mediated cytotoxicity. CARs are composed of a single-chain
variable fragment (antigen-binding domain) composed of the variable domains, VH and VL,
of the heavy and light chains of a monoclonal antibody connected via a long flexible linker
to form a single-stranded fragment, which is able to recognize specific proteins on tumor
cells. This portion is connected to a transmembrane domain via a hinge domain, structurally
reproducing sequences of CD8«x, CD28, or the Fc region of the immunoglobulins IgG1
or IgG4. The intracellular signaling domains represent the anchor of the molecule to the
cell membrane and the connections with the intracellular signaling domain. This latter
domain is composed of the element initiator of the T cell response, CD3-(, and it has been
implemented over the years to enhance the cytotoxic response with the development of four
different generation of CARs. While the first generation included the CD3-( domain only,
in the subsequent ones, a costimulatory signal from CD28 (second generation) or multiple
costimulatory elements besides CD28, including also 4-1BB or OX40, were introduced (third
generation). Third-generation CAR-T cells showed increased differentiation towards T cell
effectors, prolonged T-cell survival, and better clinical outcomes. A further development
(fourth generation) of CARs was obtained by adding to the costimulatory signals the
presence of transcription factors, such as NFAT, able to activate innate immune response
through the production and secretion of IL-12 or other pro-inflammatory cytokines. The
improved efficacy of third vs. first generation CDH17-targeting CAR-T cells was also
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observed in preclinical in vitro and in vivo studies against gastrointestinal NET cells (see
text for detailed description).

The success and the continuous advancements achieved with CAR-T cells in hema-
tological malignancies have encouraged their use in solid tumors, and indeed significant
responses in patients with solid malignancies have been reported [18]. On this basis, we
aimed to collect and discuss the available data about the CAR-T cell treatment in NENs,
including both preclinical and clinical settings.

2. Search Strategy

We performed an extensive search for relevant data sources, including full-published
articles in international online databases (PubMed, Web of Science, Scopus) and preliminary
reports in selected international meeting abstract repositories (American Society of Clinical
Oncology, ASCO; European Neuroendocrine Tumor Society, ENETS; European Society for
Medical Oncology, ESMO), or short articles published as supplements of international meet-
ings, by using the following terms: chimeric antigen receptor-T cells, CAR-T cells, receptors
chimeric antigen, neuroendocrine neoplasm, neuroendocrine tumor, neuroendocrine car-
cinoma, carcinoid tumor, small cell lung cancer, large cell lung cancer, lung carcinoid,
gastroenteropancreatic neuroendocrine tumor, gastroenteropancreatic neuroendocrine neo-
plasm, pheochromocytoma, paraganglioma, medullary thyroid carcinoma, pituitary tumor,
somatostatin receptors. By using the same keywords adopted for reviewing published
articles, we conducted an in-depth search on Registered Clinical Trials (RCTs) by using
the US National Institutes of Health registry of clinical trials (http://clinicaltrials.gov) and
any primary register of the World Health Organization (WHO) International Clinical Trials
Registry Platform (ICTRP), http://www.who.int/ictrp/network/en/. The search was last
updated on 30 June 2022.

The search revealed data on MTC, SCLC, Neuroendocrine prostate cancer (NEPC),
pancreatic NENs (pNENSs), and ileal and lung neuroendocrine cells.

2.1. Medullary Thyroid Carcinoma

MTC is a neuroendocrine tumor arising from calcitonin-producing parafollicular C
cells of the thyroid gland, accounting for approximately 3-5% of all thyroid malignan-
cies [19,20]. Most cases of MTC are sporadic; however, up to 25% are associated with a
hereditary mutation in the REarranged during Transfection (RET) proto-oncogene [20].
Although rare, the incidence of MTC has significantly increased over the last 3 decades from
0.14 to 0.21 per 100,000 individuals, accounting for 13.4% of the total deaths attributable to
thyroid cancer [21]. MTC presents with loco-regional metastasis in up to 50% of patients,
distant metastasis in 10-15%, and recurrent disease develops in approximately 50% of
patients [22]. The clinical course of patients with MTC is variable, ranging from mild to
extremely aggressive, with a 5-year survival rate of less than 40% [23]. According to the
American Thyroid Association guidelines, total thyroidectomy and dissection of cervical
lymph node compartments represent the standard treatment for sporadic or hereditary
MTC, but the management of advanced and progressive disease remains challenging [24].
Systemic chemotherapy has shown limited efficacy in metastatic MTC, and SSAs and
everolimus have been proposed with promising results [25]. Two oral tyrosine kinase
inhibitors (TKI), vandetanib and cabozantinib [26], have been approved for progressive
or symptomatic MTC, showing improvement in progression-free survival (PFS) but no
increase in overall survival (OV). Notably, these drugs are nonselective, and toxicity due
to off-target effects is not negligible [27]. The National Comprehensive Cancer Network
(NCCN) guidelines recommend that TKI therapy may not be appropriate for stable or
slowly progressive, indolent disease [28]. More recently, the highly selective RET inhibitors
selpercatinib (LOXO-292) and pralsetinib (BLU-667), showed efficacy in advanced MTC,
but molecular testing for germline or somatic RET mutations is essential [29]. Thus, a
strong need for advanced MTC effective therapies still remains. Immunotherapy represents
another approach that might be better explored in the treatment of MTC. In this context, the
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use of chimeric antigen receptor technology could open a promising therapeutic scenario.
Based on the expression of GFRa4 by MTC, Bhoj and colleagues [27] hypothesized that
GFRo4 might be a putative target antigen for CAR-based T cell immunotherapy for MTC.
Using phage display, they constructed P4-10bbz, a CAR that specifically targets GFRo4.
This construct was cloned into a lentiviral plasmid vector, and through viral transduction
GFRoi4 targeting CAR-T cells were engineered. In vitro experiments showed that P4-10bbz
CAR specifically responded to GFRa4. P4-10bbz CAR was expressed in a Jurkat cell line
expressing an NFAT (nuclear factor of activated T-cells)-driven Green Fluorescent Pro-
tein (GFP) reporter construct. Measuring GFP expression by flow cytometry, P4-10bbz
expressing Jurkat cells showed activation over basal levels when grown in wells coated
with recombinant or containing soluble GFRa4 as well as when co-cultured with TT and
MZ-CRC1 cells (two human MTC cell lines, which express the target antigen GFRx4).
P4-10bbz CAR was also expressed in primary human T cells. When these P4-10bbz CAR-T
cells were co-cultured with TT and MZ-CRC1 cells, they caused lysis of 60-70% of the cells.
Increasing levels of expressed interleukin-2 (IL-2) and interferon y (IFNy) were detected by
ELISA in the conditioned media when P4-10bbz CAR-T cells are co-cultured with GFRo4
expressing cells, further highlighting an activation of CAR-T cells. Bhoj and colleagues also
demonstrated the in vivo efficacy of P4-10bbz CAR-T cells against MTC, using an MTC
xenograft mouse model. The tumor mass volume, assessed by bioluminescence imaging,
significantly decreased after CAR-T cell treatment. At the same time point, peripheral
blood human T cells were counted by flow cytometry, showing that antitumor activity was
accompanied by robust T cell expansion. In conclusion, P4-10bbz CAR-T cells effectively
eradicated antigen-positive tumor cells. The response to GFRa4 is now under study in
humans: NCT04877613 is an open-label phase 1 study aimed to assess the safety of different
doses of GFRa4 CAR-T cells in adult patients with recurrent/metastatic MTC (progres-
sive after at least one prior TKI-containing regimen, or in patients that were intolerant
to or declined such therapy). Fludarabine and cyclophosphamide were used to induce
lymphodepletion. The primary outcome is the incidence of treatment-emergent adverse
events, as assessed by CTCAE v5.0. Among the secondary outcomes measures, Duration
of Response, OS, and PFS are included. The study start date was 19 August 2021, with an
estimated enrolment of 18 participants, and it is presently reported as “recruiting”. Study
completion is expected on 1 June 2039.

2.2. Small Cell Lung Carcinoma

SCLC is an aggressive, poorly differentiated, and high-grade neuroendocrine carci-
noma (HG-NEC) that accounts for 15% of all lung carcinomas [30]. The incidence of SCLC
has decreased in recent decades, with a prevalence of 1-5 per 10,000 people in the European
community. According to the 2021 WHO classification of thoracic tumors [31], SCLC and
large cell neuroendocrine carcinomas are the two lung HG-NEC subtypes sub-classified on
the basis of cellular size. SCLC is the most frequent neuroendocrine lung cancer, which
is commonly diagnosed as an advanced-stage disease. The gold standard treatment strat-
egy for early-stage SCLC patients is the complete resection with mediastinal lymph node
dissection [32]. However, unfortunately, the disease often rapidly recurs, with a reported
rate exceeding 50%. In the setting of chemonaive locally advanced /metastatic disease, the
standard of care has been radically modified in the last decade [33]. Anti-programmed cell
death-1 (anti-PD-1)/anti-programmed cell death ligand-1 (anti-PD-L1) immune checkpoint
inhibitors have been incorporated into treatment algorithms for advanced SCLC [34]. This
change has been made on the basis of several randomized clinical trials, demonstrating a
consistent OS benefit with the early addition of immunotherapy (atezolizumab, IMPOWER
133; durvalumab, CASPIAN; pembrolizumab, Keynote-604) to platinum-based chemother-
apy (cisplatin or carboplatin plus etoposide) plus chemotherapy for SCLC patients [35-37].
However, unfortunately, the overall prognosis of SCLC patients remains unfavorable, with
a median OS of 10-12 months and one- and two-year OS rates of 56.2% and 21.7%, respec-
tively [38]. Therefore, the search for more personalized, innovative, and effective therapies
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represents an unmet need in this context. In 2021, Taromi and colleagues analyzed the
role of AC133-specific CAR-T cells for SCLC in vitro and in vivo preclinical models [39].
The AC133 epitope of CD133 has been identified as a potential target for CAR-T cells,
given that the relapse of SCLC has been demonstrated to be caused by cancer stem cells
(CSC) that express glycosylated AC133 form [40]. In this study, the authors carried out
an assessment of the AC133-specific CAR-T cells in an orthotopic SCLC murine model as
well as in SCLC cell lines. First, the authors yielded the generation of CAR-T cells using
the AC133scFv derived from the anti-SC133.1mAB. Then, through cytotoxicity assays, the
authors demonstrated that the CAR-T cells specifically lysed AC133-positive SCLC cells.
Additionally, they demonstrated that AC133-specific CAR-T cells were able to infiltrate
SCLC xenografts in vivo. Interestingly, the rates of infiltration were higher after the admin-
istration of chemotherapy to the murine models. Moreover, AC133-specific CAR-T cells
determined a reduction of the tumor burden measured by magnetic resonance imaging
in mice. The xenografted mice treated with AC133-specific CAR-T cells also presented a
longer survival if compared to the ones who did not receive the experimental treatment. In
addition, the combination of AC133-specific CAR-T cells and anti-PD-1 therapy was tested,
demonstrating a synergic activity. Finally, the authors combined the AC133-specific CAR-T
cells with anti-PD-1 and a third compound, a CD73 inhibitor. By using these three agents
together, a further improvement in survival rates was achieved in this in vivo model of
SCLC, with long-term control of the tumors. A recent study carried out by Reppel et al.,
evaluated the effect of disialoganglioside GD2 (GD2) CAR-T both in SCLC cells lines as
well as in vivo xenograft models of primary and metastatic tumors from SCLC [41]. In
fact, a hyperexpression of GD2 has been detected in SCLC cells, and it has been identified
as a potentially relevant therapeutic target for immunotherapy in lung neuroendocrine
cancers. GD2-CAR-T cells were obtained incorporating interleukin 15 (IL-15) in order to
support CAR-T cell expansion and persistence over time. The structure of the GD2-CAR
was generated using the scFv derived from the 14G2a mAb. In addition, a cassette was gen-
erated, encoding either the optimized GD2. CAR in combination with IL-15 (GD2.CAR.15)
using a 2A-sequence peptide [42]. In vitro experiments demonstrated that GD2 CAR-T
cells eliminated GD2 positive cells. GD2 CAR-T cells were also shown to target GD2 +
SCLC in orthotopic xenograft models. Finally, through the addition of the EZH2 inhibitor
tazemetostat, the authors obtained an upregulation of GD2 and an improved susceptibility
to the cytotoxic effects of GD2-specific CAR-T cells. Another CAR-T cell construct devel-
oped by Crossland et al. in 2018 [43] targeted CD56, also named NCAM-1 (neuronal cell
adhesion molecule 1), a glycoprotein highly expressed on the surface of malignancies with
a neuronal or neuroendocrine origin, including SCLC, independently of HLA expression.
CD56-CART showed significant cytolytic activity against SCLC CD56+ cell lines in vivo
and in vivo. This molecule has already been the target of different antibody-based thera-
peutic strategies and has been proven to show antitumoral activity in previous preclinical
models for different malignancies [44]. Through their work, the authors showed that CD56
CAR-T cells lyse at a high rate CD56+ SCLC and other CD56+ malignancy cell lines, with
high specificity and achieving up to 64.9% of specific lysis. Moreover, they demonstrated
that in xenograft mouse models infused with SCLC cell lines, CD56 expression facilitated
tumor-cell killing, since mice bearing CD56+ tumors experienced a considerable reduction
in tumor burden after 20 days after tumor-cell injection and an increased OS, suggesting a
potential immunotherapeutic approach for CD56+ SCLC. We retrieved a single registered
study (NCT03392064) on the use of CAR-T in SCLC. This is a phase 1 study aimed to
evaluate the safety and tolerability of AMG 119, a CAR-T targeting delta-like protein 3
(DLL3), in SSLC patients who radiographically documented disease progression or re-
currence after at least one platinum-based chemotherapy regimen. DDL3, an inhibitory
Notch ligand, has been demonstrated to be highly expressed in SCLC, and it has therefore
been explored as a potential therapeutic target for SCLC patients [45,46]. The primary out-
comes include the incidence of dose-limiting toxicities, the incidence of treatment-emergent
adverse events, and treatment-related adverse events. Among the secondary outcome
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measures, objective response, DOR, PFS, 1-year OS, and OS have been reported. The
study started on 10 September 2018, with an estimated enrolment of 6 participants, and
the estimated study completion date is 13 January 2026. Preliminary data on this study
(NCT03392064) has been recently presented at the 2022 Annual Meeting of the American
Society for Clinical Pharmacology and Therapeutics by Zhou and colleagues [47]. Five
SCLC patients were included and all of them received AMG 119 therapy at two different
doses (cohort 1: 3 x 105 CAR-T cells/kg, 3 patients; cohort 2: 1 x 106 CAR-T cells/kg,
2 patients). In both cohorts, AMG 119 determined a significant cellular expansion with
long-lasting cell persistence (up to 86 days) and resulted in a well-tolerated treatment.

2.3. Neuroendocrine Prostate Carcinoma

NEPC is an aggressive variant of prostate cancer that may arise de novo or as a tumor
evolution following hormonal therapies for prostate adenocarcinoma [48]. The incidence
of neuroendocrine phenotypes in primary prostate cancers is approximately 1%, whereas,
in lethal metastatic castrate-resistant prostate cancers, its percentage reaches 30% [49]. The
prognosis of NEPC patients is poor, representing this neoplasia as the most lethal prostate
cancer [50], with a median cancer-specific survival of 7 months [51]. According to NCCN
guidelines, first-line therapy of NEPC consists of platinum-based combinations with tax-
anes or etoposide [52]. The combination of carboplatin with cabazitaxel is particularly
useful for patients characterized by unfavorable genomics (i.e., loss of function mutations
in PTEN, TP53, and RB1 genes); at the same time, the carboplatin—etoposide regimen is pre-
ferred for patients with pure small cell carcinomas [49]. Based on clinical and pathological
features, second-line or alternative treatments could also be proposed as valuable and effec-
tive therapeutic options [53]. Moreover, in this cancer, CAR-T cell-based immunotherapy
might be a promising strategy, and efforts have been made to identify NEPC-molecular
targets [54,55]. The pioneering work of Lee et al. clearly demonstrated that divergent cancer
differentiation states arising during prostate cancer progression are associated with changes
in the expression of cell surface proteins [56]. Performing high-throughput multi-omic
analyses, generated combined integrated transcriptomic and cell-surface proteomic data,
and they identified carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAMS)
as an ideal NEPC target antigen. To test its therapeutic potential, they engineered CARs
targeting CEACAMS using lentiviral vectors and tested the efficacy and safety of these con-
structs in adenocarcinoma and NEPC cell lines and in patient-derived xenografts models.
To quantify cytotoxicity, a co-culture assay using two engineered NEPC cell lines (MSKCC
EF1—CEACAMS5— or NCI-H660—CEACAMb5+) transduced with CEACAMS5 CAR was em-
ployed. Co-culture of CEACAMS5 CAR-transduced T cells with NCI-H660 led to >80-90%
cell death by 48 h, while co-culture with the MSKCC EF1 caused a minor reduction in cell
viability probably due to low levels of CEACAMS5 expression in the MSKCC EF1 NEPC
cell line. These preliminary encouraging data led Baek and co-workers to develop a mono-
clonal antibody named 1G9, targeting the membrane-proximal region of CEACAMS [57].
To assess in vitro CAR-dependent cellular cytotoxicity, anti-CEACAMS5 CAR-T cells were
co-cultured for 24 h with CEACAMS + NCI-H660 and Du145-CEACAMS5-NEPC cell lines.
Anti-CEACAMS CAR-T displayed high cytotoxicity in CEACAMS5 + NEPC cells, and the
cell killing was attributed to an increased release of IL-4, GM-CSF, and GrzB/perforin.
They further evaluated the in vivo cytotoxicity in mouse xenograft models of Dul45 and
Du145-CAECAMS cells. hlgG1-1G9 treatment significantly slowed tumor growth and
improved mouse survival compared to control mice. Together, their results show that the
newly developed anti-CEACAMS5 CAR-T was able to induce in vitro and in vivo suppres-
sion of NEPC growth. Even though the results coming from this research suggest a potent
antitumor effect of CEACAMS5 CAR-T, studies in humans are not presently ongoing.

2.4. Pancreatic Neuroendocrine Neoplasms

In order to overcome the scarcity of available tumor-associated antigens (TAAs) that
are a known target for CAR-T cell therapy in NENSs, in a recent study, Feng and col-
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leagues [58] developed an unbiased method to identify potential new TAAs that could be
targeted by CAR-T cells. The authors used a phage display screening method to identify
camelid animal-derived single variable domain antibodies (VHH or nanobodies) that pref-
erentially bind to the surface of gastrointestinal (GI)-NET cells. As a result, they isolated
the nanobody VHHI1, which selectively binds to BON1 pancreatic neuroendocrine cells.
VHH1 showed to specifically target CDH17, a cell surface adhesion protein with known
overexpression in GI-NETs [59,60]. The authors demonstrated, by in vitro and in vivo
experiments (using autochthonous mouse models), that VHH1-CAR-T cells (CDH17 CAR-
Ts) were cytotoxic to both human and mouse tumor cells in a CDH17-dependent man-
ner. The authors compared three CDH17 CAR-Ts approaches in three mice cohorts who
were engrafted with NT-3, a pancreatic islet CDH17-expressing NET cell line, developing
CDH17 + NT-3 tumors. Subsequently, after 35 days from the xenograft, CAR-T cells were
infused, and the treatment was repeated after a further 5 days. The first group of mice
was subjected to infusion with CDH17 CAR-Ts containing CD28 and 4-1BB costimulatory
domains (VHH1-28BBz), the second group with CDH17 CAR-Ts without CD28 and 4-1BB
costimulatory domains (VHH1-BBz) (Figure 1) and the third group with untransduced
T Cells (CDH17-UTD). The growth curve of the tumors in each group of the mice was
assessed: VHH1-28BBz CDH17 CAR-T cells induced tumor mass reduction until complete
eradication of all tumors after 42 days; VHH1-BBZ showed progressive volume reduction
but were not able to cause tumor elimination; conversely, CDH17-UTD therapy failed to
control tumor growth. The tumors were also dissected and analyzed 10 days after the first
infusion. In particular, tumoral tissues treated with VHH1-28BBz CDH17 CAR-Ts revealed
the absence of neuroendocrine cells while abundant T-Cells were detected, demonstrating
rapid tumor elimination.

Based on the wide and peculiar overexpression of SSTRs on neuroendocrine cancer
cells [61], as well as the established efficacy in clinical practice of SSA and radiolabeled
SSA in advanced NENSs treatment, Mandriani and colleagues [62] developed CAR-T cells
to directly target SSTRs. The innovative CAR-T construct included two molecules of the
SSA octreotide, which binds with high affinity to SSTR2 and SSTR5, and the costimulatory
molecule CD28. The CAR-Ts were cloned in a retroviral vector and subsequently trans-
duced in CD8+ cells. CAR-T cells were then co-incubated with different human NEN cell
lines from pNEN, namely BON1, QGP1, and CM, that were previously screened for SSTR
1-5 overexpression. In vitro cytotoxicity was assessed by bioluminescence after 72 h of
co-culture, showing tumor cell death in 58% (£8%), 53% (+1%), and 42% (£3%). In the
same study, the authors evaluated the anti-SSRT CAR-T therapy effects in mice, subcuta-
neously engrafted with two different SSTR + NET cell lines (BON1 and CM). When NET
xenografts reached 1 mm 3, mice were randomized to receive phosphate-buffered saline
(PBS), UTD T cells, or anti-SSTR CAR-T cells by tail vein injection. In vivo tumor growth
was assessed by bioluminescence. Mice treated with anti-SSTR CAR-T cells showed a
significant reduction in tumor growth as compared with the animals treated with UTD T
cells or PBS; the difference in tumor growth reached statistical significance (p < 0.05) after
14 and 21 days for CM and BON1 tumors, respectively. No evident adverse effects to the
animals were detected up to 4 weeks after treatment

2.5. Ileal and Lung Neuroendocrine Cells

Finally, the study above reported (61) that CAR-T cells were co-incubated with human
NEN cell lines from intestinal NET (CNDT2.5) and lung carcinoid (H727). In vitro cytotoxi-
city showed tumor cell death in 37% (£7%) and 31% (4-14%), respectively. No in vivo data
are reported.

Figure 2 summarizes the CAR-T cells against NEN antigens (GFR«4, CD133, GD2,
CD56, CEACAMS5, CDH17, and SSTR) developed in the last few years.
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Figure 2. The process of developing CAR-T cells as a therapeutic approach for NEN.

T cells are isolated from a patient’s blood (or from a donor), are expanded, and then
activated in vitro. The culture is then genetically engineered to express the CAR constructs
(in the square are reported target antigens used in the preparations directed against NEN, as
discussed in the text). CAR-T cells undergo to further in vitro expansion and are prepared
as a pharmacological product that will be administered to the patient.

2.6. Potential Future Applications

Potentially interesting data may also arise from studies not specifically designed for
NENSs. For example, 3 phase I and Ib clinical trials developed by Katz and colleagues [63-65]
evaluated the use of regional administration of anti-CEA CAR-T cell therapy targeting
CEA™ liver metastasis from digestive tract adenocarcinomas through intra-hepatic artery
infusion, showing clinical efficacy and safety.

Interestingly, CEA is known to be overexpressed in MTC and other different types
of NENSs [66,67]. Clinically, excellent targeting of MTC has been found with radiolabeled
anti-CEA antibodies, and antitumor effects have been achieved with ' I-labelled anti-CEA
antibodies, suggesting a high potential of pretargeting for diagnostic and theranostic appli-
cations in MTC patients [68-72]. Thus, anti-CEA CAR-T cell therapy might be potentially
useful in refractory MTC and/or other CEA* NENS.

3. Conclusions

In the last few years, preclinical studies performed on NEN cell lines and NEN animal
models suggested the potential relevance of CAR-T cells for NEN treatment. Ongoing and
future clinical trials will clarify their actual efficacy in these tumors. Given the limitations of
safety [73,74] and costs (possibly reaching and/or exceeding $400,000) [75], the assessment
of the health outcomes versus alternative therapies will represent a crucial point. The chance
of such an individualized approach should then be preferred, rather than as a general
approach, only in selected patients with highly aggressive NENSs, lacking other therapeutic
options, as already occurs in hematological malignancies and other solid tumors.
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Simple Summary: Relapsed or refractory classical Hodgkin lymphoma remains a difficult treatment
challenge. Despite responses with the checkpoint inhibitors nivolumab and pembrolizumab, patients
eventually progress. Combining other treatments with checkpoint inhibitors may provide more
frequent and durable responses in this setting. We conducted a phase II study in relapsed or
refractory Hodgkin lymphoma combining nivolumab with the Bruton’s tyrosine kinase inhibitor
ibrutinib. Although we did not find an increase in the response rate of this combination compared
to that previously reported, responses tended to be durable even in patients who progressed on
nivolumab therapy prior to enrollment. Larger studies combining Bruton’s tyrosine kinase inhibitors
with checkpoint blockade are warranted, especially in patients who had progressed previously on
checkpoint inhibitor therapy.

Abstract: Background: Relapsed or refractory classical Hodgkin lymphoma (cHL) remains a difficult
treatment challenge. Although checkpoint inhibitors (CPI) have provided clinical benefit for these
patients, responses are generally not durable, and progression eventually occurs. Discovering
combination therapies which maximize the immune response of CPI therapy may overcome this
limitation. We hypothesized that adding ibrutinib to nivolumab will lead to deeper and more durable
responses in cHL by promoting a more favorable immune microenvironment leading to enhanced
T-cell-mediated anti-lymphoma responses. Methods: We conducted a single arm, phase II clinical
trial testing the efficacy of nivolumab in combination with ibrutinib in patients >18 years of age with
histologically confirmed cHL who had received at least one prior line of therapy. Prior treatment
with CPIs was allowed. Ibrutinib was administered at 560 mg daily until progression in combination
with nivolumab 3 mg/kg IV every 3 weeks for up to 16 cycles. The primary objective was complete
response rate (CRR) assessed per Lugano criteria. Secondary objectives included overall response
rate (ORR), safety, progression free survival (PFS), and duration of response (DoR). Results: A total of
17 patients from two academic centers were enrolled. The median age of all patients was 40 (range
20-84). The median number of prior lines of treatment was five (range 1-8), including 10 patients
(58.8%) who had progressed on prior nivolumab therapy. Most treatment related events were mild
(<Grade 3) and expected from the individual side effect profiles of ibrutinib and nivolumab. In the
intent to treat population (1 = 17), the ORR and CRR were 51.9% (9/17) and 29.4% (5/17), which
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did not meet the prespecified efficacy endpoint of a CRR of 50%. In patients who received prior
nivolumab therapy (n = 10), the ORR and CRR were 50.0% (5/10) and 20.0% (2/10), respectively.
At a median follow up of 8.9 months, the median PFS was 17.3 months, and the median DOR was
20.2 months. There was no statistically significant difference in median PFS between patients who
received previous nivolumab therapy versus patients who were nivolumab naive (13.2 months vs.
22.0 months, p = 0.164). Conclusions: Combined nivolumab and ibrutinib led to a CRR of 29.4% in
R/R cHL. Although this study did not meet its primary efficacy endpoint of a CRR of 50%, likely
due to enrollment of heavily pretreated patients including over half of who had progressed on prior
nivolumab treatment, responses that were achieved with combination ibrutinib and nivolumab
therapy tended to be durable even in the case of prior progression on nivolumab therapy. Larger
studies investigating the efficacy of dual BTK inhibitor/immune checkpoint blockade, particularly in
patients who had previously progressed on checkpoint blockade therapy, are warranted.

Keywords: Hodgkin’s lymphoma; nivolumab; ibrutinib

1. Introduction

Although classical Hodgkin’s lymphoma (cHL) is a generally curable disease with
combination chemotherapy, treatment of patients who relapse after chemotherapy remains
a difficult challenge [1,2]. Autologous stem cell transplant (auto-HCT) continues to be the
standard of care for patients with chemo-sensitive relapse and who are able to tolerate
further treatment [3]. For patients who relapse after auto-HCT or who are unable to tolerate
auto-HCT, targeted treatment options including anti-CD30 therapy with brentuximab
or checkpoint inhibitors (CPI) with either nivolumab or pembrolizumab have improved
patient outcomes [4-8].

Nivolumab is a monoclonal antibody that inhibits programmed death receptor 1
(PD1), a negative regulatory receptor of T-cells, leading to more effective immune-mediated
antitumor responses in many tumor types including cHL [5-7]. Patients treated with
nivolumab after relapsing after an auto-HCT on the Checkmate-205 study had an overall
response rate (ORR) and complete response rate (CRR) of 69% and 16%, respectively, with a
median progression free survival (PFS) of 14.7 months while treatment with pembrolizumab
on the KEYNOTE-087 study showed an ORR and CRR of 71.9% and CRR of 27.6% with a
PFS of 13.7 months [5-7]. More recently, data from the KEYNOTE-204 trial randomizing
patients either postauto HCT or who were ineligible for auto-HCT to either pembrolizumab
or brentuximab showed superiority for pembrolizumab with an ORR, CRR, and median
PFS of 65.6%, 25%, and 13.2 months [8]. Despite the progress that has been made with CPI
monotherapy in the relapsed setting, patients will eventually progress on therapy with no
effective available treatment options after failure of both CPI and anti-CD30 therapy aside
from allogeneic-HCT (allo-HCT), which is feasible in only selected patients. Thus, new
approaches to maximize responses to CPI therapy may significantly increase the depth and
durability of responses and further improve patient outcomes.

Bruton tyrosine kinase inhibitor (BTKi) therapy has revolutionized the treatment
of chronic lymphocytic leukemia (CLL) and has also been found to be effective in cer-
tain types of B-cell non-Hodgkin’s Lymphoma (NHL) [9]. Aside from direct cytotoxic
effects, BTKi therapy has been shown to have immune modulatory properties [10]. Pa-
tients with CLL treated with ibrutinib after 8 weeks have increased CD8 cells with in-
creased effector T cells to Treg ratios [11]. Longer-term treatment of ibrutinib may reverse
T-cell exhaustion by reducing PD-1 expression on chronically activated CD8 T-cells and
reconstitution of T cell cytokine production [12,13]. In addition, ibrutinib is known to
potentiate Th1-mediated immune responses through inhibition of interleukin-2-inducible
kinase (ITK) [14]. However, ibrutinib can also suppress NK-cell-mediated cytotoxicity and
suppresses TLR-induced phagocytosis of tumor cells by monocytes [15-17], indicating
potentially mixed effects on different immune subtypes. Immunohistochemistry for BTK
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has shown staining in the immune cells within the cHL microenvironment without staining
the Reed Sternberg (RS) cells themselves [18], suggesting that BTKi therapy in cHL may
play a role in modulation of the immune microenvironment rather than being directly
cytotoxic to RS cells themselves. On the other hand, the src family kinases Lyn, Fyn, and
Syk, which are expressed in RS cells and are known to be inhibited as an off-target effect
by ibrutinib, lead to potential direct RS cytotoxicity in addition to the immunomodulatory
effects discussed above [19].

Initial case reports of two patients with heavily pretreated cHL in the post allo-HCT
period treated with ibrutinib showed a near CR in one patient who eventually progressed
at 4 months and an ongoing CR in another patient out to 6 months [20]. In a case series of
seven heavily pretreated cHL patients including three patients who relapsed after allo-HCT
treated with single-agent ibrutinib, four patients responded, three of which had CRs and
two of which were still ongoing at 3 and 15 months [21]. A phase II trial (NCT02824029)
evaluating ibrutinib monotherapy in R/R cHL is currently ongoing.

Based on the possible T-cell and tumor microenvironment effects of ibrutinib as
well as the monotherapy activity of patients with relapsed cHL, we investigated whether
combination therapy with ibrutinib and nivolumab would lead to deeper and more durable
responses in R/R Hodgkin’s lymphoma.

2. Materials and Methods
2.1. Study Design and Patients

This was a single arm phase II trial of nivolumab plus ibrutinib (NCT02940301) con-
ducted across two centers (The James Comprehensive Cancer Center and Emory University
Hospital). Patients 18 years of age or older with cHL who received at least one prior treat-
ment were enrolled. Patients were allowed to have received prior CPI, but patients could
not have received prior ibrutinib. Prior auto-HCT was not required but permitted, while
prior allogeneic-HCT was excluded. Patients were allowed to come off early to undergo
either auto-HCT or allo-HCT at the discretion of the treating physician.

2.2. Treatments

Nivolumab (3 mg/kg) was given on day 1 of a 21-day cycle while Ibrutinib (560 mg)
was given continuously on days 1-21. Nivolumab was continued until disease progression
for a maximum of 16 cycles. Ibrutinib was continued until disease progression. All
patients were started at dose level (DL) 0 (nivolumab 3 mg/kg, ibrutinib 560 mg), and
dose reductions for toxicity were performed according to the following dose levels: DL-1,
nivolumab 2 mg/kg, ibrutinib 420 mg; DL-2, nivolumab 1 mg/kg, ibrutinib 280 mg).

2.3. End Points and Assessments

The primary endpoint of this study was complete response rate (CRR) as assessed with
CT or CT-PET per Lugano criteria [22]. Imaging was performed prior to cycles 4, 7, 10, and
16 and every 8 cycles thereafter. Secondary endpoints include overall response rate (ORR),
progression free survival (PFS), duration of response (DOR), and toxicity. Patients who
withdrew early due to toxicity or disease progression prior to disease response assessment
were included in the denominator when calculating the CRR and ORR as part of the intent
to treat population. Patients coming off trial early to undergo an HCT were censored at the
time of transplant. The data cutoff for this study was 5/1/2022.

2.4. Immune Phenotyping by CyTOF

Blood was collected from the study subjects on Cycle 1 Day 1 prior to administration
of the first dose of treatment, and on Cycle 4 Day 1. Whole blood was fixed using proteomic
stabilization buffer (Smart Tube PROT-1). Fixed blood was stored at —80 °C. Prior to
staining, fixed blood was defrosted. Red blood cells were lysed in water. PBMCs were
recovered and washed in phosphate buffer saline, followed by cell staining buffer (CSB;
Fluidigm 201068). Two million fixed PBMCs were used per staining reaction. Surface and
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intracellular antigen staining was performed using standard techniques. Briefly, Fc-blocked
cells were resuspended in 50 pL of cell staining buffer. An amount of 50 uL of the surface
marker antibody cocktail was added to each tube (final volume 100 uL). Samples were
shaken for 50 min at room temperature. After surface staining, cells were washed with CSB,
fixed in 1.5% paraformaldehyde, and permeabilized with —20 °C methanol for 15 min.
Subsequently, cells were washed in PBS and CSB and stained with intracellular antibodies
at room temperature with shaking, in a final volume of 100 uL. Following additional wash
steps, cells were fixed in PBS containing 1.5% paraformaldehyde and a 1:5000 dilution of
the iridium intercalator pentamethylcyclopentadienyl-Ir(IlI)-dipyridophenazine (Fluidigm,
San Francisco, CA, USA) for 12-26 h. Excess intercalator was washed away prior to
data collection. Data was collected using a Helios™ mass cytometer (Fluidigm) at a rate
of 200400 events per second. Events in the amounts of 600,000-1,000,000 per sample
were collected. Data visualization and data analysis were performed on the cloud-based
platform Cytobank (Cytobank, Inc., Brea, CA, USA). Cell populations of interest were
identified using manual gating. For a more detailed description of cyTOF methods, see the
supplemental section.

Antibody clones and vendors, as well as metal conjugates, are listed in Table S7.
Metal-labeled antibodies were purchased from Fluidigm. Antibodies purchased from other
vendors were conjugated to metals purchased from Fluidigm according to the manufac-
turer’s instructions using the multimetal labeling kit (Fluidigm 201300).

2.5. Statistics

To determine target enrollment, Simon’s two-stage design was used to test the null
hypothesis that the true CR rate is <20% versus the alternative hypothesis that the true
CR rate is >50%. With Type I and II errors constrained to 0.10, ten patients were initially
enrolled. Of these patients, 3 patients achieved a CR (30%), warranting expansion of the
total enrollment to 17 patients. PFS and DOR data were analyzed by Kaplan-Meier method
with significance determined by log rank analysis.

For cyTOF analyses, comparisons were performed using unpaired t-test to detect
significant differences in immune cell population prevalence between responders and
nonresponders, followed by false discovery rate adjustment. Data analysis was performed
using a combination of manual gating using Cytobank software. Principal component anal-
ysis was performed to assess clustering of responding patients compared to nonresponding
patients. The first and second components were plotted for the various immune expression
populations at Cycle 1, and T cell profiles at Cycle 1, Cycle 4, and Cycles 12-16. Individual
expression levels were compared by response using Wilcoxon rank-sum tests. Results of
two-sample t-tests are also presented given the low power of Wilcoxon tests with small
sample sizes. Due to the exploratory nature of these analyses, p-values were not adjusted
for multiple comparisons. Statistical analyses were performed using SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA).

3. Results
3.1. Patient Baseline Characteristics

A total of 17 patients were enrolled between the dates of 3/2017 and 3/2021 (Table 1).
The median age was 40, with 5 patients >60 years of age. Patients received a median of
5 prior therapies (range 1-8), including brentuximab in 76.5% and nivolumab in 58.8%. Eight
of ten patients previously treated with nivolumab progressed while receiving nivolumab.
Of the remaining 2 patients, one patient had stable disease while on therapy, and the other
patient completed 12 cycles of maintenance post auto-HCT. The median time from the last
CPI was 4.9 months. Eight patients (47.1%) underwent a prior auto-HCT.
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Table 1. Patient Characteristics.

Demographics N=17
Age, years, median (range) 40 (20-84)
Sex, no (%)
Male 8 (47.1%)
Female 9 (52.9%)
Race, no (%)
White 16 (94.1%)
Black or African American 1(5.9%)
Diagnosis
Classical Hodgkin’s lymphoma 17 (100%)
Prior lines of treatment, median (range) 5 (1-8)
Prior combination chemotherapy N (%) 15 (88.2%)
ABVD 12 (70.6%)
AVD + BV 1 (5.9%)
AVD 1(5.9%)
other 1(5.9%)
Prior autologous stem cell transplant, N (%) 8 (47.1%)
Prior brentuximab, N (%) 13 (76.5%)
Prior nivolumab, N (%) 10 (58.8%)

Abbreviations: ABVD = Adriamycin, bleomycin, vinblastine, dacarbazine; AVD = Adriamycin, vinblastine,
Dacarbazine; BV = brentuximab.

3.2. Efficacy

The ORR and CRR of all patients in the intent to treat population (1 = 17) was 52.9%
(95% CI, 31.0-73.8%) and 29.4% (95% CI, 12.9-53.4%), respectively (Table 2). Seven patients
achieved their best response on first disease assessment (prior to Cycle 4) while two
achieved a deeper response with further therapy: One patient converted from a PR to a CR
at the second response assessment while the other patient converted from SD to a PR. With
a median follow up of 8.9 months, the median PFS was 17.3 months with a median DOR of
20.2 months (Figure 1).

When stratifying patients according to previous nivolumab, the ORR and CRR for
nivolumab naive patients (n = 7) was 57.1% (95% CI, 25.0-84.2%) and 42.8% (95% CI,
15.7-75.0%). In patients treated with prior nivolumab (1 = 10), the ORR and CRR were 50%
(95% CI, 23.7-76.3%) and 20% (95% CI, 0-44.8%). The majority of patients receiving prior
CPI therapy had progressed while on therapy (1 = 8 of 10). Five of these patients with prior
progression responded to the combination of nivolumab and ibrutinib, and two of these
five achieved a CR. There was no significant difference in the median PFS (22.0 months vs.
13.3 months) between patients with prior nivolumab and patients who were nivolumab
naive (p = 0.164) (Figure 2).

Four patients came off trial to receive HCTs (1 = 2 auto, n = 2 allo). Of the patients
that underwent auto-HCT, the first patient had stable disease at the time of coming off
trial. This patient underwent ICE chemotherapy followed by auto-HCT and converted
into CR post-HCT. This patient remained in CR at the time of data cutoff. The second
patient achieved a CR on trial and proceeded directly to auto-HCT without chemotherapy
and remained in CR at the time of data cutoff. Of the patients that underwent allo-HCT,
the first patient had a CR at the time of transplant and had no evidence of acute graft
versus host disease (GVHD) in the post-transplant period but did eventually relapse one
year after transplant and went on an alternate therapy. Their last nivolumab infusion was
57 days prior to their allo-HCT. The second patient had a partial response at the time
of HCT and developed severe acute GVHD involving the skin, liver, and colon in the
post-HCT period, which persisted as chronic GVHD. This patient received their allo-HCT
42 days after receiving their last nivolumab infusion. The patient was disease-free post
allo-HCT but eventually died due to complications of chronic GVHD. A swimmer’s plot
summarizing the outcome of each individual patient enrolled is shown in Figure 3.
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Table 2. Response and Outcomes.

Best Response N=17
Overall response (95% CI) 52.9 (31.0-73.8)
Complete response (95% CI) 29.4 (12.9-53.4)
Partial response (95% CI) 23.5(9.0-47.7)
Stable disease (95% CI) 23.5(9.0-47.5)
Progressive disease (95% CI) 5.9 (0-28.9)
Not evaluable due to toxicity (95% CI) 11.7 (2.0-35.6)

Off-treatment Reason N=16
Disease progression (percent) 7 (43.8%)
Adverse event (percent) 4 (25.0%)
Auto-HCT transplant (percent) 2 (12.5%)
Allo-HCT transplant (percent) 2 (12.5%)
Patient withdrawal 1(6.3%)

Progression-free survival
Number of events 7
Number censored 10
Median 17.3
Median follow-up (months) 8.9

Duration of response
Number of events 3
Number censored 7
Median 20.2
Median follow-up (months) 6.1

Abbreviations: HCT, hematopoietic stem cell transplant; CI, confidence interval.
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Figure 1. Kaplan—Meier curve for progression-free survival (A, n = 17) and duration of response
(B, n = 10) are shown.
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Figure 2. Progression-free survival stratified into nivolumab naive patients (blue line) and patients
with prior nivolumab (red line).
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Figure 3. Swimmer’s plot of all patients enrolled in trial.

3.3. Safety

Most treatment-related events were mild (<Grade 3) and expected from the individual
side effect profiles of ibrutinib and nivolumab (Table 3). Four patients did have to discon-
tinue treatment due to treatment-related side effects. One of these patients had persistent
grade 2 LFT elevation despite holding therapy, another patient had a grade 3 rash, and the
third patient had grade 3 hematuria. Biopsies were not acquired to further clarify if the
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etiology of these side effects was in fact immune related. Due to the overlapping side effect
profiles of the individual drugs, specific relation to either ibrutinib or nivolumab could not
be definitively concluded in these cases. The last patient came off trial after having sepsis
with an associated pericardial effusion. In each of these cases, the side effect did resolve
with treatment discontinuation. None of the patients enrolled on trial required treatment
with high-dose steroids for side effect resolution.

Table 3. Treatment-related Adverse Events in > 10% of pts.

Any Grade Grade > 3
Anemia 6 (35) 0(0)
Lymphopenia 6 (35) 2 (12)
Fatigue 5(29) 0(0)
Thrombocytopenia 5(29) 0 (0)
Myalgia 5(29) 0(0)
Rash 4(24) 3(18)
Hypertension 4(24) 0(0)
Blood and lymphatic system disorders 3(18) 0 (0)
Gastroesophageal reflux 3(18) 0(0)
Fever 3(18) 0 (0)
Dysgeusia 3(18) 0(0)
Diarrhea 2(12) 0 (0)
Dyspepsia 2(12) 0(0)
Dysphagia 2(12) 0 (0)
Nausea 2 (12) 0(0)
Emesis 2(12) 0 (0)
Urinary tract infection 2(12) 1(6)
Ecchymosis 2(12) 0 (0)
AST increased 2(12) 0(0)
Neutropenia 2(12) 0 (0)
Weight gain 2 (12) 0(0)
Leukopenia 2(12) 0 (0)
Hematuria 2(12) 1(6)
Pruritis 2(12) 0 (0)
Skin and subcutaneous disorders 2(12) 1(6)

3.4. Exploratory Immune Phenotyping

Immune phenotyping of T cell populations in fixed whole blood from available sam-
ples (nine responders and five nonresponders) was performed with mass cytometry. Twenty
CD4+ and 20 CD8+ T cell subsets, including cells expressing cytotoxic molecules (granzyme
B and perforin), transcription factors (T-bet, GATA3, and FoxP3), naive and memory
markers (CD45RA, CD45R0O, and CD62L), markers of activation (HLA-DR and CD28),
degranulation (NKG2D), immunomodulatory /apoptosis inducer (CD95, also known as
Fas), exhaustion (LAG3 and Tim-3) and anergy (CD57), and checkpoint molecules (PD-1,
CTLA4, PD-L1, and PD-L2) were evaluated.

Due to the interference of nivolumab treatment with effective binding of the PD-1
targeting antibody clone EH12.2H7 that was used in this study, which has been described
elsewhere [23], we were not able to investigate the true proportion of circulating PD-1+
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T cells in subjects after initiation of nivolumab treatment. Furthermore, many of the subjects
were exposed to nivolumab before enrollment on this trial, which, in some cases, affected
our ability to detect PD-1 expression. We selected a group of subjects that had not received
nivolumab within 200 days of beginning the trial for analysis of PD-1 expression on Cycle 1,
Day 1 (Table S1), and PD-1 was detected on the surface of multiple circulating T cell subsets
(Table S1). We observed no significant differences in the expression of PD-1 in various T cell
populations between responders and nonresponders in this subset of patients (Tables S1-S3,
Figure S1). Further investigation of subpopulations of CD4+/PD-1+ and CD8+/PD-1+
T cells also showed no significant differences (Tables S2 and S3, Figure S1). Exploratory
analysis across all markers revealed that nonresponders had a higher median percentage of
CTLA4 (exhaustion marker) expression in CD4+/PD-1+ T cells although these results were
not statistically significant after adjustment for multiple comparisons (Table S4, Figure S2).

Exploratory analysis of the prevalence of various circulating T cell subsets between
responders and nonresponders before and after initiation of treatment that included all
subjects revealed no differences on Cycle 1, Day 1 and Cycle 4, Day 1, between responders
and nonresponders, after adjusting for multiple comparisons (Tables S4-56). Given the
known Th1 expansion induced by ibrutinib, we performed a focused analysis of the baseline
and the Cycle 4, Day 1 populations of Th1 (CD4+Tbet+) and Th2 (CD4+GATA3+) subsets
between responders and nonresponders (Figure S3). We found a higher baseline percentage
of Thl cells in responders that did slightly increase at Cycle 4, while nonresponders
had lower levels of baseline Th1 cells that slightly decreased with treatment (Figure S3,
left). Conversely, Th2 cells decreased in responders while increasing in nonresponders
(Figure S3, right). However, both the average baseline levels of both T-cell subsets as well
as the changes from Cycle 1 to Cycle 4 were not statistically significant between responders
and nonresponders.

4. Discussion

In these heavily pretreated patients with a median number of prior lines of treatment
of five, including 76.5% who received prior brentuximab, they achieved an ORR and CRR
of 52.9% and 29.4%, respectively, which did not meet the prespecified efficacy endpoint of a
CRR of 50%. The median PFS of all patients was 17.3 months. Therapy was generally well
tolerated and toxicities that were encountered were anticipated based on the individual
side effect profiles of ibrutinib and nivolumab. There was no appreciable increase in
immune-related adverse events compared to what would be anticipated with nivolumab
monotherapy, with no patients requiring treatment with high-dose steroids.

There is significant interest in improving upon the response rate and duration of re-
sponse of CPI therapy in patients with relapsed cHL who either fail auto-HCT or are unable
to tolerate auto-HCT. Several trials have been conducted to date exploring combination ther-
apies with nivolumab to achieve improved responses both in the second line setting and in
the multiply relapsed setting, including brentuximab, ICE chemotherapy, ipiliumumab, and
brentuximab /ipililumamb [24-27]. In this phase II study, we investigated if ibrutinib, with
its known immunomodulatory activity, could improve upon the responses of nivolumab
therapy in patients with relapsed cHL. This combination has also been investigated in
other B-cell malignancies including relapsed/refractory CLL with or without Richter’s
transformation and other B-cell NHLs with activity similar to single-agent ibrutinib in the
B-cell NHL cohort. However, the combination of ibrutinib and nivolumab resulted in a
promising ORR of 65% with two CRs and 11 PRs in the Richter’s transformation cohort [28].
All patients in this study were ibrutinib- and CPI-naive. A more recent phase II study of
patients with Richter’s transformation enrolled patients with and without prior exposure
to a Btk inhibitor with lower responses (64% vs. 23%) between Btk-naive vs. Btk-exposed
patients [29]. Our study was distinct in allowing patients with prior CPI therapy to be
enrolled, which allowed us to also study whether the addition of ibrutinib could lead to
durable responses in patients who have previously progressed on CPI.

113



Cancers 2023, 15, 1437

When stratifying patients further by prior CPI use, we found an ORR and CRR for
CPI-naive patients (1 = 7) of 57.1% and 42.8%, respectively, and 50% and 20% for patients
who received previous CPI (1 = 10). There is published retrospective data demonstrating
the efficacy of CPI retreatment in relapsed/refractory cHL patients [30,31]. In the first study,
seven patients who initially received either a CR or PR to nivolumab went on to achieve
an ORR and CRR of 100% and 57.1%, respectively [27]. In the second study, a series of
23 patients who achieved a CRR to prior nivolumab therapy went on to achieve an ORR
and CRR of 67% and 33.3%, respectively [28]. However, as patients in these studies had
discontinued anti-PD1 therapy because of durable responses while on therapy, data on
responses in the setting of CPI reintroduction in patients who had previously progressed
on therapy is lacking. Our results do suggest that combination therapy with nivolumab
and ibrutinib may possibly resensitize patients to checkpoint blockade, but given the fact
that ibrutinib can have single-agent activity in relapsed and refractory cHL, a randomized
study in patients who progressed on prior CPI comparing ibrutinib monotherapy with
ibrutinib with CPI would be needed to firmly establish this possibility.

The most abundant cells in the surrounding inflammatory cHL infiltrate consist of
CD4+ T-cells with a T helper 2 (Th2) and T regulatory (Treg) phenotype, which provide
continuous CD40L and cytokine stimulation for RS cell survival and proliferation [32].
This interaction between Th2, Treg, and RS cells also facilitate immunologic escape of
the RS cells by inhibiting cytotoxic T-lymphocytes and disrupting the Th1/Th2 balance.
Ibrutinib can inhibit ITK, which is necessary for Th2 signaling and proliferation while
Th1 cells do not appear to be affected likely due to the compensatory resting lymphocyte
kinase (RLK), which is specific to the Th1 lineage [33]. Thus, blockade of ITK may induce a
shift from Th2-mediated immunity to a Th1 response thus triggering a shift to a cytotoxic
T-cell and effector-cell-mediated cHL cell killing and preventing immunologic escape in
this disease. This effect may be further enhanced by the known Thl enhancement with
PD1 blockade. Our data did show an increase in the Th1 cell population in responders
without concomitant increase in Th2 cells after introduction treatment of both ibrutinib
and nivolumab, potentially suggesting that this mechanism of ibrutinib-induced immune
enhancement may not be present in nonresponders and may in part explain their poor
responses. Larger patient numbers would be needed to establish this possibility and
its utility as a biomarker of ongoing response. It is important to note that an enhanced
Th1 response to PD1 inhibitors has been associated with life-threatening immune-related
adverse events at least in case reports. However, we did not encounter these potentially
fatal immune-related side effects in this trial [31].

Deep immune profiling of the circulating T cell repertoire in responders and nonre-
sponders (not exposed to nivolumab in the 200 days preceding trial enrollment) showed
expression of PD-1 on functionally diverse circulating T cell subsets, including cytotoxic
and helper T cells, and naive and memory, activated, and degranulating T cells, as well as
those expressing markers of exhaustion and anergy, and checkpoint molecules. Comparison
between responders and nonresponders did not show significant differences in circulating
T cell populations. It may be possible that differences in the tumor microenvironment that
are not reflected in the circulating T cell repertoire may account for differential responses to
therapy, or a higher number of subjects may be needed to discern significant differences.

There are several limitations to this study. As it is a single-arm study, it is not possible
to evaluate whether combination treatment with nivolumab and ibrutinib is superior to
nivolumab alone. Furthermore, the patient population with respect to their prior treatments,
most notably the use of prior nivolumab, was heterogenous, thus limiting our ability to
make individual conclusions on a specific subset of patients given the smaller numbers in
these subsets (e.g., nivolumab-naive vs. nivolumab-experienced). Finally, as patients were
allowed to proceed to either autologous or allogeneic transplant on this trial, censoring at
the time of transplant further limited the determination of durability of responses of the
ibrutinib and nivolumab combination.
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5. Conclusions

Combination treatment with nivolumab and ibrutinib therapy was generally tolerated
and achieved responses in heavily pretreated patients with cHL including in some patients
who had received prior CPI therapy. Larger studies of the use of this combination in cHL
in both CPI-naive patients and patients previously treated with CPI are warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15051437/s1, Table S1. Comparison of the median per-
centage of PD-1+ cells in T cell subsets of the subjects that were not exposed to nivolumab for at
least 200 days before enrollment on the trial, Cycle 1, Day 1. Table S2. Comparison of the median
percentages of cells expressing the designated immune markers among CD8+/PD-1+ T cells in the
subjects that were not exposed to nivolumab for at least 200 days before enrollment on the trial,
Cycle 1, Day 1. Table S3. Comparison of the median percentages of cells expressing the designated
immune markers among CD4+/PD-1+ T cells in the subjects that were not exposed to nivolumab
for at least 200 days before enrollment on the trial, Cycle 1, Day 1. Table S4. Comparison of the
median percentages of T cells expressing the designated immune markers between all responders
and all non-responders, Cycle 1, Day 1. Table S5. Comparison of the median percentages of T cells
expressing the designated immune markers between all responders and all non-responders, Cycle 4,
Day 1. Table S6. Comparison of the median percentages of T cells expressing the designated immune
markers between all responders and all non-responders, Cycle 4, Day 1. Table S7. Antibodies used
for mass cytometry. Figure S1. Quantification of the average PD1 positive cells between responders
(n =7) and non-responders (1 = 3) at baseline in all T-cells (left), CD8+ T-cells (middle) and CD4+
T-cells (right). Each dot represents an individual patient. Figure S2. Representative percentage
of CD4+/PD-1+ cells on C1D1 (left) and analysis of CTLA-4 expression in CD4+/PD-1+ T cells
(right) showed a trend towards higher percentage of CTLA4+ in non-responders. p-value 0.068
(Wilcoxon) and 0.09 (t-test). Center lines show the medians; box limits indicate the 25th and 75th
percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles,
outliers are represented by dots. 1 = 7 (responders) and 3 (non-responders). Figure S3. Quantification
of the average Th1 (left, CD4+Tbet+) and Th2 (CD4+GATA3+) cells at the indicated time points in
responders (blue, n = 9) and non-responders (red, n = 4). Each dot represents an individual patient.
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Simple Summary: Bacille Calmette-Guerin (BCG) immunotherapy of non-muscle invasive papillary
urothelial carcinoma fails in over 30% of cases. In our study, we explore the significance of tumor-
infiltrating cytotoxic lymphocytes, assessed by digital analysis and computational methods measuring
the cell gradient density profiles across the tumor epithelium—stroma interface, to predict recurrence-
free survival in these patients. We analyzed CD8+ cell distribution profiles in the tumor tissue using
previously published methods of gradient assessment (center of mass and immunodrop) along with
patients’ clinical and pathology data. We found that both CD8+ cell gradient indicators were statistically
significant prognosticators of recurrence-free survival, and together with clinical and pathological data
might be used for improved patient risk stratification. In this context, we propose a prototypic risk
assessment system incorporating pathology, patients” history, and CD8+ cell gradient features.

Abstract: Background: Bacille Calmette-Guerin (BCG) immunotherapy is the first-line treatment in
patients with high-risk non-muscle invasive papillary urothelial carcinoma (NMIPUC), the most com-
mon type of bladder cancer. The therapy outcomes are variable and may depend on the immune
response within the tumor microenvironment. In our study, we explored the prognostic value of CD8+
cell density gradient indicators across the tumor epithelium-stroma interface of NMIPUC. Methods:
Clinical and pathologic data were retrospectively collected from 157 NMIPUC patients treated with BCG
immunotherapy after transurethral resection. Whole-slide digital image analysis of CD8 immunohisto-
chemistry slides was used for tissue segmentation, CD8+ cell quantification, and the assessment of CD8+
cell densities within the epithelium-stroma interface. Subsequently, the gradient indicators (center of
mass and immunodrop) were computed to represent the density gradient across the interface. Results:
By univariable analysis of the clinicopathologic factors, including the history of previous NMIPUC, poor
tumor differentiation, and pT1 stage, were associated with shorter RFS (p < 0.05). In CD8+ analyses,
only the gradient indicators but not the absolute CD8+ densities were predictive for RFS (p < 0.05). The
best-performing cross-validated model included previous episodes of NMIPUC (HR = 4.4492, p = 0.0063),
poor differentiation (HR = 2.3672, p = 0.0457), and immunodrop (HR = 5.5072, p = 0.0455). Conclusions:
We found that gradient indicators of CD8+ cell densities across the tumor epithelium-stroma interface,
along with routine clinical and pathology data, improve the prediction of RFS in NMIPUC.

Keywords: computational pathology; digital pathology; artificial intelligence; tumor-infiltrating lymphocytes;
anti-tumor immune response; tumor microenvironment; predictive model; immunotherapy
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1. Introduction

Bladder cancer is the tenth most common cancer diagnosed in the world [1], with
around three-fourths of the cases being non-muscle-invasive bladder cancer (NMIBC) [2].
Several risk assessment systems have been developed based on traditional tumor proper-
ties (grade, stage, size, multifocality, presence of carcinoma in situ, and previous history
of recurrence) to support therapy decisions for NMIBC patients [3—6]. For high- and
intermediate-risk patients, the main option of adjuvant treatment is intravesical Bacille
Calmette-Guérin (BCG) immunotherapy, which has been demonstrated to reduce relapse,
progression, and death rates in NMIBC patients [2]. Nevertheless, over 30% of patients
experience tumor recurrence after BCG immunotherapy; therefore, better predictive and
clinical-decision support tools are in demand [7].

Cancer immunotherapy advances over the last few years are demanding better as-
sessment of the tumor microenvironment [8]. As suggested by Song et al. [9], biological
features (high mutational rate, mismatch repair, and DNA damage response deficiencies)
of bladder cancer, along with current treatment strategies, make this tumor a good model
to understand anti-tumor immune response mechanisms. This led to studies focusing on
subsets of cells in the bladder cancer microenvironment, revealing their impact on patient
outcomes. However, most of these studies were focused on muscle-invasive bladder can-
cer (MIBC) [10]. In the subset of NMIBC treated with BCG, evidence for the prognostic
significance of specific cell subpopulations has been reported for eosinophils [11], tumor-
associated macrophages (TAM) [12-14], dendritic cells [12], tumor-infiltrating lymphocytes
(TILs) [13], M1/M2 TAM subsets [15-18], and TIL (T cells subsets, B cells) subpopula-
tions [11,19-22].

TILs were most extensively investigated, revealing potential clinical utility and leading
to international initiatives to standardize TIL assessment in a variety of tumors [23,24].
Major progress has been made with novel opportunities brought by digital image analysis
(DIA); this has enabled the high-capacity assessment of TILs, also exploring spatial aspects
and multiple associations of cell subtypes [25]. As an example, the “Immunoscore” system,
proposed by Galon et al. [26] for colorectal cancer, estimates not only the absolute densities
of TILs but also their distributions in the tumor compartments. This method was later
validated in a large multicentric study [27] and adapted to other tumor types [28]. Recently,
Bieri et al. presented a “modified Immunoscore” (mIS) from DIA of tissue microarrays
and confirmed their mIS to be an independent prognosticator of clinical outcomes in
patients with muscle-invasive bladder cancer [29]. However, in a subsequent study of
NMIBC patients, this indicator was only of prognostic significance in the high-risk patient
subgroup [22].

Recently, Rasmusson [30] proposed an automated tumor-stroma interface zone (I1Z)
sampling method, with the subsequent computation of Immunogradient indicators, rather
than measuring absolute TIL densities in tumor compartments. This method enables the
selective and extensive sampling of the tumor-host interaction area with the quantification
of the TIL density gradient across it. These indicators were tested as independent prog-
nostic computational biomarkers in colorectal and breast cancer patients [30-33]. Their
performance in the context of immunotherapy has not been investigated.

Non-muscle-invasive papillary urothelial carcinoma (NMIPUC) comprises the vast
majority of NMIBC and is defined by papillary structure formation [34]. This specific
tumor architecture, along with a lack of conventional invasive growth patterns in the
majority of cases, may require a particular approach to assess TILs. Therefore, in this
study, we explored the prognostic significance of CD8+ cell density profiles quantified as
immunogradient indicators in the delicate architectural context of NMIPUC. We found that
a relative decrease in CD8+ cell densities across the narrow range (40 micrometers) of the
epithelial-stroma interface was an independent prognostic marker of shorter RFS in the
patients after BCG immunotherapy.
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2. Materials and Methods

Clinical and pathological data of urinary bladder cancer patients treated with BCG
intravesical immunotherapy in Vilnius University Hospital Santaros Klinikos (Vilnius,
Lithuania) between 2008 and 2020 (230 in total) were collected. A total of 165 patients
with NMIPUC, with a full 6-week BCG induction course and available TUR resection
material, were included. After performing tissue sections and IHC (see below), 8 patients
with insufficient material were removed from the study. The demographic, clinical, and
pathological data of 157 patients are summarized in Table 1. Recurrence-free survival
(RFS) time was calculated from the day of the first BCG induction to the date of the first
documented tumor recurrence. RFS times were censored after 5 years of follow-up because
later recurrences might not represent the true recurrence of a previously diagnosed tumor
but the development of a new primary cancer lesion [35].

Table 1. Summary of clinical and pathologic data.

Characteristic Value (%)
Patients 157 (100%)
Age, years

Median (range) 69.8 (33-89)
Gender

Male 128 (81.5%)

Female 29 (18.4%)
RFS time, months

Median (range) 16.6 (1-174)

Recurrences (BCG failures) 39 (24.8%)
Tumor grade

Gl 5(3.1%)

G2 67 (42.7%)

G3 85 (54.1%)
pT stage

Ta 95 (60.5%)

T1 62 (39.5%)
Carcinoma in situ association 8 (5.1%)
Positive reTUR * 58 (36.9%)
Recurrent tumor ** 47 (29.9%)
Positive reTUR * or recurrent tumor 90 (57.2%)
Multiple tumors 78 (49.7%)
Tumor size > 30 mm 43 (27.4%)
EORTC risk group

Intermediate 76 (48.4%)

High 72 (45.9%)

Very High 5(3.1%)

* NMIPUC identified on repeated transurethral resection; ** not the primary NMIPUC identified on the first
transurethral resection.

Archival slides were reviewed by a pathologist (J.D.) who selected the most infor-
mative (containing the highest grade and invasive tumor area if present) formalin-fixed
paraffin-embedded (FFPE) tissue block. Next, 3 um tissue sections were stained for CD8
(Dako, clone C8/144B, dilution 1:100, Denmark, using the ultraView Universal DAB Detec-
tion kit, Ventana Medical Systems, Oro Valley, AZ, USA) on a Roche Ventana BenchMark
ULTRA automated stainer (Ventana Medical Systems, USA).

All CD8 IHC slides were digitized at 20 x magnification (0.5 pm per pixel) using an
Aperio® AT2 DX scanner (Leica Aperio Technologies, Vista, CA, USA). The HALO® Al
(Indica Labs, USA) Densenet v2 classifier was trained using manual annotation provided by
the pathologist (J.D.), including the classes ‘stroma’, ‘epithelium’, and ‘artifacts’ (Figure 1A).
The latter was added to exclude areas of coagulation that might affect spatial analysis and
necrotic areas, hemorrhage, or calcifications. The images were reviewed by a pathologist
(J.D.), and epithelial region boundaries shorter than 1000 pm were removed to reduce
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noise caused by small, incorrectly classified foci. The tissue classification was followed by
CD8+ cell segmentation (Figure 1B) and CD8+ cell distribution in the stroma—epithelium
interface zone (Figure 1C,D) using HALO® Multiplex IHC and Spatial Analysis modules
(Indica Labs, Albuquerque, NM, USA), respectively. The spatial analysis was performed on
a 150 pm zone divided into 10 pm width bands in both the epithelial and stromal sides,
assigning ranks according to the distance from the epithelium-stroma interface (e.g., rank
1—covering area ranging from the interface (0 distance) to 10 pm; rank 2—from 10 pum to
20 pum; rank 3—from 20 pum to 30 um, etc.) with a negative or positive rank value assigned
to the stromal or to epithelial aspect, respectively (Figure 1E).

Stroma Epithelium 3

-1 X
Ranks (r)

Figure 1. (A). Tissue classification results. (B). Cell classification results. (C,D). Infiltration analysis
was performed on stromal and epithelial compartments. The 500 um measures were added for
reference. (E). CD8+ cell density distribution by ranks in an example case.

The immunodrop (ID) and center of mass (CM) immunogradient indicators [30] were
adapted to the results of the infiltration analysis. ID was calculated as the ratio of CD8+ cell
density in a corresponding pair of stromal and epithelial bands (e.g., ID (5) is the ratio between
CD8 cell density in the stromal band with rank —5 and the epithelial band with rank 5).

D=
Or
where p represents CD8+ cell density in the band, and r represents the rank of the band
number. CM was calculated as the ratio between the sum of the products of the indices and
densities of bands in the IZ and the total sum of CD8+ cell densities in the IZ.

_ Zr,- i X P
Zri Qi

Additionally, absolute CD8+ cell densities were calculated in the stromal and epithelial
compartments and the overall IZ area. To search for the optimal width of the IZ, absolute
densities of CD8+ cells and CM gradient indicators were assessed at various IZ widths and
ranks, ranging from 20 to 300 pm.

The dataset was randomly split into a training set (117 patients) and a hold-out test
set (40 patients) with a similar proportion of patients with tumor recurrence in both sets.
The univariable Cox model was used to evaluate the performance of individual features
and to select features for multivariable Cox regression. At this point, we had multiple
variants of ID, CM, and absolute densities in tumor compartments. The variant with
the lowest p-value was selected. For multivariable analysis, we selected factors from
univariable analysis with p-value < 0.05, constructing all possible combinations of these

CM
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variables for modeling. Multivariable Cox regression models using these constellations of
variables were then fitted on the training set to select models consisting of independent
variables (with p-values of HR for all covariates being <0.05). On these selected models,
we performed 5-fold cross-validation using the mean Harrell’s C-index on the validation
set as a performance indicator. We then selected the best-performing model and tested it
on a hold-out test set. The Kaplan-Meier survival estimator was used to investigate the
survival of patients stratified according to factors with statistically significant association
with recurrence hazard in the univariate Cox analysis, and the log rank test was used for
the pairwise comparison of patient survival in groups. For prognosticators with continuous
data (ID and CM), we have stratified patients into three equal groups (low, medium, and
high). Statistical data analysis was performed using Python libraries (Pandas version 1.3.4,
Scikit-learn version 1.0.2 and Lifelines version 0.27.0).

3. Results
3.1. Univariable Cox Regression Analysis

The tumor stage and G3 tumor grade were significantly associated with increased re-
currence risk (data summarized in Table 2). Other traditional stratification prognosticators,
such as tumor size, concurrent CIS, tumor multifocality and demographic data (age and
gender), did not show statistically significant association.

Table 2. Univariable Cox regression results.

Feature p-Value HR
Male gender 0.6229 0.7845
Age 0.4051 1.0000
Immunodrop 0.0031 12.2830
Center of mass 0.0082 0.0660
CD8 density epithelial 0.1140 0.9971
CD8 density stromal 0.2718 0.9993
CD8 density overall 0.1659 0.9979
pT1 stage 0.0126 2.6092
Gl 0.9959 0.0000
G2 0.0757 0.4773
G3 0.0159 2.7387
Concurrent CIS 0.4793 1.5417
Tumor size > 30 mm 0.5781 0.7686
Multiple tumors 0.4050 1.3858
Positive reTUR * 0.0009 3.6726
Recurrent tumor ** 0.3955 1.3945
Positive reTUR * or recurrent tumor 0.0016 5.4702
EORTC Intermediate risk 0.0655 0.4765
EORTC High risk 0.0766 1.9712
EORTC Very high risk 0.2071 2.5514

* NMIPUC identified on repeated transurethral resection; ** not the primary NMIPUC identified on the first
transurethral resection.

Both CD8+ cell density gradient indicators (CM and ID) were significantly associ-
ated with patient outcomes, while absolute CD8+ cell densities in the stromal, epithelial,
and overall IZ compartments failed to show significant association with RFS. The best-
performing variation of ID included a ratio of ranks 10-20 pm on stromal and epithelial
sides, suggesting that the changes closest to the epithelial-stromal interface are most indica-
tive of patient outcomes. The worse performance of the ID variant using band ranks next to
the epithelial-stromal interface (0-10 pm) might be associated with minor inconsistencies
in tissue classifier performance. Similarly, the best-performing CM measure was obtained
from an IZ covering the 0-20 um interval from the interface on both epithelial and stromal
aspects (ranks —2 to 2).
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Of the medical history data, the positive reTUR but not the recurrent tumor was
associated with significantly increased recurrence hazard. Interestingly, the combination
of these two factors formed an even stronger predictor of BCG failure (the HR of patients
having positive reTUR and/or recurrent tumor was 5.4702 in comparison with only having
positive reTUR patients HR of 3.6726).

3.2. Multivariable Cox Regression Analysis

A total of 11 multivariable Cox regression models could be obtained from the uni-
variate prognostic features (Table 3). The best-performing model from the 5-fold cross-
validation included ID, G3 tumor grade, and positive reTUR or recurrent tumor (Table 4).
Other models showed a slightly higher Akaike information criterion (AIC) and lower
mean C-index in the validation splits. Some of these models included CM but without the
co-occurrence of ID in the same model. The strongest models included the covariates of
any medical history parameter with positive anamnesis of a tumor (positive reTUR and/or
recurrent tumor), thus showing the high predictive value of this feature.

Table 3. Performance of multivariable Cox regression models (CM—center of mass, ID—immunodrop).

Model Covariates Mean Validation Set C-Index AIC

Positive reTUR * or recurrent

tumor ** + G3 + ID 0.7837 173.3428
Positive reTUR * or recurrent

tumor ** + G3 0.7397 174.6718
Positive reTUR * or recurrent

tumor ** + ID 0.7370 174.7917
Positive reTUR * or recurrent

tumor ** + pT1 + ID 0.7388 172.5348
Pos1t1vireTUR or recurrent 0.7355 174.4835
tumor ** + pT1

Positive reTUR * or recurrent 0.7308 174.9942
tumor * + CM

G3+1D 0.7028 179.8105
G3+CM 0.7028 179.8105
Positive reTUR + ID 0.6613 178.3879
pTl +CM 0.6551 180.2151
pT1+1D 0.6438 178.4539

* NMIPUC identified on repeated transurethral resection; ** not the primary NMIPUC identified on the first
transurethral resection.

Table 4. Best-performing multivariable Cox regression model.

Covariate p-Value HR
1H *
Positive reTUR * or recurrent 0.0063 44492
tumor **
G3 0.0457 2.3672
ID 0.0455 5.5072

* NMIPUC identified on repeated transurethral resection; ** not the primary NMIPUC identified on the first
transurethral resection.

The best-performing model from the 5-fold cross-validation included ID, G3 tumor
grade, and positive reTUR or recurrent tumor (Table 3) (log-likelihood ratio = 22.76,
p < 0.005). Of note, this model included one anamnestic factor, one histological factor,
and one tumor microenvironment factor. The C-index for the test set was 0.7429, slightly
lower than the training set C-index of 0.7579, which excludes the possibility of overfitting
this model.
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3.3. Kaplan—Meier Survival Analysis

Non-parametric survival analyses once again supported our finding from univariable
Cox regression analysis, with all six features separating patient groups with statistically
significant differences in RFS (Figure 2). The low ID group of patients showed significantly
longer RFS, similar to the high CM group, which was expected due to the strong inverse
correlation of these indicators. The traditional pathologic factors of tumor stage and grade
also separated groups with significantly different RFS. The presence of tumors in reTUR
was associated with a significantly shorter RS. However, the combined factor of recurrent
tumors and/or the presence of tumors in reTUR extracted a larger group of patients with

shorter RFS, resulting in a somewhat better balanced risk stratification.
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Figure 2. Kaplan-Maier RFS plots stratified according to: (A). Immunodrop (ID), (B). Center of mass
(CM), (C). Presence of tumor in reTUR, (D). Presence of tumor in repeated transurethral resection
(reTUR) or recurrent tumor, (E). Tumor stage (pTa vs. pT1), (F). Tumor grade (G3 vs. G1-G2).

Additionally, we constructed a combined risk assessment score based on three in-
dependent factors included in the best-performing Cox regression model. A score of 1
was added for each G3 tumor grade, positive reTUR or recurrent tumor, and medium or
high ID. For the final stratification, patients having 0 or 1 point were assigned to the “low
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recurrence risk score” group, thus forming a more balanced patient distribution between
groups; patients with 2 points were assigned to the “intermediate recurrence risk score”
group; and patients with 3 points to the “high recurrence risk score” group. This scoring
system enabled statistically significant risk stratification in regard to RFS (Figure 3).
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Figure 3. Kaplan-Meier plot of RFS grouped by combined model for patient risk assessment.

4. Discussion

Our study reveals that CD8+ cell density gradient indicators, ID and CM, were signifi-
cantly associated with the RFS of patients treated with BCG immunotherapy for NMIPUC,
highlighting the importance of the spatial distribution of CD8+ cells across the tumor
interface. Similar work published recently by Bieri et al. [22,29] explored the prognostic
significance of TILs in bladder cancer by introducing the mIS concept for the assessment of
TILs in the tumor tissue. In both of their studies, mIS enabled significant risk stratification
only in subsets of patients (progression-free survival and cancer-specific survival stratifica-
tion in MIBC after cystectomy—the AJCC stage Illa group, RFS stratification in NMIPUC
treated with BCG—EORTC high-risk group). In contrast, the CD8+ Immunogradient
indicators provided significant stratification in the entire cohort of our patients.

An important advantage of our method is that it generates the CD8+ cell density data
from the epithelium—-stroma interface with high selectivity and capacity while also main-
taining the spatial context of the tumor-host interaction area. In the univariate analyses,
best-performing variants of both CM and ID were generated from the IZ within the range
of 20 um into both the stromal and epithelial aspects. DIA performed a precise selection
of areas of interest and, paired with the high-throughput nature of the method in WSI,
enabled an optimized solution to assess tissue immune response in this tumor with a pecu-
liar papillary microarchitecture. In contrast to other tumor types, where immunogradient
indicators and Immunoscore were found to be prognostic, NMIPUC, in most cases, does
not have a wide invasive border. Instead, tumor-host interaction takes place in a very thin,
elongated, papillary tumor structure, requiring a more delicate approach. Our study shows
that this can be achieved with Al-based pixel-level tissue classification with subsequent
computational immunohistochemistry assessment.

Another important observation emerging from our study is that CD8+ cell density
gradient indicators were significant prognosticators of RFS, while none of the absolute CD8+
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cell densities in any tumor tissue compartment showed a significant impact. This further
supports the importance of spatial analytics to study tumor microenvironments rather than
relying on the quantification of cell densities in tumor tissue compartments. Whereas all
patients in our cohort received BCG immunotherapy, our computational models enable
the assessment of RFS probability and, with an appropriate study design, can be tested as
predictive biomarkers for immunotherapy modalities.

Based on three independent prognostic factors in our best-performing multivariable
Cox regression model after cross-validation procedures, we constructed a scoring system
which, importantly, combines clinical, pathology, and immune response features. The
model enables RFS probability assessment by assigning the patients after BCG immunother-
apy into three risk categories (Figure 3). To compare our model to the current routine risk
assessment strategy, we simulated the performance of the EORTC risk stratification algo-
rithm (REF) in our patient cohort. The EORTC risk groups provided statistically significant
differences only between intermediate and very high-risk groups (p = 0.0448), while other
pairwise differences did not reach statistical significance (intermediate vs. high p = 0.1698,
high vs. very high p = 0.1073). This “underperformance” of the EORTC scheme might be
explained by some shift toward more aggressive tumors in our patients, eligible for BCG
immunotherapy. Additionally, the impact of BCG on RFS and/or the limited sample size of
our study remains to be considered. Nevertheless, we found that our scoring scheme was
best-performing in our patient cohort and remains to be tested for its potential in clinical
decision making.

The evidence on the use of early radical cystectomy for high-risk non-muscle-invasive
bladder cancer that can be performed upfront or in a delayed setting after BCG failure
remains controversial [36]. However, many recent reports have shown that in patients with
BCG-unresponsive HGT1 disease, cancer-specific and overall survival were lower after
delayed (>2 years) versus early radical cystectomy [37-39]. However, the retrospective
series suggested that in patients with T1G3 tumors, there was only a small difference in
recurrence rate between the BCG-treated and the non-BCG-treated group (70 vs. 75%) [40].
Nearly 40% of patients in our study harbored HGT1 disease and, therefore, were less likely
to respond to BCG therapy than high-grade Ta tumors. In this context, any improvement of
pretreatment prognostic stratification may have very high clinical importance, improving
oncological outcomes in significant numbers of patients or/and sparing them from excess
radical cystectomy.

Our study has some limitations. Small inconsistencies in our tissue classifier per-
formance caused some misclassified epithelial areas in the stroma which required some
manual data curation. It was performed in a standardized manner, nevertheless, making
the DIA not entirely automated. Another issue in urothelial tumors is the cytological
similarity of the malignant and nonmalignant urothelium, which is why the interface zone
in our study includes any urothelium. Therefore, all tissue has been classified as ‘stroma’
or ‘epithelium’. However, to reduce the impact of data derived from normal mucosa, we
have selected tissue samples for the study with a predominance of tumor epithelium over
normal urothelium.

5. Conclusions

Our study reveals an independent informative value of CD8+ cell density gradient
across the epithelium—stroma interface to predict RFS in patients with NMIPUC treated
with BCG immunotherapy. Importantly, absolute CD8+ cell densities in the tumor epithelia
or stroma compartments did not reveal any prognostic impact. This further supports the
advantage of immunogradient indicators to assess patterns of infiltrating immune cell
distribution in the tumor microenvironment. Combining CD8+ immunogradient with the
patient’s history of reTUR and histological grade of the tumor, we propose a risk assessment
score to predict RFS in patients with NMIPUC after BCG immunotherapy.
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Simple Summary: The loss of tumor antigens prevents the immune system from recognizing and
destroying cancer cells. Immune cells can remove these antigens and express them on their surface.
Other immune cells becoming confused, kill the anti-tumor immune cells. By blocking this process
using a drug commonly used to treat a variety of eye conditions, we were able to restore anti-tumor
immune responses for impaired T cells in mouse models of brain cancer.

Abstract: Background: Chimeric antigen receptor (CAR) T cells have recently been demonstrated to
extract and express cognate tumor antigens through trogocytosis. This process may contribute to
tumor antigen escape, T cell exhaustion, and fratricide, which plays a central role in CAR dysfunction.
We sought to evaluate the importance of this effect in epidermal growth factor receptor variant III
(EGFRVIII) specific CAR T cells targeting glioma. Methods: EGFRvIII-specific CAR T cells were
generated from various donors and analyzed for cytotoxicity, trogocytosis, and in vivo therapeutic
activity against intracranial glioma. Tumor autophagy resulting from CAR T cell activity was
evaluated in combination with an autophagy inducer (verteporfin) or inhibitor (bafilomycin A1).
Results: CAR T cell products derived from different donors induced markedly divergent levels
of trogocytosis of tumor antigen as well as PD-L1 upon engaging target tumor cells correlating
with variability in efficacy in mice. Pharmacological facilitation of CAR induced-autophagy with
verteporfin inhibits trogocytic expression of tumor antigen on CARs and increases CAR persistence
and efficacy in mice. Conclusion: These data propose CAR-induced autophagy as a mechanism
counteracting CAR-induced trogocytosis and provide a new strategy to innovate high-performance
CARs through pharmacological facilitation of T cell-induced tumor death.

Keywords: trogocytosis; epidermal growth factor receptor variant III; chimeric antigen receptor
T cells; autophagy; phagocytosis; glioblastoma

1. Introduction

Trogocytosis is a process whereby cell surface molecules are transferred to effector T
cells through the immunologic synapse, often by antigen-presenting cells (APCs). While
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this process has long been recognized as a critical aspect of functional immunity [1], it
has recently emerged as a potentially important cause of chimeric antigen receptor (CAR)
T cell dysfunction [2,3]. CAR T cells are generated by transducing a T cell with a CAR
construct containing a tumor antigen recognition domain linked to the constant regions of
a signaling T cell receptor. The CAR T cell then recognizes the tumor antigen with high
specificity in a non-MHC-restricted manner that is independent of antigen processing [4].
During CAR-induced trogocytosis, the CAR T cells can uptake cognate antigens from the
surface of target cells, allowing the escape of target cells through localized antigen loss
at the immunologic synapse and fratricide of CAR T cells once target antigen becomes
expressed on the CAR T cell surface [2]. Overstimulation of the effector CAR T cells may
also lead to the development of an exhausted phenotype.

We have been developing EGFRvIII-specific CAR T cells for the treatment of glioma
and hypothesize that trogocytosis could potentially play a role in the development of
antigen loss, and T cell exhaustion previously reported [5,6]. CAR T cell-mediated tumor
killing is often oversimplified as instantaneous perforin-induced lysis of tumor cells. In
fact, there is a complex process of autophagy induced by T cells [7], which may actually
oppose trogocytosis by mediating the degradation of endocytic substrates in tumor targets.
Previously, we demonstrated that verteporfin acts as an autophagy inducer and promotes
autophagosome formation and autophagy flux, as shown by increases in LC3-II, decreases
in p62, and autophagy-mediated degradation [8]. The purpose of this study was to ascertain
if pharmacological facilitation of autophagy with verteporfin inhibits trogocytosis of the
EGFRVIII tumor antigen by CAR T cells and to determine if this increases their persistence
and efficacy in mice.

2. Materials and Methods
2.1. Cell Lines

The U87 cell line was obtained from the American Type Culture Collection. The K562
EGERVIII clone 27 (activating and antigen-presenting cells, aAPCs) with stable expression
of 41BB-L, CD86, CD64, tCD19, and membrane-tethered IL-15 was a gift from Dr. Lau-
rence Cooper at MD Anderson Cancer Center. K562 cells were maintained in RPMI1640
supplemented with 10% fetal bovine serum (FBS). U87-EGFRVIII-Zeomycin cells were a
gift from Dr. Oliver Bogler at MD Anderson Cancer Center and were cultured in complete
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS and 2mM glutamax at
37 °C and in an atmosphere of 95% air/5% COs.

2.2. EGFRuolII CAR Engineering

As previously described [5], the EGFRVIII CAR was engineered by fusing the CSF2RA
signal peptide, scFvs of monoclonal antibodies 139 with a Whitlow linker inserted between
the light and heavy chains, the IgG4 extracellular stalk, and the CD28 and CD3-zeta
intracellular signaling domains. The plasmid encoding for CAR was then co-transfected
with the Sleeping Beauty (SB) plasmid. CAR+ T cells were stimulated in a 1:2 ratio with
the irradiated EGFRvIII+ K562 in the presence of 30 ng/mL IL-21. For in vivo trafficking,
Firefly luciferase was cloned in frame to the C terminus of the EGFRVIII CAR construct
with a P2A self-cleavage linker. Human donor T cells were transfected by electroporation
with the CAR-P2A-ffLUC SB transposon along with the SB11 transposase.

2.3. T Cells Isolation, Transfection, and Ex Vivo CAR Expansion

Peripheral blood mononuclear cells (PBMCs) from healthy donors were obtained
from the Gulf Coast Regional Blood Bank and isolated using Ficoll-Paque (GE Healthcare,
Chicago, IL, USA) per the manufacturer’s protocol. The PBMCs were either freshly used or
cryopreserved and thawed immediately before use. CD3™ T cell selection was performed
using the Human Pan T cell isolation microbeads (Miltenyi Biotec, San Diego, CA) per the
manufacturer’s protocol. The cells were then allowed to rest for 2 h before CAR nucleofec-
tion using Amaxa Nucleofector 2B (Lonza, Basel, Switzerland). Briefly, 20 x 10° CD3* cells
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were suspended in 100 uL of human T cell electroporation buffer (Lonza, Basel, Switzer-
land), 10 pg of CAR plasmid, and 5 ug of SB11 transposase (a gift from Amer Najjar at the
MD Anderson Cancer Center) and then electroporated using program U-014. Immediately
after electroporation, the cells were transferred to a prewarmed recovery medium (phenol-
free RPMI medium, 20% FBS, and 2 mM glutamax) for 24 h. The cells were then counted
and phenotyped by flow cytometry to determine the percentage of CAR expression. Cells
were harvested for initial stimulation with 100 Gy-irradiated aAPCs at a 1:2 ratio (CAR™:
aAPC) in the presence of 30 ng/mL IL-21 in RPMI1640 medium supplemented with 10%
FBS. Cytokines were replenished every other day for 7 days. Subsequent expansion after
7 days was performed with a weekly iteration of aAPC stimulation and the addition of
50 U/mL IL-2 and 30 ng/mL IL-21 every other day.

2.4. Glioma and CAR T Cell Co-Culture

Ex vivo expanded EGFRVIII CAR T cells were added to target (U87-EGFRVIII) glioma
cells at indicated cell ratios.

2.5. Flow Cytometry Analysis and Trogocytosis Assay

For direct flow cytometry, up to 10° cells were stained with mAbs (Supplementary
Table S1) in FACS buffer (PBS, 2% FBS, 0.05% sodium azide) for 30 min in the dark at
4 °C. Data were collected on a FACS Celesta (BD Biosciences, San Jose, CA, USA) using
the FACSDiva software (version 8.0.1, BD Biosciences, San Jose, CA, USA). All data were
analyzed using Flow]Jo software (version 10.7, TreeStar, Ashland, OR, USA). CAR T cells
were exposed to target tumor cells at a 1:1 ratio and then harvested and probed with an
EGFRVIII primary antibody (V3980, NSJ Bioreagents, San Diego, CA, USA) and a secondary
antibody tagged with PE or APC followed by flow cytometry analysis.

2.6. Evaluation of T Cell Efficacy in Intracranial Glioma Xenografts

Animal experiments were carried out according to regulations from the Institu-
tional Animal Care and Use Committee (IACUC) at MD Anderson Cancer Center (ACUF
00001544-RN00). Both female and male NOD.Cg-PrkdescidIL2Rytm1Wjl/Sz (NSG, Jackson
Laboratory, Bar Harbor, ME) mice aged 6-8 weeks were anesthetized by intraperitoneal
injection using a cocktail of 10 mg/mL ketamine and 0.5 mg/mL xylazine at a dose of
0.1 mL/10 g. A guide screw was surgically implanted 2.5 mm to the right of the coronal
suture and 1 mm posterior to the bregma at a depth of 3 mm. Two weeks after surgery,
intracranial tumors were established by implantation of 250,000 U87-EGFRvIII-Zeomycin
in 5 uL PBS through the guide screw. The CAR infiltration in the tumor was serially imaged
using Xenogen IVIS Spectrum (Caliper Life Sciences, Hopkinton, MA, USA) 10 min after
intraperitoneal injection of 3 mg D-luciferin potassium salt (cat. # MB000102-R70170, Syd
Labs, Natick, MA). CAR flux (photons/s/ cm?/ steradian) was measured using Living
Image software (version 2.50, Caliper Life Sciences, Hopkinton, MA, USA) in a delineated
region encompassing the entire cranium. Mice were sorted into treatment groups 4 days
after tumor implantation. The mice were treated on day 5 with 4 x 10° EGFRvIII CAR T
cells in 5 puL of PBS administered intracranially through the guide screw and treated per the
designated schemas. Mice were treated with verteporfin (10 mg/Kg) via intraperitoneal
injection. Mice were sacrificed when they displayed progressive weight loss of >25%, rapid
weight loss of >10% within 48 h, hind limb paralysis, or any two of the following clinical
symptoms of illness: ataxia, hunched posture, or irregular respiration rate.

2.7. Statistical Analyses

Statistical analyses were performed in GraphPad Prism, version 8.0. Data were ex-
amined for normality through boxplots and QQ plots prior to the application of linear
statistical models. Statistical analyses of in vitro assays were performed using one-way
ANOVA, two-way ANOVA, or unpaired T-test, as indicated in the figure legends. Analyses
of in vivo tumor BLI imaging were performed using two-way ANOVA with repeated
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measures and Sidak’s post hoc test for multiple comparisons. Survival analysis of the mice
was performed using the log-rank (Mantel-Cox) test. Significance of the findings is defined
as follows: ns = not significant, p >= 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Results
3.1. Differential Trogocytosis and Efficacy in CAR Products

Our group has a long-standing interest in trying to analyze why different donors
exhibit different CAR T cell activity despite identical cell manufacturing procedures using
the same CAR construct. We hypothesized that trogocytosis might play a differential role in
CART cell dysfunction and contribute to donor differences in CAR activity. As part of this
effort, we sought to identify two dichotomized CAR T cell products that have significant
differences in trogocytosis. Much higher levels of EGFRVIII were detected on the surface of
CART cells of Donor 1 relative to other donors (Figure 1A). As a control, we confirmed
that EGFRVIII was detected abundantly at basal levels on target tumor cells expressing
EGFRVIII but not on antigen naive CARs (Figure 1B).

A B
U87-EGFRuvIlI CAR
40+
600 ~ A
;‘5 Isotype | 3004 Isotype
% 304 ‘
% | EGFRulll ‘\
and M\
O
= | ” | g 200
2 20 5 ‘ 5 : EGFRulll
E E 200 =
W A 100 =
10 10
. =
0 ® o |""|" b BB Bl BAL B B O fr o B B Bbb Bl AL ke B |
.\' ,\L ,; ; P00 10 10° W wt o ! 10° 10’ w0’
& & & & .
< & & ¢ EGFRUVIII expression >

Figure 1. (A,B) Trogocytic EGFRVIII expression was gated on CAR+ cells analyzed in triplicate follow-
ing co-culture with targets (U87-EGFRVIII) for 2 h. The gate was set based on CAR T cells without a
target and then plotted based on the range of expression on flow cytometry. (B) A representative flow
cytometry analysis of baseline EGFRVIII expression on target tumor (U87-EGFRVIII) and EGFRVIII
CART cells.

To further characterize two dichotomized CAR T cell products, two donors were
selected and labeled “donor 1” and “donor 2.” Donor 1 CAR T cells resulted in minimal
therapeutic effect in vivo compared with the relatively higher level of potency of Donor 2
(40% long-term survivors) (Figure 2A), as well as in the US7EGFRVIII tumor line in vitro
(Figure 2B; p = 0.0001).

To ascertain if the phenotypic composition might account for the difference between
products, the CAR product was profiled. Both donors exhibited CAR lineage skewing
towards the CD8+ population with an expansion-dependent loss of the CD4+ population.
This skewing was observed regardless of initial CD8:CD4 ratios (Figure 3A), suggesting that
T cell phenotype was not a key variable explaining their differences in therapeutic response.
Furthermore, CARs of both donors expressed T cell exhaustion markers PD-1, TIM-3, and
LAG-3 on day 28 of ex vivo expansion, with Donor 2 CAR T cells expressing relatively
higher levels of these markers despite their higher therapeutic efficacy (Figure 3B,C). In
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contrast, Donor 1, but not Donor 2 CAR T cells, expressed CD57, the T cell senescence
marker, at a higher level (Figure 3B,C). Thus, expansion-induced CAR lineage skewing and

expression of exhaustion markers alone were insufficient to explain donor variations in
CAR efficacy.
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Figure 2. Donor differences in CAR activity and trogocytosis. (A) Representative survival curves of
mice bearing U87-EGFRVIII tumors treated with EGFRVIII CARs engineered from Donor 1 and Donor
2 (n = 10/group). (B) Target tumor cell (U87-EGFRVIII) lysis following co-culture with EGFRvIII
CARs (E:T 5:1) from Donors 1 and 2 for 24 h. **** p = 0.0001.
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Figure 3. Donor lineage skewing and the expression of exhaustion markers. (A) Changes in CD8 and
CD#4 cells during ex vivo expansion of EGFRVIII CAR T cells. (B,C) Expression of T cell exhaustion
(PD-1, TIM3, and LAG3) and senescence (CD57) markers on CAR T cells. These data summarize
the analysis generated from two different donors (Donor 1 and Donor 2) and are representative of a
triplicate analysis.
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Target cell surface

3.2. Autophagy Antagonizes Trogocytosis and Increases Target Killing

The trogosome cargos are likely processed through the endosome systems, where
cargo is either recycled to the cell surface or sorted for lysosomal and autophagy-dependent
degradation (Figure 4). Through assessment of the trogocytosis kinetics, we found ex-
pression of EGFRVIII on CAR T cells was maximal at 2 h and declined by 4 h (Figure 5A).
We recently reported that verteporfin activates the autophagy pathway and that PD-L1
is degraded as part of this process [8]. We hypothesized that verteporfin might induce
autophagy to counter trogocytosis through increased degradation of EGFRVIIL Indeed, we
found the level of EGFRVIII expression was reduced in co-cultures treated with verteporfin
(Figure 5B).

Next, we assayed the effect of verteporfin treatment on CAR-mediated target cell
killing. Verteporfin, whether alone or in co-treatment with CARs, was found to have no
effect on target cell viability at lower E:T ratios. However, at a ratio of 5:1 E:T, Donor 1
CAR killing ability was markedly increased when treated with verteporfin (Figure 5C).
Verteporfin did not affect the cytotoxic activity of Donor 2 CARs (Figure 5D) that had lower
levels of trogocytosis.
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Figure 4. Scheme demonstrating CAR-induced trogocytosis. Trogocytosis occurs upon CAR-target
engagement resulting in the expression of the target tumor antigen on CAR T cells. Following
extraction by CAR T cells, the tumor antigen is internalized and processed through the endosome
system and then is either recycled to the cell surface or shuttled to late endosomes and subsequently
degraded through lysosome and autophagy-dependent mechanisms. Activation and inhibition of
autophagy may regulate trogocytosis and modulate CAR T cell function. In addition, trogocytosis may
interface with phagocytosis. Baf Al, bafilomycin A1, an inhibitor of vacuolar ATPase and autophagy;
VP, verteporfin, an activator of selective autophagy; DAMPs, damage-associated molecular patterns.
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Figure 5. Verteporfin inhibits CAR-induced trogocytosis and increases CAR activity. (A) Representa-
tive flow cytometry example of EGFRVIII expression on Donor 1 CAR prior to or following co-culture
with targets (U87-EGFRVIII) in the absence (-) or presence (+) of verteporfin (VP). The gate is set
against the isotype control and was conducted in triplicate. (B) Summarized kinetic data from A of
CART cell EGFRVIII expression in the absence and presence of VP. (C) Target (U87-EGFRVIII) cell via-
bility treated with Donor 1 CARs in the absence (control; black circles) or presence of verteporfin (VP;
red circles) for 24 h. A Two-way ANOVA test and Turkey’s multiple comparisons were conducted
with no statistical significance between the control groups (black circles). Statistical significance

137



Cancers 2023, 15, 1085

between the VP-treated groups (red circles): p = 0.0006 (0:1 vs. 5:1), p = 0.0016 (1:1 vs. 5:1). (D) CAR-
mediated lysis of target (U87-EGFRVIII) cells treated with EGFRvIII CARs derived from Donor 1 and
Donor 2 at 1:1 and 5:1 ratio in the absence (-VP) or presence (+VP) of verteporfin for 24 h. * p < 0.05;
** p <0.01; ** p < 0.001 (unpaired t-test). For Donor 1: p = 0.039 (1:1 vs. 1:1+VP), p = 0.0312 (5:1 vs.
5:1+VP), p = 0.0145 (1:1 vs. 5:1), p = 0.0117 (1:1+VP vs. 5:1+VP). For Donor 2: not significant (1:1 vs.
1:1+VP), not significant (5:1 vs. 5:1+VP), p = 0.0001 (1:1 vs. 5:1), p = 0.0001 (1:1+VP vs. 5:1+VP).

3.3. CAR-Induced Autophagy Mediates Degradation of Cross-Transferred PD-L1

Because the immune checkpoint ligand PD-L1 and other proteins can be transferred to
T cells and monocytes from antigen-presenting and cancer cells [9,10], we next evaluated
whether such proteins were transferred to the CAR T cells in our system. At baseline, PD-L1
is not expressed on primary T cells (Figure 6A), on CAR T cells expanded on PD-L1-feeders
(Figure 6B), or on anti-CD3/CD28 dynabeads (Figure 6C). Although PD-L1 is almost never
observed on circulating T cells in any normal physiologic circumstance, there are some
circumstances where this has been observed [11,12]. To be sure that the PD-L1 expression
on the CAR T effectors was indeed a product of trogocytosis rather than a result of an
inducible mechanism (such as IFN-y) that can sometimes be responsible for increases in
PD-L1 expression in target tumor cells, expression profiling was performed in the setting
of IFN-y. As would be expected, PD-L1 was not detected on CAR T cells either treated
with IFN-y or following exposure to CAR-target condition media in the absence of targets
(Figure 6C) and was only detected on CARs in the presence of targets (Figure 6D). To
examine the impact on trogocytic PD-L1 uptake by CAR T cells, we inhibited autophagy
using the drug bafilomycin. Indeed, enhanced PD-L1 uptake was observed with its use
(Figure 6E). Furthermore, bafilomycin-related autophagy inhibition was also more potent
in Donor 2 compared to Donor 1 (Figure 6E), suggesting counteracting mechanisms of
trogocytosis and autophagy (Figure 4).

3.4. Verteporfin Increases CAR T Cell Persistence and Efficacy

To improve CAR persistence in the GBM tumor microenvironment, we sought to
determine whether autophagy counters trogocytosis in vivo. We first assayed the abun-
dance of CAR T cells in the brain of U87-EGFRVIII tumor-bearing mice treated with or
without verteporfin. The bioluminescence (BLI) CAR T cell signal was only detected in
CAR-infused tumors (Figure 7A). Although there was no significant difference in CAR
retention noted one day after infusion, verteporfin-treated mice maintained significantly
higher levels of CAR signal ten days after infusion (Figure 7B; p < 0.0001).

We hypothesized that the impact of verteporfin on improving CAR T cell function
and persistence is independent of any activity it might exert on the tumor cells themselves
in vivo. To test this, we evaluated the dysfunctional Donor 1 CAR T cells in combination
with verteporfin. Consistent with our previous study [8], verteporfin alone did not exert
any therapeutic effect (Figure 8A). However, treatment with the combination of verteporfin
and Donor 1 CAR T cells extended the survival of EGFRVIII" tumor-bearing mice relative
to both PBS and monotherapy with CAR T cells (Figure 8B; p = 0.02).
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Figure 6. Expression of PD-L1 on target tumor but not on CAR T cells. (A) Flow cytometry analysis
of baseline PD-L1 expression on CD3+ primary T cells from peripheral blood mononuclear cells
(PBMCs). Analysis was conducted in triplicates. (B) Flow cytometry analysis of target tumor (U87-
EGEFRVIII) and EGFRVIII CAR T cells. (C,D) Summary of flow cytometry analysis of PD-L1 levels
(MFI, mean fluorescence intensity) on CAR T cells expanded on anti-CD3/CD28 dynabeads (Ctl),
treated with interferon y (IFNy, 5 ng/ml), exposed to condition media from the target (T cond med)
or target-CAR (T-E = 2:1) conditioned media (D). Summarized flow cytometry analysis of PD-L1 on
CARSs after co-culture with target tumor for 20 h, taken from biological replicates of Donor 1. Targets
and CARs are distinct populations gated on SCC/FSC, GFP (targets), and CAR (CD3). * p < 0.05;
**p < 0.01; *** p < 0.001 relative to no target. (E) Western blot analysis of PD-L1 expression on
EGFRvlII-specific CARs generated by Donors 1 and 2 following CAR-target co-culture for 20 h in the
absence (-) or presence (+) of bafilomycin (Baf). Original flow cytometry see Supplementary Figure S1.
Original blots see Supplementary Figure S2.
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Figure 7. Verteporfin increases CAR persistence in tumors. (A) BLI of the CAR signals was assayed on
day 10 after infusion with and without verteporfin. (B) Summarized data of firefly bioluminescence
(ffLuc) imaging of CAR signal acquired on day 1 (infusion) and day 10 after infusion into U87-
EGFRvII tumors (implanted on day 4) with and without treatment of verteporfin for 3 days prior to

CAR infusion.
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Figure 8. Verteporfin reverses CAR dysfunction. (A) Treatment schema and survival curves of mice
bearing U87-EGFRvII tumor treated with or without verteporfin, median survival 17 days (PBS and
VP). (B) Treatment schema and survival curves of mice bearing U87-EGFRVIII tumors treated with
Donor 1 CAR with or without verteporfin, median survival 22 (PBS), 22 (CAR T), and 30.5 days (CAR
T+VP). If the mouse was moribund or dead, it did not receive the second CAR treatment.
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4. Discussion

Trogocytosis is a newly recognized mechanism underlying CAR T cell dysfunction
leading to tumor antigen escape, T cell exhaustion, and CAR T cell fratricide [2]. Here
we confirm that trogocytosis occurs in the stimulation of EGFRVIII CAR T cells but sur-
prisingly find that it is variable between donors. As might be expected, we find that the
amount of trogocytosis is inversely associated with CAR efficacy in a murine glioma model.
Notably, CAR-induced trogocytosis also mediates the cross-transfer of the immune check-
point ligand PD-L1 in addition to tumor antigens in this system. Thus, efforts to reduce
trogocytosis may enhance CAR function and improve efficacy. Through activation of CAR
T cell-induced autophagy, verteporfin inhibits trogocytosis, increases CAR persistence
in vivo, and improves the efficacy of CAR T cells targeting EGFRVIII+ tumors in vivo. CAR
expression levels have been previously found to be inversely associated with CAR function,
with higher CAR expression increasing CAR signaling and dysfunction [13-16]. Consistent
with these findings, CAR levels were found to be lower in representative Donor 1 relative
to Donor 2, which may contribute to increased CAR activity and be linked to differences in
trogocytosis, which is a CAR-dependent process. Furthermore, this study suggests that
varying amounts of trogocytosis following CAR T cell target recognition is an important
factor creating differences in CAR T cell function and therapeutic efficacy between donors.

Other pharmacological strategies that could be considered for the inhibition of trogocy-
tosis include phosphoinositide 3-kinase (PI3K) inhibitors [2,17,18]. However, non-selective
effects on T cell viability and function may be problematic. More selective PI3K inhibitors
may resolve this problem [19,20]. Ultimately genetic modulation of this pathway in CAR
T cells will likely be the path forward. Our findings suggest that trogocytosis can be
counteracted by verteporfin-facilitated autophagy, pushing the downstream pathway into
late-endosome formation and degradation of the target cell antigens instead of its re-
expression on the cell surface by recycling endosomes (Figure 4), offering a strategy to
circumvent some of the limitations associated with targeting trogocytosis. Although our
findings might be specific to the model system used in this study, both trogocytosis and
autophagy are universal cell processes. Thus, the specific use of verteporfin for other CAR
T cells, such as those targeting ILI3RA2, GD2 [21], and others [22,23], will need to be tested
to validate these findings.

T cells were isolated and expanded from healthy donors and then engineered to
express the full CAR construct. This CAR system requires the presence of a stimulating
cell line for CAR T cell proliferation and expansion [24]. The CAR expression in Donor 1
was higher than in Donor 2. However, in vivo cytotoxicity of the CAR T cells from Donor
2 was higher than Donor 1. It should be noted that higher levels of CAR expression are
not always associated with increased CAR function. Instead, higher CAR expression can
be associated with tonic CAR signaling, which causes exhaustion and impairs CAR T cell
function and persistence [13-16]. Our findings appear to be consistent with these data.

Although tumor antigens seem particularly susceptible to transfer through CAR-induced
trogocytosis [2], the full extent of adjacent membrane proteins transferred through the trogo-
some remains undetermined [25-28] because, in the CAR system we used, a non-targeting
CART cell as a control was not feasible. As such, we evaluated whether other targets could be
involved in trogocytosis. In addition to CAR-induced trogocytosis of cognate tumor antigen,
we documented cross-cell transfer of the immune checkpoint ligand PD-L1 from tumor cells
to CAR T cells. This observation may be a function of verteporfin regulating the turnover
of receptors more generally. The acquisition of PD-L1 in T cells has previously been shown
to inhibit effector function in circulating T cells [11,12]. To our knowledge, this is the first
description of PD-L1 expression on CAR T cells acquired through trogocytosis. The functional
immunological consequences of this finding will be a focus of future studies. Since PD-1 is
overexpressed by exhausted T cells, its engagement with PD-L1 expressing CAR T cells is
expected to activate the immune checkpoint and may also represent an underlying mechanism
of fratricide as a consequence of CAR-induced trogocytosis.
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While trogocytosis is markedly different between these two donors, there are un-
doubtedly many factors that may explain the difference in the effector functions of CAR-T
cells identified between these two donors, including promotor polymorphism of immune
stimulatory cytokines and HLA matching. As opposed to standard CAR-T cell therapies
that are used clinically, this model is an allogeneic therapy in an immunocompromised
mouse model. The endogenous T cell receptor for donor 1 and donor 2 have not been
deleted, so differential alloreactivity between these two donors is a confounder for analysis.
While this first study establishes the phenomenon, a larger study with more donors will be
needed to estimate exactly how big a factor trogocytosis is in CAR T product variability.
It is also important to note that verteporfin has multiple biological and cellular effects.
It is also possible that verteporfin is altering CAR turnover or proliferation. As such, it
is unclear if the results are exclusively due to verteporfin via its effect on trogocytosis.
Additional mechanistic studies are required to elucidate exactly how autophagy activation
by verteporfin is associated with the inhibition of trogocytosis. Moreover, there are intrinsic
effects of verteporfin on glioma cells [29]. Ultimately, strategies that genetically manipulate
these functions in CAR-T cells will likely be evaluated and may be the preferred approach
moving forward. Notably, there are additional hurdles that will need to be considered that
influence CAR anti-tumor activity, such as distribution in the tumor microenvironment
and tumor-mediated immune suppression [30,31].

Our prior study showed that the photodynamic agent verteporfin induces autophagy
and selective degradation of the PD-L1 immune checkpoint ligand at clinically achievable
concentrations [8]. Although verteporfin can aggregate in glioblastoma cells [32] and has a
photodynamic effect leading to extensive protein cross-linking, this would not be applicable
in non-illuminated solid tumors.

5. Conclusions

This study provides further evidence that verteporfin-induced autophagy, indepen-
dent of its photodynamic property, plays a role in antagonizing CAR-induced trogocytosis
and might also be promoting the phagocytic activity of CAR T cells. By inducing autophagy
to allow clearance of trogosome cargo, verteporfin counteracts the recycling of cargo to
the cell membrane. Given its trogocytosis-dependent and -independent drug actions,
verteporfin may be particularly effective in counteracting both tumor antigen and PD-L1
trogocytosis in PD-L1+ target tumor cells [26].
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Simple Summary: We investigated the effects of chemotherapeutics used for the frontline treat-
ment of newly diagnosed high-risk neuroblastoma patients in combination with anti-GD2 antibody
ch14.18/CHO (dinutuximab beta, DB) in the presence of immune cells in preclinical models of neurob-
lastoma. The combined treatment showed an up-to-17-fold-stronger and GD2-specific cytotoxic effect
compared to the controls treated with chemotherapy alone in the presence or absence of immune cells.
These findings further support a clinical evaluation of DB in combination with frontline induction
therapy for high-risk neuroblastoma patients.

Abstract: Anti-disialoganglioside GD2 antibody ch14.18/CHO (dinutuximab beta, DB) improved
the outcome of patients with high-risk neuroblastoma (HR-NB) in the maintenance phase. We
investigated chemotherapeutic compounds used in newly diagnosed patients in combination with
DB. Vincristine, etoposide, carboplatin, cisplatin, and cyclophosphamide, as well as DB, were used
at concentrations achieved in pediatric clinical trials. The effects on stress ligand and checkpoint
expression by neuroblastoma cells and on activation receptors of NK cells were determined by using
flow cytometry. NK-cell activity was measured with a CD107a/IFN-y assay. Long-term cytotoxicity
was analyzed in three spheroid models derived from GD2-positive neuroblastoma cell lines (LAN-1,
CHLA 20, and CHLA 136) expressing a fluorescent near-infrared protein. Chemotherapeutics
combined with DB in the presence of immune cells improved cytotoxic efficacy up to 17-fold compared
to in the controls, and the effect was GD2-specific. The activating stress and inhibitory checkpoint
ligands on neuroblastoma cells were upregulated by the chemotherapeutics up to 9- and 5-fold,
respectively, and activation receptors on NK cells were not affected. The CD107a/IFN-y assay
revealed no additional activation of NK cells by the chemotherapeutics. The synergistic effect
of DB with chemotherapeutics seems primarily attributed to the combined toxicity of antibody-
dependent cellular cytotoxicity and chemotherapy, which supports further clinical evaluation in
frontline induction therapy.

Keywords: ADCC; carboplatin; chemoimmunotherapy; cisplatin; cyclophosphamide; dinutuximab beta;
etoposide; neuroblastoma; vincristine

1. Introduction

Neuroblastoma is the leading cancer-related cause of death in children [1]. Despite
intensive multimodal treatment options, the long-term event-free survival is still only
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50% [2]. Neuroblastoma cells highly express the tumor-associated antigen disialoganglio-
side GD2, which can be targeted with the monoclonal antibody (mAb) dinutuximab beta
(DB, ch14.18/CHO). Although this therapy has increased the overall survival of patients
(pts) with high-risk neuroblastoma (HR-NB) at 5 years by 15% [3], new treatment options
are needed to further improve the outcome.

One promising approach is the combination of antibody treatment with chemother-
apy. In a prospective randomized trial conducted by the Children’s Oncology Group
(COQG) in patients with relapsed or refractory neuroblastoma, pts treated with dinutuximab
(ch14.18/SP2/0) combined with irinotecan, temozolomide, and granulocyte-macrophage
stimulating factor (GM-CSF) showed an objective response rate of 41.5% [4]. In a non-
randomized study, anti-GD2 antibody hu14.18K322A was combined with six cycles of the
COG induction chemotherapy and granulocyte-macrophage colony-stimulating factor and
low-dose interleukin-2 (IL-2) in newly diagnosed high-risk neuroblastoma patients [5].
The end-of-induction partial response and complete response rate were 97%, and no pa-
tients experienced progressive disease during induction, suggesting an improvement over
historical control.

However, the use of the anti-GD2 antibody DB during the European neuroblastoma
chemotherapy induction regimen has not been evaluated yet [6]. The main mechanism
of action of a DB-based immunotherapy is the induction of antibody-dependent cellular
cytotoxicity (ADCC), and the combination of such chemotherapeutics with DB might have
differential effects on antitumor efficacy.

Chemotherapeutics kill tumor cells by means of genotoxic stress or prevention of
mitosis, resulting in apoptosis, senescence, and immunogenic cell death.

Studies showed that the mere reduction of the tumor cell mass during chemotherapy
improves the immunological antitumor response [7]. Additionally, an increasing body of
evidence suggests that an innate immune response is crucial for the antitumor activity of
chemotherapeutics [8-10], as they induce immunogenic cell death that can increase antigen
presentation and elicit a cytotoxic T-cell response [11]. In this context, the PD-1 immune
checkpoint blockade improved CD8+ T-cell effector functions during chemotherapy [12].

Immunological advantages of chemotherapy also emerge from an increased visibility
of tumor cells to the immune system mediated by stress ligand expression, and NK cells
are the main effector cells that kill tumor cells upon stress-ligand recognition [13,14]. Stress
ligands can bind NK-cell-specific activating receptors such as NKp30 (receptor for B7-H6)
and NKG2D (receptor for ULBPs and MICA /B) and therefore tip the balance toward NK-
cell stimulation [15]. Accordingly, it has been shown that chemotherapy-induced B7-H6
sensitizes leukemia and solid tumor cells for NK-cell-mediated cytotoxicity [16].

Importantly, agents used in European neuroblastoma induction regimens rapid COJEC
and GPOH [6,17], such as cisplatin and vincristine, induced B7-H6 and ULBP expression in
cell lines, e.g., multiple myeloma and human embryonic kidney cells (HEK293) [13,16]. In
line with that, the combination treatment of cisplatin and NK cells has proven to overcome
the chemotherapy resistance of cancer cells by inducing ULBP stress ligands in vitro [18].
Despite the fact that chemotherapeutics have been considered to be immune-inhibitory
agents, there is evidence that NK cells are functional during chemotherapy [19]. Therefore,
chemoimmunotherapy might be an excellent tool for enhancing antitumor efficacy during
induction therapy in HR-NB.

However, the beneficial effects of chemotherapeutics combined with the antitumor
effects of therapeutic antibodies (ADCC) may be counter-regulated by inducing immune
checkpoints on tumor cells. We and others have shown that ADCC and also chemotherapies
induce PD-L1 expression, leading to inhibited antibody-mediated tumor killing [20,21]. A
chemoimmunotherapy therefore might be hindered by tumor cells harnessing immune
checkpoint pathways to escape immune surveillance [18].

Due to the mode of action of chemotherapies, a long-term analysis of antitumor activity
of chemotherapeutics is imperative [22]. We therefore established a live-cell neuroblastoma
spheroid model to assess long-term chemotherapeutic effects. A spheroid model is a
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3-dimensional (3D) spherical aggregation of tumor cells that represent a complex tumor
environment and architecture including zones of proliferation at the outside and quiescent
cells in the inside [23-25]. Therefore, spheroid models provide a more clinically relevant
model regarding chemotherapy diffusion, angiogenesis, tumor invasion and chemotherapy
resistance compared to 2D models [23,26-30].

We used the described spheroid model, to test the hypothesis that combining chemother-
apeutic agents used in induction therapy regimens for pts with HR-NB with DB can enhance
antitumor efficacy and determined their effect on activating and inhibitory receptors and
ligands on target and effector cells.

2. Materials and Methods
2.1. Cell Culture

The human NB cell line LA-N-1 was cultured in RPMI (PAN BIOTECH, P04-016520)
supplemented with 4.5 g/L glucose, 2 mM stable glutamine, 10% FCS and 100 U/mL
penicillin, and 0.1 mg/mL streptomycin (1x P/S; PAN BIO- 485 TECH, P06-07100). The
human NB cell lines CHLA-20 and CHLA-136 were cultured in IMDM (PAN BIOTECH,
P04-20250) supplemented with 4 mM stable glutamine, 20% FCS, 1x ITS (BD Biosciences,
3220669), and 1x P/S. Human PBMCs (peripheral blood mononuclear cells) were isolated
from whole blood concentrates without serum of healthy donors, using the Pancoll separat-
ing method (human, density 1.077 g/mL, BIOTECH, P04-60500). PBMCs were cultured
in RPMI supplemented with 10% FCS, 50 uM, 100 IU/mL, IL-2, B-mercaptoethanol, and
1x P/S for 72 h prior to the experiments.

2.2. Chemotherapy and Antibodies for Cytotoxicity Assay

Tumor cells were treated with drug concentrations of carboplatin (2 pug/mL), cisplatin
(1 ug/mL), etoposide (0.1-1 pg/mL), vincristine (0.05 pg/mL), and 4-HPC (2 ug/mL), as
achieved in pediatric pharmacokinetic studies [5,31-35]. Cells were washed 24 h after the
start of treatment. Solutions of chemotherapeutics were produced by the university phar-
macy Greifswald and used within 28 days. The antibody DB was used at a concentration of
10 pg/mL in line with concentrations achieved in clinical trials [36]. DB was purchased
from EUSA Pharma (UK), and rituximab from Roche (Switzerland).

2.3. Stable Transduction of Tumor Cells Using Lentiviral Vectors

For recombinant lentivirus production, a second-generation lentiviral vector system
was used. The non-confluent Lenti-X™ 293T cells were co-transfected with purified pVSV-
G-envelope-expressing plasmid (Addgene, Watertown, MA, USA), psPAX2 (Addgene,
Watertown, MA, USA) vector encoding virus polymerase and packaging genes, and lentivi-
ral vector pWPXL (Addgene, Watertown, MA, USA) coding for a near-infrared reporter
(NIR) (iRFP680). The transfection of Lenti-X™ 293T cells was conducted by using CalPhos
Mammalian Transfection Kit (Takara Bio Europe, Saint-Germain-en-Laye, France) accord-
ing to the manufacturer’s instructions. For transduction, 8 mg/mL Polybrene (Merck
KGaA, Darmstadt, Germany) and lentiviral supernatants were added to the target cells.
Target cells were cultured under cell culture conditions, and after 72 h, they were tested
for the successful transduction of the IncuCyte® SX5 live-cell analysis system (Sartorius,
Gottingen, Germany).

2.4. Long-Term Live-Cell Spheroid Viability Assay and Treatment Conditions

To yield three-dimensional (3D) tumor spheroids, we used ultra-low attachment plates
(ULA plates, S-BIO PrimeSurface®, MS-90384UZ) that were precoated with a hydrophilic
polymer facilitating spontaneous self-assembly by preventing cellular attachment to the
surface. This method was recently shown to be the best approach for studying the efficacy
of drugs with respect to spheroid maintenance and reproducibility of results [37]. A total
of 3000 iRFP680-positive neuroblastoma cells were seeded into ULA 384-well plates. For
CHLA-136, we additionally used 0.5% Matrigel to improve spheroid formation. Cells were
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centrifuged at 150x g for 10 min and incubated for 72 h at 37 °C and 5% CO,. Spheroids
were treated with the respective chemotherapeutic compound for 24 h, followed by the
addition of 22,500 PBMCs with and without the anti-GD2 antibody DB and incubation for
a further 216 h under cell culture conditions.

Image acquisition was performed every 8 h for 240 h (10 days), using the IncuCyte®
SX5 live-cell analysis system. Spheroid viability was calculated as the ratio of integrated
spheroid fluorescence intensity of every time point to fluorescence at baseline (0 h). Experi-
ments were performed in six replicates, and viability is reported in %=+SEM.

2.5. Flow Cytometry
2.5.1. Validation of Near Infrared Reporter (NIR) as Viability Marker

To validate NIR fluorescence (680 nm) from stable transduced NB tumor cells as
the viability marker, flow cytometry analyses were performed by using 40,6-diamino-2-
phenylindole (DAPI) (Merck KGaA, Darmstadt, Germany). For these analyses, 50% of
the cells were lysed (65 °C, 5 min) to obtain samples with live and dead cells in an equal
amount. Next, cells were incubated with a 0.1 mg/mL DAPI solution (Sigma-Aldrich,
D9542) for 5 min prior to acquisition. For each sample, 20,000 cells were analyzed by using
a BD CANTO II cytometer and FACS Diva software (BD Biosciences, San Jose, CA, USA).
Data were analyzed with Flow]Jo V10 software (Ashland, OR, USA) analyzing the frequency
of NIR- and DAPI-positive and -negative cells of all single cells.

2.5.2. Stress-Ligand Abundance on Chemotherapy-Treated Tumor Cells

For the analysis of the stress ligand abundance of chemotherapy-treated tumor cells,
1 x 10° live neuroblastoma cells were seeded into Petri dishes in 10 mL of respective
medium and cultured for one day (37 °C/5% CO,). Cells were treated with chemotherapy
as described above and washed after 24 h. After 72 h, 1 x 10° live cells were washed and
treated with Zombie NIR™ Fixable Viability Dye (Biolegend, RT, San Diego, CA, USA)
according to the manufactures protocol. The cells were then incubated with the following
antibodies: anti-human B7-H6-APC (mouse IgGl1, clone 875001), ULBP-1-PerCP (mouse
IgG2a, clone 170818), ULBP-2/5/6-Alexa Fluor® 405 (mouse IgG2a, clone 165903), ULBP-3-
PE (mouse IgG2a, clone 166510) all from R & D Systems, 1:20 diluted, and MICA /MICB-
PE-Cy7 (Biolegend, mouse I1gG2a,k, clone 6D4, 1:20). A total of 20,000 live cells were
measured per sample. Due to chemotherapy-related changes of the autofluorescence, we
determined the expression level of respective antigen according to the following formula:
MFI of stained sample—MFI of unstained sample.

2.5.3. Immune Checkpoint Ligand Abundance on Chemotherapy-Treated Tumor Cells

Immune checkpoint ligand expression analysis by tumor cells was performed in anal-
ogy to the stress ligand expression analysis detailed above, using the following antibodjies:
anti-human CD80-BV421 (Biolegend, mouse IgG1,, clone 2D10, 1:20), CD86-PerCP-Vio 700
(Miltenyi Biotec, Bergisch Gladbach, REA968, 1:50), CD112-APC (Miltenyi Biotec, REA1195,
1:50), CD155-PE-Vio 770 (Miltenyi Biotec, REA1081, 1:50), Galectin-9-PE (Miltenyi Biotec,
REA435, 1:50), and CD274 (PD-L1)-Vio Bright B515 (Miltenyi Biotec, REA1197, 1:50). The
mouse IgG1,k antibody-BV421 (Biolegend, clone MOPC-21) and respective REA controls
(Miltenyi Biotec, REA293) were used as isotype controls.

2.5.4. NK Cell Activation after Chemotherapy Treatment

For the analysis of activating receptor expression by cytotoxic NK cells (CD3-; CD56dim),
5 x 10° human PBMCs were treated with the respective chemotherapeutic compound
and incubated for 72 h (37 °C/5% CO,). Then cells were harvested and 1 x 10° live cells
were washed with wash buffer, followed by incubation with 10 pL of Tandem Signal
Enhancer (Miltenyi Biotec). Incubation with the following antibodies in a total volume
of 100 uL. was conducted for 20 min at RT: CD3-VioGreen (REA613, 1:200), CD56-APC-
Vio770 (REA196, 1:200), CD226-VioBlue (REA1040, 1:50); CD335 (NKp46)-Vio Bright B515
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(REA808, 1:50), CD337 (NKp30)-PE (REA823, 1:75), CD336 (NKp44)-APC (REA1163, 1:75),
and CD314 (NKG2D)-PE-Vio 770 (REA1228, 1:75), all from Miltenyi Biotec. As isotype
controls served respective REA controls (Miltenyi Biotec, REA293). To exclude dead cells
from analysis, 0.25 ug propidium iodide solution was added prior to acquisition. At least
20,000 CD3—/CD56+ cells were analyzed for each sample.

2.5.5. CD107a Degranulation Assay

First, 0.25 x 10° tumor cells LAN-1 and CHLA-20 and respective B7-H6 knockout
cells generated as described below were seeded into a 24-well plate in 1 mL RPMI. After
24 h, cells were treated with etoposide (LAN-1) and carboplatin (CHLA-20) and washed
after 24 h. After a further 48 h, medium was removed, and 2 x 10° PBMCs, including 2 pL
Brefeldin A (Invitrogen, Waltham, MA, USA), 2 uL. Monensin (Invitrogen), 1 ug/uL DB,
and 2 uL. CD107a-VBV515 (Miltenyi Biotec, REA792) in a total volume of 1 mL RPMI, were
added. PBMCs without tumor cells and DB served as the control. Cells were incubated
for 5 h under cell culture conditions. Then cells were stained by using Viobility™ 405 /452
Fixable Dye (1:100 in 1x PBS, 15 min). Cells were fixed by using Inside Stain Kit (Miltenyi
Biotec, 130-090-477) according to manufacturer’s guidelines. A total of 10 uL of Tandem
Signal Enhancer was added prior to cell-surface staining with CD3-VioGreen (REA613,
1:200), CD16-PerCP-Vio770 (REA423, 1:50), and CD56-APC-Vio770 (REA196, 1:200), all
from Miltenyi Biotec and CD45-PE-Cy7 (BD Biosciences, mouse IgG1, clone ]33, 1:300).
After permeabilization, using an Inside Stain Kit, intracellular staining with INF-y-APC
(REA600, 1:50, 100 uL, 20 min) was performed. At least 20,000 CD45+/CD3—/CD56+ cells
were analyzed for each sample.

2.6. CRISPR/CAS9 B7-H6 Knockout in Tumor Cells

To delete B7-H6 (NCR3LG1 locus), 1 x 10° tumor cells were transfected by using
SF Cell Line Solution (Lonza, Switzerland) and program FF-120. Following DNA target
sequences of the NCR3LG1, crRNAs were used: 5-GTGTGTGGTACGGCATGCGT-3/,
5- TCACGTCTATGGGTATCACC-3/, and 5'-CACCAAGAGGCATTCCGACC-3'. Success-
ful abrogation of B7-H6 was shown via flow cytometry analysis and stable deletion was
confirmed regularly (every four weeks).

2.7. Statistics

Differences between the groups were assessed by using ANOVA with Dunnett’s
post hoc test, if the assumption of normality was met (Shapiro-Wilk Test). Due to donor-
dependent variability of PBMCs-dependent antitumor toxicity, the significant difference
between the groups was analyzed by using repeated measurement ANOVA for individual
data points. Statistical analysis was performed by using GraphPad Prism (version 9.4.1 for
Windows, GraphPad Software, San Diego, CA, USA). Viability data are presented as mean
=+ SEM (standard error of the mean), and flow cytometry data are shown as individual data
point with mean and SEM indicated.

3. Results
3.1. Establishment of a Long-Term Real-Time Viability Assay

We developed a long-term viability assay by using live-cell image acquisition and
fluorescent tumor cells. First, the neuroblastoma cell lines LAN-1, CHLA-136, and CHLA-
20 were transduced by using a lentiviral expression system to yield stable expression of
the fluorescent near-infrared protein iRFP680 (NIR) used as viability staining [38]. Stable
expression was confirmed by flow cytometry up to one month after transduction. Only
cell lines with over 95% NIR™" cells were used. The correlation between viability and NIR-
fluorescence status was confirmed with DAPI staining and analyzed by flow cytometry
(Figure 1). NIR-fluorescence was an accurate marker for viability in over 95% of tumor
cells analyzed (99.3%, 99.6%, and 97.6% were NIR+ and DAPI- or NIR- and DAPI+, for
LAN-1, CHLA-20, and CHLA-136, respectively) (Figure 1A). Importantly, we found that
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the effects of chemotherapeutics used in concentrations realistic in the clinical setting were
only measurable from day four after the start of the treatment, showing the requirement for
long-term assays to assess effects (Figures 1B and 2A, cisplatin, Video S1-S3 for cisplatin +
ADCC and controls in LAN-1).
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Figure 1. Establishment of a live-cell assay for analysis of long-term chemoimmunotherapeutic
effects on tumor cell viability. (A) Flow cytometric analysis of neuroblastoma cells transduced to
yield NIR-fluorescence (680 nm) used as viability marker. NIR+ cells were lysed, mixed with living
cells, and subsequently stained with DAPI to confirm the correct discrimination of live and dead cells,
using the NIR fluorescence. About 99.5% of live and dead cells could be correctly identified by using
NIR-fluorescence: NIR-positive cells (live) were DAPI-negative, and NIR-negative cells (dead) were
DAPI-positive. (B) Representative picture showing loss or gain of spheroid fluorescence intensity
under therapy:.

3.2. Effects of Chemotherapeutics on Antibody-Dependent Cellular Cytotoxicity (ADCC)

We investigated how chemotherapeutics affect the ADCC with DB (10 ug/mL) and
effector cells (PBMCs (7.5 x 10* cells) against established tumor spheroids generated from
the three cell lines, using real-time viability assay over 10 days.

The chemotherapeutics used at clinically relevant concentrations combined with DB
and effector cells (ADCC condition) had an up-to-17-fold-higher long-term antitumoral
effect in this model (p = 0.0029). ADCC conditions also showed a delayed tumor growth that
was stronger compared to the controls of chemotherapeutics combined with effector cells
only (without DB; antibody-independent cellular cytotoxicity (AICC); see Figures 2 and 3).
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This clearly indicates a DB-dependent and GD2 specific effect. The viability curves of AICC
with and without chimeric isotype control (rituximab) were not different.

There was a differential pattern of efficacy depending on the cell line used to establish
the spheroids. For instance, the chemoimmunotherapy with platin agents (cisplatin and
carboplatin) significantly improved the antitumoral effects compared to chemotherapy
alone or compared to chemotherapy with effector cell only (AICC) in LAN-1 and CHLA-20
spheroids, but to a lesser extent in CHLA-136 spheroids (3.6-, 2.8-, and 2.0-fold decrease in
viability (at 10 d) versus AICC in combination with cisplatin, respectively; for overview,
see Table 1). Cyclophosphamide significantly increased ADCC in LAN-1- and CHLA-20
spheroids but not in CHLA-136 (1.6-, 1.6-, and 0.8-fold decrease in viability compared
to AICC + cyclophosphamide, respectively; see Figure 2A, right panel). This might be
attributable to higher resistance of CHLA-136 against cyclophosphamide compared to
LAN-1 and CHLA-20 (Figure 2C, right panel).

Table 1. Overview of viability in %=SEM after 240 h of respective treatment. Viability was calculated
as total integrated NIR intensity after 240 h divided by total integrated NIR intensity at 0 h. Statistical
difference was assessed by using repeated measure ANOVA; ** p < 0.01 vs. and * p < 0.05 for
ADCC + chemotherapy vs. AICC + chemotherapy.

Viability == SEM (240 h in %Compared to 0 h)

Fold Decrease in Viability of

ADCC + Chemotherapy vs.
Cell Line Therapeutics Medium Chemo. ADCC AICC + Chemo. ADCC + Chemo.  Chemo. ADCC AICC + Chemo. p-Value
LAN-1 carboplatin 1120 + 96 877 + 128 352 + 106 615 4 150 199 + 85 44 18 3.1 **0.0075
cisplatin 1222 + 107 399 + 62 302 + 119 276 + 52 84 + 58 47 3.6 33 **0.0059
4-HPC 962 £ 127 503 £ 48 426 + 126 434.7 + 87 265 £ 65 1.9 1.6 1.6 *0.0317
etoposide 930 + 53 146 £ 29 309 + 59 113 £27 17+£8 83 17.6 6.4 *0.0178
vincristine 1211+ 95 397 £ 91 352 + 107 306 + 90 115+ 47 3.5 3.1 2.7 *0.0337
CHLA-20 carboplatin 958 4 47 330 + 75 428 + 47 449 + 69 100 + 44 33 42 45 *0.0204
- cisplatin 938 4 41 399 4 66 460 + 77 387 4 69 138 £ 61 29 33 2.8 **0.0097
4-HPC 673 + 41 408 + 19 409 + 66 319 +32 204 + 6.4 2.0 2.0 1.6 *0.0013
etoposide 917 + 40 762 £ 71 436 = 67 587 £ 78 413 + 49 1.8 11 14 0.0653
vincristine 1039 + 62 765+ 77 479 + 64 579 + 50 261 +£72 29 18 2.2 **0.0040
CHLA-136 carboplatin 454 £+ 33 348 £ 31 248 £ 64 228 £ 39 164 £43.6 21 1.5 14 **0.0045
3 cisplatin 415+ 54 304 £ 31 192 £77 188 £ 100 93 + 46 33 21 2.0 0.1796
4—€H’C 334 +53 327 + 26 100 + 67 93 £+ 48 110 £ 57 0.9 1.0 0.8 0.9215
etoposide 400 + 24 203 4 16.4 227 +52 105+ 15 54 +19.6 37 4.6 29 0.0954
vincristine 414 £ 34 358 4+ 33 305+ 77 233 +24 230 +£42 1.6 11 1.0 0.9995

Chemoimmunotherapy with etoposide was highly effective against LAN-1 and CHLA-
136 spheroids (6.4- and 2.9-fold decrease in viability compared to AICC in combination with
etoposide; see Figure 3A,C), whereas CHLA-20 spheroids were too sensitive to etoposide
with PBMCs to allow for a differentiation between chemoimmunotherapy with AICC
and ADCC, even at low concentrations of etoposide (0.1 ug/mL, 1.4-fold decrease; see
Figure 3B). Chemoimmunotherapy with vincristine was significantly more effective in LAN-
1 and CHLA-20 spheroids, but not in CHLA-136-spheroids (Figure 3A-C) (2.7-, 2.2-, and
1.0-fold decrease in viability compared to AICC + vincristine, respectively; see Figure 3A-C,
right panel).

In conclusion, chemotherapeutics used in induction regimens combined with DB and
effector cells showed superior effects against neuroblastoma spheroids compared to the
respective controls.

3.3. Chemotherapy-Induced Stress Ligands on Tumor Cells

To further investigate the reasons for the observed improved antitumor effects of
chemoimmunotherapy compared to monotherapy controls, we investigated the induction
of stress ligands involved in NK-cell activation (B7-H6, ULBP 1-3 and MICA /B) three days
after chemotherapy, using flow cytometry.
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Figure 2. Impact of 2 ug/mL carboplatin and 1 pg/mL cisplatin and cyclophosphamide
(4-Hydroperoxycyclophosphamide) on ADCC against the chemotherapy resistant cell line (A) LAN-
1, (B) CHLA-20, and (C) CHLA-136. Tumor cells were transduced with a gene coding for near-
infrared fluorescent protein (iRFP680) to track viability. To establish stable spheroids, 3000 tumor
cells/well were seeded into a 384-well plate and cultivated for three days under cell culture condi-
tions. Spheroids were then treated with their respective chemotherapies, which were removed after
24 h, or PBMCs or the anti-GD2 antibody DB and incubated for a further seven days. Viability was
calculated as total integrated spheroid fluorescence of the respective time point divided by the total
fluorescence at time point 0 h. Graphs show viability of spheroids treated with or without chemother-
apy (black line, white or black marker, respectively), PBMCs alone (solid triangle), ADCC (solid
square). Data are shown as means from four independent experiments (performed in six replicates)
+ SEM. Endpoint (240 h). Viability data of ADCC (*), chemotherapy (#), and chemotherapy + AICC
(%) vs. chemotherapy + ADCC were compared by using repeated measures ANOVA; xx p < 0.01;
% p < 0.05 vs. ADCC; #* p < 0.001; # p < 0.01;* p < 0.05 vs. chemotherapy; *® p < 0.01; % p < 0.05 vs.
chemotherapy + ADCC.
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Figure 3. Impact of 0.1 (CHLA-20) —1 pg/mL etoposide (LAN-1 and CHLA-136) and 0,05 p1g/mL vin-
cristine on ADCC against the chemotherapy resistant neuroblastoma cells (A) LAN-1, (B) CHLA-20,
and (C) CHLA-136. Tumor cells were transduced with a gene coding for near-infrared fluorescent
protein (iREP680) to track viability. To establish stable spheroids, 3000 tumor cells/well were seeded
into a 384-well plate and cultivated for three days under cell culture conditions. Spheroids were then

treated with respective chemotherapy, which was removed after 24 h, or PBMCs or with the anti-GD2

antibody DB, and incubated for a further seven days. Viability was calculated as total integrated

spheroid fluorescence of the respective time point divided by the total fluorescence at time point

0 h. Graphs show viability of spheroids treated with or without chemotherapy (black line, white or

black marker, respectively), PBMCs alone (solid triangle), ADCC (solid square). Data are shown as

means from four independent experiments + SEM. Endpoint (240 h). Viability data of ADCC (*),

chemotherapy (#), and chemotherapy + AICC ($) vs. chemotherapy + ADCC were compared by

using repeated measures ANOVA; ** p < 0.01; * p < 0.05 vs. ADCC; ## p < 0.001; # p < 0.01; # p < 0.05

vs. chemotherapy; % p < 0.01; % p < 0.05 vs. chemotherapy + ADCC.
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All cell lines showed a measurable B7-H6 (NKp30 ligand) but low ULBP and MICA /B
(NKG2D ligands) baseline cell surface abundance (Figure 4). The pattern of chemotherapy-
dependent induction of stress ligands was cell-line specific. In LAN-1, the NKp30 ligand
B7-H6 was significantly increased by cisplatin, etoposide, and cyclophosphamide treat-
ment compared to controls (2.3-, 2.0-, and 1.5-fold; p < 0.0001, <0.0001, and p = 0.0111,
respectively), in CHLA-20 by carboplatin, cisplatin, and etoposide (1.2-, 1.2-, and 1.4-fold,
p =0.024, 0.0041, and 0.113, respectively) and in CHLA-136 by cisplatin (1.3-fold, p = 0.0129)
(Figure 4A). This is in line with a higher level of antitumor toxicity by DB, immune cells,
and platin compounds compared to the platin compounds and AICC (Figure 2).

" “
A . &
1500+ 3007 . 5007 1
T a
- a Lo ° 400 o % PR
1000 A 2001
Ea '§' o ¥ ? %ﬁ £ % 3001 s & + 53 %
x o = G o ? a %
§ 500 & & ° 100] o o ¥ % 200
L) <o e
2 1004
B ¢
6001 " 8001 . 2800 o+
p . a
L 600 ° 2001 i
Z 4001 ° o
o 400 P 1507 oo o9
o 1 o o . A o9
o A B o A
< 2001 o i Es _T; _1_ L :T; %e ' Zl% ¥
s ° o 2001 A 50 A
=] % o N4 ©
K2 o 4 4 0 no o0 ° o o o
JT & » ® "7 0
o o e
C
0 ——— 200 80-
o 5
£, % 150 o W, sk o 9
£ 5]
s T o 5 T ¥+ 2
& o de0 3? 401 % Q0 ad o0
310 ¢, a® o + « % 4 - » a e
{E * 00 50 © 20
. o
ol o o
N
D . —_—
600 1000 . 2507 ———
- y—|* §
z E o 800 — s 200 _g_ RN
£ 4001 ° o
4 i «17 2 o 600 150{ Lo 2 +
g s 3 o e & T 3 F
o _3_ o ﬁ; 400 100 ‘I‘ N
S 2004 A 2 ° a o
° o AA ® 2 ﬁ & °
v < 00 LR T 50
0 ' @ o
0 T T T T T T A T T c‘) 0 T T § T T T
&\’(s\ Q\"’.\\Q Q\"”&\ oa\bz \‘}>° ggo Q&\‘& Q\&\o g ,,»b(‘ o‘*\be 0«\’&\(\ g ;33 6\"& Q\’i\ Q\"‘\Q oé‘be i ;&‘Q gg(;
A ) & A

Figure 4. Chemotherapy-induced stress-ligand surface abundance on tumor cells: 1 x 10° tumor
cells treated for 24 h under cell culture conditions with either carboplatin (2 ug/mL, open circles),
cisplatin (1 pg/mL, open triangles) etoposide (0.5 pg/mL, open squares), vincristine (0.05 ug/mL,
open diamonds), or the cyclophosphamide metabolite 4-hydroperoxycyclophosphamide (1 pg/mL,
open hexagons). After 72 h of culturing, LAN-1 (left panel), CHLA-20 (center), and CHLA-136 (right
panel) were analyzed for surface abundance of (A) B7-H6, (B) ULBP2, (C) ULBP-3, and (D) MICA/B,
using flow cytometry. Data represent at least five biological replicates. Means and SEM are indicated
as black lines and error bars, respectively. For statistical analysis, ANOVA with appropriate post hoc
test was used; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. untreated control (medium).
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We found a differential induction of the NKG2D ligands ULBP2, ULBP-3, and MICA /B
in all three cell lines (Figure 4B-D). Interestingly, all chemotherapeutics except carboplatin
significantly increased ULBP-2 and MICA /B in CHLA-20 and in LAN-1 (up to 4.5- (vin-
cristine) and 3.3- (etoposide) and up to 9- (cisplatin) and 4.5-fold (cyclophosphamide). We
mainly observed effects on ULBP3 abundance after cisplatin, etoposide, and vincristine
treatment (up to 3.6-fold increase).

Overall, most chemotherapeutics elicited a stress response in LAN-1 and in CHLA-20.
However, only cisplatin significantly affected CHLA-136 stress-ligand surface abundance
(B7-H6, ULBP-2, and MICA /B, up to 2.3-fold increase).

3.4. Chemotherapy Increased Immune Checkpoint Ligand Surface Abundance

We investigated chemotherapy effects on the expression of PD-L1 (PD-1), CD86
(CTLA-4), CD155 (TIGIT), and Gal-9 (TIM-3) immune checkpoint ligands by neuroblas-
toma cells (Figure 5). In LAN-1, etoposide showed the strongest effects on all checkpoint
ligands analyzed (2.6-, 4.1-, 3.3-, and 5.2-fold increase for PD-L1, CD86, CD155, and Gal-9,
p < 0.0001 respectively). Cisplatin had a significant impact on PD-L1, CD155, and Gal-9
but not on CD86 (2.3-, 2.7-, and 3.1-fold increase; p = 0.0115, p < 0.0001, and p = 0.0998),
vincristine significantly elevated CD86 and Gal9 expression (3.0- and 3.3-fold increase;
p =0.0002 and p < 0.0001), whereas cyclophosphamide increased the expression of CD155
and Gal-9 (2.1- and 3.1-fold increase, p < 0.0001).
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Figure 5. Chemotherapy-induced immune-checkpoint ligand-cell surface abundance on tumor
cells. 1 x 10° tumor cells treated for 24 h under cell culture conditions with either carboplatin
(2 ug/mL, open circles), cisplatin (1 ug/mL, open triangles), etoposide (0.5 ug/mL, open squares),
vincristine (0.05 ug/mL, open diamonds), or the cyclophosphamide metabolite 4-HPC (1 pg/mL,
open hexagons). After 72 h of culturing, LAN-1 (left panel), CHLA-20 (center), and CHLA-136 (right
panel) were analyzed for surface abundance of (A) PD-L1, (B) CD86, (C) CD155, and (D) Gal-9, using
flow cytometry. Data represent at least five biological replicates. Means and SEM are indicated as
black lines and error bars, respectively. For statistical analysis, ANOVA with appropriate post hoc test
was used; * p <0.05 vs., ** p < 0.01, **p < 0.001, and **** p < 0.0001 versus untreated control (medium).
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CHLA-20 cells also revealed a strong induction of immune checkpoints by all chemother-
apeutics, except for carboplatin (up to 2.4-fold increase, cisplatin, Gal-9, p = 0.0002; see
Figure 5A-D). Interestingly, and in line with the stress-ligand results, we only observed a
cisplatin-dependent rise in PD-L1, CD86, CD155, and Gal9 surface abundance on CHLA-
136 tumor cells (1.7-, 2.8-, 1.6-, and 1.3-fold increase; p = 0.0222, p < 0.0001, p < 0.0001, and
p = 0.0093, respectively).

These data indicate that checkpoint ligand expression also correlates with the tumor
stress response following chemotherapy.

3.5. Effects of Chemotherapy on Activating NK Cell Receptors

To further evaluate the immunological effects of chemotherapy on NK cells, we de-
termined the percentage of cytotoxic NK cells (CD56%™) in lymphocytes and measured
activating NK cell receptors (NKp30, NKp44, NKG2D, and CD226) for the reported stress
ligands by flow cytometry. Etoposide and cyclophosphamide significantly reduced cyto-
toxic NK cell abundance compared to the medium control (1.64 £ 0.26%, 0.89 £ 0.17%
vs. 8.17 £ 0.73% in live lymphocytes, respectively; see Figure 6A), whereas vincristine
treatment significantly increased the NK-cell number (10.04 £ 1.7%, Figure 6A). Most
chemotherapeutics did not affect stress-ligand receptors (Figure 6B,C). However, etoposide
and cyclophosphamide significantly increased NKp44 expression (1.66- and 2.2-fold in-
crease; see Figure 6B,D), whereas NKp46 and CD226 were significantly decreased by etopo-
side and vincristine treatment (1.41- and 1.47-fold decrease, respectively; see Figure 6B,C,E).
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Figure 6. Impact of chemotherapy on percentage of (A) cytotoxic NK cells of lymphocytes and
NK-cell-specific activating receptors. (B-E) 5 x 10° PBMCs were treated for 24 h under cell culture
conditions with either carboplatin (2 pg/mL, open circles), cisplatin (1 pg/mL, open triangles),
etoposide (0.5 ug/mL, open squares), vincristine (0.05 ug/mL, open diamonds), or the cyclophos-
phamide metabolite (4-HPC, 1 pug/mL, open hexagons). After 72 h of culturing, cells were analyzed
for NKp30, NKp44, NKp46, NKG2D, and CD226 expression, using flow cytometry. (A) Relative
number of cytotoxic NK cells (CD3~, CD569™) in lymphocytes. (B-E) Geometric mean fluorescence
intensity (gMFI) of respective activating receptor of cytotoxic NK cells after chemotherapy. Data
represent at least four biological replicates. Means and SEM are indicated as black lines and error
bars, respectively. For statistical analysis, repeated measures ANOVA with appropriate post hoc test
was used; * p < 0.05 vs., ** p < 0.01 versus untreated control (medium).

In conclusion, etoposide and cyclophosphamide increased the activating receptor
NKp44, and vincristine increased the number of cytotoxic NK cells, indicating an immuno-
logical impact of etoposide, cyclophosphamide, and vincristine on NK cells.

3.6. Role of Stress Ligands in Chemotherapy-Mediated Antitumor Efficacy of the Anti-GD2 Treatment

B7-H6 stress ligand and NKp30 receptor engagement have been shown to play a crucial
role in NK-cell activation. Therefore, we deleted the B7-H6 gene in LAN-1 and CHLA-20
cells to investigate the role of B7-H6 interaction in the cytotoxicity of chemoimmunotherapy
in our model (Figure 7).

Since chemoimmunotherapy with carboplatin showed a strong effect compared to
ADCC controls (Figure 2B) and carboplatin exclusively increased B7-H6 surface abundance
(Figure 4A, center), we tested the hypothesis that a B7-H6 knockout (KO) in CHLA-20
cells will reverse some of the beneficial effects of the carboplatin-based chemoimmunother-
apy. Additionally, we investigated the impact of a B7-H6-KO in LAN-1 cells treated with
etoposide-based chemoimmunotherapy, as this was highly effective (Figure 3A), and etopo-
side treatment activated all stress ligands analyzed in wild-type LAN-1 cells (Figure 4A-C
left panel).
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Figure 7. Role of chemotherapy-induced stress ligands in NK cell activation. B7H6 was deleted by
using CRISPR/CAS9 system, and (A) successful knock out was confirmed by flow cytometry. The data
represent means of at least three independent experiments. (B) Graphs show viability of spheroids
treated with or without chemotherapy (black line, white or black marker, respectively), PBMCs alone
(solid triangle), ADCC (solid square). Viability data for B7-H6-KO cells are shown with red bordered
markers. (C,D) CD107a and IFN-y degranulation assay was performed after 24 h chemotherapy
with etoposide (C, LAN-1) and carboplatin (D, CHLA-20) and three days overall incubation. Then
5 x 10° PBMCs were co-incubated with 1 x 10° tumor cells, followed by flow cytometric analysis
of NK cells (CD45%, CD3~, CD564im), using degranulation (CD107a) and activation marker (IFN-y).
Difference between viability after 240 h ADCC (wild type) vs. ADCC (B7-H6-KO) and ADCC (wild
type) + chemotherapy vs. ADCC + chemotherapy (B7-H6-KO) was assessed by using paired t-test.
(A) *** p <0.001 vs. ADCC and ## p < 0.001 vs. chemoimmunotherapy (wild type). (B) *** p < 0.001
vs. ADCC and ## p < 0.001 vs. chemoimmunotherapy. (D) " p< 0.05 vs. chemoimmunotherapy

(wild type).
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Indeed, we found that the B7-H6-KO of CHLA-20 cells significantly reversed the
chemoimmunotherapy effect of cisplatin, carboplatin and vincristine compared to the
wildtype control (Figure 7B, right panel; and Supplementary Figure S1). Since the viability
was also improved under ADCC conditions in B7-H6 KO-cells, the effect was mainly
attributable to the B7-H6-KO.

In contrast, LAN-1 cells did not show any dependency on B7-H6 (Figure 7B left panel).
In summary, we found a partial B7-H6-dependency in CHLA-20 but not in LAN-1 maybe
due to strong checkpoint induction after chemoimmunotherapy (Figure 2A-D, left panel).

3.7. Antibody-Mediated NK Cell Activation

To further investigate whether checkpoint- and stress-ligand-induction affect NK cell
activation, we measured the activation of NK cells by means of degranulation (CD107a)
and IFN-y production, using flow cytometry, as described in the Materials and Methods
section. For that, we cultured the PBMCs of healthy donors for 5 h with DB and LAN-1- and
CHLA-20 tumor cells (wild type and B7-H6-KO) pretreated with etoposide and carboplatin,
respectively. The ADCC conditions showed a strong NK cell degranulation (CD107a) and
activation (IFN-y) (Figure 7).

The chemotherapy-treated tumor cells did not enhance NK cell activation compared
to untreated LAN-1 and CHLA-20 cells (Figure 7C,D). Indeed, the activation of NK cells
against LAN-1 with B7-H6-KO was markedly, but not significantly, decreased, and against
CHLA-20, B7-H6-KO was significantly reduced (Figure 6C, p = 0.0831; and Figure 7D,
p = 0.0265). Overall, we could not observe a stronger activation of NK cells by chemotherapy-
treated compared to untreated tumor cells.

4. Discussion

We evaluated the effects of chemotherapeutics currently used in the standard induc-
tion regimen to treat patients with HR-NB in combination with the anti-GD2 antibody
DB against spheroids generated from tumor cells derived from patients with progres-
sive disease. Antitumor efficacy of chemoimmunotherapy was superior compared to the
chemotherapy or DB in the presence of immune effector cells (ADCC) alone (up to 17-fold
decrease in viability compared to ADCC; see Figures 5 and 6 and Table 1). Our data provide
preclinical proof-of-concept for a combined use of chemotherapy with anti-GD2 antibodies
against neuroblastoma.

We developed a spheroid viability assay that allowed us to measure the long-term
effects of the chemotherapeutic compound at clinically relevant concentrations (Figure 1).
Live-cell microscopy using fluorescent tumor cells provides the advantage of undisturbed
long-term viability analysis. Our approach circumvents the common problem of short-term
viability assays that lead to EC50 values that are too high to be achieved in patients [22].
Additionally, a spheroid represents a model that is closer to the clinical reality compared to
2D models [26]. The architecture of a spheroid provides a nutrition and oxygen gradient
that can result in the development of cancer-stem-like cells that represent a chemotherapy
resistant subgroup of high clinical relevance [39]. However, this model can be further
improved by incorporating multiple cell types, such as cancer-associated fibroblast and
myeloid-derived suppressor cells to mimic an inhibitory tumor microenvironment [30].
The spheroid model used here is limited, as it does not reflect anti-angiogenic effects of
chemotherapy and the role of fluidic shear stress in metastasis [28,40,41]. Despite these
limitations, we have shown that a long-term spheroid viability assay is an appropriate tool
to analyze combined effects of chemotherapy with antibody-dependent NK-cell-mediated
tumor-cell lysis (Figures 2 and 3).

NK cells are the main effector cells mediating the effect of DB, and the activation
of NK cells depends on an equilibrium of inhibitory receptors [42], such as killer-cell
immunoglobulin-like receptors (KIRs) and PD-1, as well as activating receptors, such as
NKGD2 and NKp30 [15], binding to the stress ligands ULBPs and MICA/B, as well as
B7-H6, respectively.
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The induction of stress ligands on neuroblastoma cells (Figure 4) and, to a lesser
extent, of activating receptors on NK cells (Figure 6) might explain the synergistic efficacy
of the chemoimmunotherapy (Figures 2 and 3). In line with that, it has been shown that
B7-H6 sensitizes HEK293 cells for NK cell-mediated cytotoxicity [16]. Since NKp30 plays a
crucial role in NK-cell activation and tumor surveillance, the increased expression of its
cognate ligand B7-H6 by chemotherapeutics enhances NK cell-mediated ADCC against
tumor cells [43].

However, we also found a chemotherapy-dependent induction of the checkpoint
ligand expression on neuroblastoma, namely PD-L1, CD86, CD155, and Gal-9 (up to 5-fold
increase vs. control; see Figure 5). Checkpoint ligand expression correlates with poor sur-
vival attributed to inhibition of immune surveillance [44]. This observation suggests that
we consider checkpoint inhibitors in chemoimmunotherapy concepts. Another limiting
aspect for chemoimmunotherapy may be the effects of chemotherapy on NK cell viability
that might directly impact the efficacy of an ADCC-based immunotherapy. For instance, in
a clinical study in acute lymphoblastic leukemia that also includes vincristine treatment,
the total lymphocyte rate was reduced 18 months after maintenance chemotherapy [45].
Here, platin agents did not negatively affect cytotoxic NK cell count and vincristine even
increased the NK cell to lymphocyte ratio (Figure 6A). In contrast, etoposide and cyclophos-
phamide reduced the number of cytotoxic NK cells (Figure 6A). However, etoposide and
cyclophosphamide significantly increased the activating receptor NKp44 levels on cytotoxic
NK-cells (Figure 6B,D). Importantly, NKp44, but not NKp30 and NKp46, is an activation
marker for cytotoxic NK cells (Figure 6B,D) [46,47].

This underlines the ambiguous effect of chemotherapy with beneficial but also detri-
mental consequences for immunotherapy, which is dependent on a functional immune
effector cells [48]. In light of the encouraging in vitro effects observed here, it remains
crucial to evaluate this concept in patients.

In addition to effects of chemotherapy on NK cells and the role of immune checkpoint
pathways, the inhibitory tumor microenvironment and inhibitory leukocyte populations
have to be considered for a more comprehensive picture of a DB-based chemoimmunother-
apy in HR-NB.

Despite a substantial increase of checkpoint ligands during chemotherapy (Figure 5),
we could demonstrate that chemoimmunotherapy with DB improved efficacy in our models
(Figures 2 and 3). Regardless of the much weaker stress response in CHLA-136 spheroids
compared to LAN-1 and CHLA-20 spheroids, chemoimmunotherapy with cisplatin and
etoposide was more effective compared to the monotherapies. CHLA-136 spheroids
showed higher resistance toward cyclophosphamide and vincristine, and, consequently,
these agents did not further improve the ADCC effect.

Finally, we observed that ADCC was partially B7-H6-stress-ligand dependent (Figure 7B).
However, we could not find evidence to support the hypothesis that chemotherapy-induced
stress ligands improved ADCC (Figure 7C). This might be attributable to the observed
strong induction of checkpoint ligand expression found in tumor cells after chemotherapy.
Accordingly, we and others showed that PD-L1 was also elevated by ADCC and IFN-y
via JAK/STAT signaling [49]. On top of that, chemotherapy can increase NF«B-signaling,
which, in turn, can elevate PD-L1 expression [50,51]. Intriguingly, NF«B is a transcription
factor that also positively regulates GD3-synthase and, therefore, GD2-abundance in cancer
stem cells [52]. Increased NFkB expression might therefore lead to higher GD2 abundance
and increased susceptibility toward anti-GD2 treatment, which is subject to further research.

5. Conclusions

In conclusion, chemotherapy used in European chemotherapy induction regimens for
HR-NB combined with antibody-based immunotherapy can effectively eradicate tumor
spheroids derived from relapsed/refractory patients. Our results encourage the implemen-
tation of DB in the induction therapy in future clinical trials.
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Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/xxx/sl. Figure S1: B7-H6-KO results for CHLA-20. Video S1: Spheroid
viability medium control. Video S2: Spheroid viability during cisplatin chemotherapy. Video S3:
Spheroid viability during chemoimmunotherapy (cisplatin + ADCC).
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Simple Summary: The role of estrogen signaling in pancreatic adenocarcinoma (PAAD) was unclear.
Here we investigated the expression patterns of three estrogen receptors (ERe, ERf3, and GPER) in
174 PAAD samples via immunohistochemistry staining. Positive expression of all three estrogen
receptors was significantly correlated with better clinicopathological characteristics and prognosis, as
well as more tertiary lymphoid structure (TLS) presence in PAAD. Upregulated expression of ERx
and ERp in PAAD was also significantly associated with increased CD8" T-cell infiltration in vitro.
In-silico analyses also revealed that the expression of estrogen receptors affects multiple pathways
relevant to T-cell and B-cell behaviors. In summary, estrogen receptors may remodel the immune
microenvironment and regulate the development of TLS in PAAD.

Abstract: The role of estrogen signaling in antitumor immunology remains unknown for non-
traditional sex-biased cancer types such as pancreatic adenocarcinoma (PAAD). Tertiary lymphoid
structures (TLS) are active zones composed of multiple types of immune cells, whose presence
indicates anti-tumor immune responses. In this study, we employed a 12-chemokine signature to
characterize potential gene categories associated with TLS development and identified seventeen
major gene categories including estrogen receptors (ERs). Immunohistochemistry staining revealed
the expression patterns of three ERs (ER«, ERf, and GPER) in 174 PAAD samples, and their cor-
relation with clinicopathological characteristics, immune cell infiltration levels, and intratumoral
TLS presence was analyzed. The results indicated that ERe (+) and ERf (+) were correlated with
high tumor grade, and ERf (+) and GPER (+) were correlated with lower TNM stage, and both ERx
(+) and GPER (+) displayed a beneficial effect on prognosis in this cohort. Interestingly, positive
staining of all three ERs was significantly correlated with the presence of intratumoral TLSs and
infiltration of more active immune cells into the microenvironment. Moreover, the chemotaxis of
CD8*T-cells to PAAD cells was significantly increased in vitro with upregulated expression of ERe or
ERp on PAAD cells. To conclude, our study showed a novel correlation between ER expression and
TLS development, suggesting that ERs may play a protective role by enhancing anti-tumor immune
responses in PAAD.

Copyright: © 2023 by the authors.
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1. Introduction

Pancreatic adenocarcinoma (PAAD) is one of the most common cancers with poor
survival worldwide [1]. Although PAAD is not a traditional gender-biased cancer like breast
cancer and prostate cancer, the incidence rate and mortality of male patients are still higher
than that of female patients [2]. Gender differences are attributed to enormous factors
including genetic, physiological, and environmental factors such as cigarette smoking,
obesity, and alcohol intake. At the physiological level, sex hormone pathways undoubtedly
have a dominant impact [1].

Estrogens are typical sex hormones that play regulatory roles in multiple physiological
processes from reproduction to neuronal development [3]. Emerging evidence indicated
that estrogen signaling was extensively involved in regulating cancer cell proliferation,
angiogenesis, epithelial-mesenchymal transition, and anti-tumor immunity in multiple
tumor types [4-6]. Estrogens exert biological effects via two nuclear receptors, estrogen
receptor « (ERa) and estrogen receptor 3 (ERpB) [7], but recent reports have suggested
that G-protein coupled ER (GPER) is also involved in the regulation of tumor metabolism
and the immune microenvironment [8]. In PAAD, the potential role of ERs has long been
debated, and even the expression characteristics of ERs in PAAD are still controversial.
The lack of large-sample studies evaluating the expression of different ER isoforms using
isoform-specific antibodies (ERx, ER(3, and GPER) likely contributes to the inconsistency of
published results concerning ERs expression in PAAD [9]. For example, in a retrospective
study of 10 PAAD patients [10], only nuclear ERx expression was detected and found
to be expressed in intralobular stromal and islet cells rather than tumor cells in PAAD.
Another recently published study identified the broad expression of several ERf3 isoforms
in 18 PAAD patients [11]. These studies still had rather limited sample sizes and lacked
comprehensive analyses of different ERs including both nuclear and membrane ERs.

PAAD is characterized by a complex immune microenvironment, and recent studies
have revealed that the successful establishment of adaptive anti-tumor immune responses
may be represented by the presence of tertiary lymphoid structures (TLSs) [12,13]. Tertiary
lymphoid structures (TLSs) are ectopic lymphoid organs developing in non-lymphoid
tissues at sites of chronic inflammation [14]. Intratumoral TLSs are active sites for the
generation and activation of innate and adaptive anti-tumor immune responses, and their
presence has been shown to be associated with superior prognosis in many cancers [13]. In
this study, we first performed bioinformatic analyses to characterize potential regulatory
signaling categories for TLS development in PAAD, and the results interestingly revealed
a potential link between ER signaling and TLS expression in PAAD. The regulatory roles
of estrogen and its receptors in anti-tumor immunity have been gradually revealed [5].
For example, in PAAD, ectopic GPER expression suppressed tumor cell proliferation
and normalized the immune microenvironment, indicating the translational value of ERs
manipulation for PAAD immunotherapy [15-17]. However, few studies have investigated
the potential role of ER signaling in the development of tumor-associated TLS structures.

In this study, we focused on the expression patterns of ER«, ERf, and GPER, and
revealed their correlation with immune status including tumor-infiltrated immune cells
and TLS presence in PAAD. For the first time, our study investigated the role of ERs in
PAAD prognosis and revealed their potential roles in TLS development.

2. Methods
2.1. Data Source

Transcriptome data of the Cancer Genome Atlas Program (TCGA)-PAAD and the Clin-
ical Proteomic Tumor Analysis Consortium (CPTAC)-PDAC datasets [18] were analyzed
in this study. For TCGA-PAAD, fregments per kilobase per million (FPKM) normalized
RNA-sequencing (RNA-seq) gene expression data were downloaded and converted to
transcripts per million (TPM) format. The Genome Reference Consortium Human Build
38 (GRCh38) assembly was referenced for gene symbol annotation. Gene expression and
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clinical information matrices of 178 pancreatic adenocarcinoma samples from TCGA-PAAD
and 141 from CPTAC-PDAC were analyzed as follows.

2.2. Bioinformatic Analysis Methods

TLS score was calculated using a 12-chemokine (CCL2, CCL3, CCL4, CCL5, CCLS,
CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and CXCL13) TLS signature, which
was reported as a predictor of TLS expression [19,20], using the single-sample gene set
enrichment analysis (ssGSEA) method. For each sample, the TLS expression level was
represented by the normalized enrichment score (NES) of ssGSEA result. GSEA analysis
was conducted to compare the differentially enriched pathways between two distinct
groups, using the classical gene sets from the Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Oncology (GO), Reactome, and BioCarta databases (https://www.gsea-
msigdb.org accessed on 1 June 2022). Spearman correlation analyses were performed to
screen the TLS score-correlated genes. The DAVID gene functional classification tool [21]
was applied to group functionally related genes from the identified gene list. The abundance
of 22 tumor-infiltrated immune cells was inferred from bulk-tissue transcriptome profiles
using the CIBERSORTXx tool [22].

2.3. Patients and Samples

Tumor tissue specimens were collected from PAAD patients receiving upfront surgery
between 2012 and 2020 at the Department of Pancreatic Surgery, Fudan University Shanghai
Cancer Center. Written informed consent was obtained from each participant. Tissue
samples were preserved in formalin-fixed, paraffin-embedded (FFPE) tissue blocks for
long-term storage. Hematoxylin and eosin (H&E) staining slides from 348 PAAD patients
were first analyzed to investigate the general association between gender, intratumoral TLS
presence, and prognosis. The final cohort of 174 samples with complete clinicopathological
information and immunohistochemistry staining results was further analyzed to explore
the association between ERs expression and clinicopathological features as well as tumor
immunity characteristics.

2.4. Immunohistochemistry (IHC)

The protein expression level and localization of three ERs and the infiltration level
of several immune cells were detected by IHC staining. The primary antibodies used in
this study included anti-ERa antibody (1/200, pH 6.0, No. ab79413, Abcam, Waltham,
MA, USA), anti-ERp antibody (1/200, pH 9.0, No. ab288, Abcam, Waltham, MA, USA),
anti-GPER antibody (1/200, pH 9.0, No. ab260033, Abcam, Waltham, MA, USA), anti-CD4
antibody (1/200, pH 9.0, No. ab133616, Abcam, Waltham, MA, USA), anti-CD8 antibody
(1/100, pH 9.0, No. ab178089, Abcam, Waltham, MA, USA), anti-CD20 antibody (1/100,
pH 6.0, No. ab64088, Abcam, Waltham, MA, USA), anti-HLA-DR-antibody (1/200, pH
6.0, No. ab20181, Abcam, Waltham, MA, USA), and anti-FOXP3 antibody (1/100, pH 9.0,
No. ab20034, Abcam, Waltham, MA, USA). The accuracy of the anti-ER«, ERf3, and GPER
antibodies has been verified in previous studies [23-25]. IHC staining was performed
following standard procedures of sample dewaxing and hydration, endogenous enzyme
removal and antigen repair, blocking, antibody incubation, and DAB staining. Samples
with positive staining in more than 10% of tumor cells were regarded as positive for ERs
expression. Intratumoral TLS was identified as the regional aggregation of immune cells
(mainly T-cells and B-cells) that lacked integrated capsules within tumors on hematoxylin
and Eosin (H&E) stained pathology slides, followed by sequential sections stained with
T-cell and B-cell markers (CD4, CD8, and CD20) to determine the characteristic cellular
compositions and concentric distribution patterns. The relative infiltration level of each
immune cell type was calculated as the mean density in more than 3 random sites under a
20-fold microscope magnification.
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2.5. Immune Cell Chemotaxis Assay

Peripheral blood samples of PAAD patients were diluted in phosphate-buffered saline
and added to Ficoll (GE Healthcare, Chicago, IL, USA) for gradient centrifugation to obtain
peripheral blood mononuclear cells (PBMCs). CD8*T-cells were purified from PBMCs
using the Human T-Cell Isolation Kit (STEMCELL Technologies, Vancouver, BC, Canada)
according to the manufacturer’s protocol. Human PAAD cell lines BxPC-3 and Capan-2
were cultured respectively in RPMI-1640 medium (Gibco, Waltham, MA, USA) and Mc-
Coy’s 5a medium (ATCC) supplemented with 10% fetal calf serum (Sigma, Burlington, NJ,
USA) and 10 nM 17 B-estradiol (Sigma, Burlington, NJ, USA) in a humidified atmosphere
containing 5% CO2 at 37 °C. ESR1 or ESR2 was overexpressed in human PAAD cell lines
via the transfection of pLVX-ESR1(ESR2)-GFP plasmids. The overexpression efficiency was
assessed by quantitative reverse transcription-polymerase chain reaction (QRT-PCR) and
flow cytometry.

Chemotactic assays were performed to measure the chemotaxis of ERs expressed in
PAAD cells on CD8"T-cells. CD8* T-cells (1 x 10°) and human PAAD cells with or without
ESR overexpression (1 x 10°) were separately seeded in transwell chambers (3 um, Corning,
New York, NY, USA) or at the bottom of chambers. After 24 h of co-culture, the culture
supernatant of PAAD cells was collected and the number of CD8"T-cells was counted.

2.6. Statistical Methods and Software

The correlation between gene expression level and TLS score was measured by spear-
man correlation analysis. Chi-squared testing was conducted to evaluate the association
between ERs expression and intratumoral TLS presence or other clinicopathological fea-
tures. The survival distribution of samples from two groups was compared by Kaplan-
Meier survival analysis. TLS scores and immune cell infiltration levels were compared
between two independent groups using Wilcoxon test. “GSVA”, “limma”, and “GSEABase”
R packages were used for ssGSEA analysis [26,27]. Statistical analyses were performed
on SPSS (version 25.0), Prism (version 7.0), and R (version 4.1.1) software. A two-tailed
p-value < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of Regulatory Factors of TLS Development in PAAD

As previously reported, a 12-chemokine signature served as a pan-cancer marker of
TLS expression and immunophenotype, and its predictive value had been validated in
various types of cancer [19,20,28]. To investigate the potential regulatory signaling of TLS
development in PAAD, we first employed the signatures to calculate the TLS scores of
samples from two PAAD datasets (TCGA and CPTAC). After that, GSEA analyses were
performed to compare groups with high and low TLS scores (the median value as a cutoff)
to identify pathways significantly associated with TLS phenotype (Table S1). A total of
1056 genes whose expression levels were significantly correlated with TLS scores in both
datasets were identified and analyzed for gene functional classification (Table S2). The
genes were classified into seventeen groups with distinct biological categories such as
cytokine receptors, C-type lectins, and toll-like receptors (Table S3). In addition, TLS scores
were also significantly correlated with the expression of some genes in RAS oncogene
family, APOBEC family, and nuclear hormone receptors (including nuclear ER-encoded
genes ESR1 and ESR2), etc. (Figure 1A).
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Figure 1. Association between estrogen signaling and TLS scores in two public databases. (A) Circular
plot showing gene categories significantly correlated with TLS score; the inner circle displays the gene
number and enrichment score in each group; the outer circle displays the scatter plots of spearman’s
r-values of gene members. (B) Scatter plots of the positive correlation between TLS score and ESR1
and ESR2 expression in the TCGA cohort (n = 178). (C) Scatter plots of the positive correlation
between TLS score and ESR1 and ESR2 expression in the CPTAC cohort (1 = 141). (D) Comparison of
TLS scores between males and females in the TCGA cohort (n = 178). (E) Comparison of TLS scores
between males and females in the TCGA cohort (1 = 141).

3.2. Correlation of Estrogen Receptors with TLS Development

Interestingly, several pathways associated with estrogen signaling (e.g., “extra-nuclear
estrogen signaling”, “estrogen-dependent nuclear events downstream of ESR-membrane
signaling”, “ESR mediated signaling”, “steroid hormone biosynthesis”) were found to
be enriched in the differentially expressed genes between the groups with high and low
TLS scores (Table S1). Particularly, ESR1 and ESR2 (Figure 1B,C) were significantly and
positively correlated with TLS scores in both datasets. Meanwhile, female patients dis-
played significantly higher TLS scores than male patients (Figure 1D,E), suggesting that the

presence of TLS may be gender-biased and relevant to the expression of estrogen receptors.
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3.3. Gender Bias in PAAD Prognosis and TLS Expression

The influence of sex on patient prognosis and TLS expression was first investigated
by H&E staining analysis in a large cohort of 348 PAAD patients from Fudan University
Shanghai Cancer Center. As shown in Figure 2, the female patients displayed a better overall
survival than the male patients (Figure 2A). In this cohort, intratumoral TLS structures
were found in 22.1% (77/348) patients, and TLS presence may indicate a more favorable
prognosis (Figure 2B). Female patients were found to have a marginally higher proportion
of TLS (+) samples (24.4% vs. 20.3%), although no statistically significant difference was
found (p > 0.05, chi-square test; Figure 2C). Notably, female PAAD patients with positive
intratumoral TLS and male patients without TLS represented the best and the worst survival
(Figure 2D). The result indicated a marginal trend that the ER signaling played a protective
role in PAAD.
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Group Group
— Male (n = 192) = TLS() (n =271)
— Female (n = 156) =TLS(H#) (n=77)
0.75; 0.75
£ £
= P=0.046 = P=0.003
_§ (log-rank test) H (log-rank test)
5 0.50 E_ 0.50{
wn wn
o o
0.25; 0.25;
01 4 5 6 7 8 9 10 70 1 2 3 4 5 6 7 8 9 10
Time (years) Time (years)
C D
1.00,
Group
— Male_TLS(-) (n = 153)
B TLS(-) — Female_TLS(-) (n =118)
0 TLS(+) 0.75 = Male_TLS(+) (n=39)
£ — Female_TLS(+) (n = 38)
s
2 P=0.007
g 0.50 (log-rank test)
n
=}
| 24.4% | | 20.3% | 025 E =
Female Male

1 2 3 4 5 6 71 8 9 10
Time (years)

Figure 2. Gender difference of TLS incidences and prognosis in PAAD patients. (A) The overall
survival curves of male and female PAAD patients. (B) The overall survival curves of intratumoral
TLS (+) and TLS (—) PAAD patients. (C) Proportion distribution of TLS (+) and TLS (—) samples in
different gender groups; p > 0.05, chi-square test. (D) Survival curve analysis based on gender and
TLS classification.

3.4. Expression Patterns of ERs in PAAD

The expression of three major estrogen receptors, classical nuclear ERs (ERx and ERf)
and transmembrane GPER, were investigated in 174 PAAD samples via IHC analysis. The
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positive rates of ERB and GPER expression were 73.0% and 77.0% respectively, while ERx
was positively detected in 41.4% of all PAAD samples. Interestingly, although the ERs’
expression in individuals displayed distinct patterns, there were no statistical differences
in their positive rates between males and females (Table 1). ER« (Figure 3A) and ERf
(Figure 3B) were expressed in the nucleus and cytoplasm of tumor cells, while GPER
(Figure 3C) was mainly located in the cell membrane and cytoplasm. In addition to tumor
cells, ERs were also expressed in stromal cells, immune cells, and islets in PAAD tumor
tissue.

Table 1. Expression of ERs in PAAD and its association with patients” clinicopathological features.

ER« Expression ERf3 Expression GPER Expression
Variables ERa(+) ERa(-)  ChiSauare  pgp ERp(-)  ChESAuare  Gpprey GPER(-)  ChiSquare
Total 72(41.4%) 102(58.6%) 127(73.0%) 47(27.0%) 134(77.0%) 40(23.0%)
Gender 0475 0.821 0.954
Male 37(21.3%) 58(33.3%) 70(40.2%) 25(14.4%) 73(42.0%) 22(12.6%)
Female 35(20.1) 44(25.3%) 57(32.8%) 22(12.6%) 61(35.1%) 18(10.3%)
Age 0413 0.628 0453
<60 35(20.1%) 56(32.2%) 65(37.4%) 26(14.9%) 68(39.1%) 23(13.2%)
>60 37(21.3%) 46(26.4%) 62(35.6%) 21(12.1%) 66(37.9%) 17(9.8%)
TNM Stage 0.153 0.017 0.006
/1 50(28.7%) 60(34.5%) 87(50.0%) 23(13.2%) 92(52.9%) 18(10.3%)
I1/1Iv 22(12.6%) 42(24.1%) 40(23.0%) 24(13.8%) 42(24.1%) 22(12.6%)
T 0470 0.002 0.024
T1/T2 49(28.2%) 64(36.8%) 91(52.3%) 22(12.6%) 93(53.4%) 20(11.5%)
T3/T4 23(13.2%) 38(21.8%) 36(20.7%) 25(14.4%) 41(23.6%) 20(11.5%)
N 0733 0245 0.826
NO 40(23.0%) 54(31.0%) 72(41.4%) 22(12.6%) 73(42.0%) 21(12.1%)
N1/N2 32 48(27.6%) 55(31.6%) 25(14.4%) 61(35.1%) 19(10.9%)
M 0216 0.938 0.090
MO 67(38.5%) 89(51.1%) 114(65.5%) 42(24.1%) 123(70.7%) 33(19.0%)
M1 5(2.9%) 13(7.5%) 13(7.5%) 5(2.9%) 11(6.3%) 7(4.0%)
Grade 0.011 0.023 0.200
G1/2 23(13.2%) 16(9.2%) 34(19.5%) 5(2.9%) 33(19.0%) 6(3.4%)
G3 49(28.2%) 86(49.4%) 93(53.4%) 42(24.1%) 101(58.0%) 34(19.5%)
[verve 0.975 0453 0.439
nvasion
No 10(5.7%) 14(8.0%) 16(9.2%) 8(4.6%) 17(9.8%) 7(4.0%)
Yes 62(35.6%) 88(50.6%) 111(63.8%) 39(22.4%) 117(67.2%) 33(19.0%)
Vascular 0256 0221 0.107
Invasion
No 57(32.8%) 73(42.0%) 98(56.3%) 32(18.4%) 104(59.8%) 26(14.9%)
Yes 15(8.6%) 29(16.7%) 29(16.7%) 15(8.6%) 30(17.2%) 14(8.0%)

The association between ERs expression and clinicopathological characteristics was
further analyzed. ERo (+) (Figure 3D) and GPER (+) (Figure 3H) patients had better survival
than the negative groups, but no significant difference was found for ER(3 (Figure 3F). In
addition, patients with positive ERs expression displayed more protective clinicopathologi-
cal features (Table 1). ERo (Figure 3E) and ERp (Figure 3G) expression were significantly
correlated with lower tumor grades. Meanwhile, patients in the early stages had higher
rates of positive ERp (Figure 3G) and GPER (Figure 3I) expression. Together, the results
revealed the potential beneficial effects of ERs and ER signaling in PAAD.

3.5. Association between Positive Ers Expression and TLS Presence in PAAD

Bioinformatic analyses demonstrated a potential correlation between ER signaling and
PAAD-associated TLS development. Here we performed IHC on 174 PAAD samples from
the local center to perform further investigation. The concurrence of positive ER expression
and intratumoral TLS presence in PAAD could be frequently observed for ERx (Figure 4A),
ERp (Figure 4D), and GPER (Figure 4G). For ER«, 58.3% of ER« (+) samples were TLS-
positive simultaneously, significantly higher than that of ER«x (—) samples (p = 0.0000007,
Figure 4B). Compared to the ER (—) group, ERa (+) samples also had significantly higher
levels of CD8" T-cell infiltration and higher levels of HLA-DR expression in tumor tissues
(Figure 4C). The positive expression of ER3 in tumor cells was also significantly correlated
with a higher incidence of TLS presence (p = 0.003, Figure 4E) and more CD8*T-cells
infiltration (Figure 4F) in PAAD. The positive correlation between TLS presence and GPER
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expression in tumor cells was consistently identified (p = 0.001, Figure 4H), although
CD8*T-cell levels and HLA-DR expression were only marginally higher in the GPER (+)
group (Figure 4I). Taken together, ERs expression in tumor cells was statistically associated
with an immune-active tumor microenvironment in PAAD.
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Figure 3. Expression patterns of ERx/ and GPER in PAAD tumor tissues. (A) Representa-
tive images of ER« staining in PAAD samples from male and female patients; scale bar: 50 um.
(B) Representative images of ERf} staining in PAAD samples from male and female patients; scale bar:
50 um. (C) Representative images of GPER staining in PAAD samples from male and female patients;
scale bar: 50 pm. (D) The overall survival curves of ERax (+) and ERa (—) patients. (E) Association
between ER«x expression and tumor grade in 174 patients. (F) The overall survival curves of ER3
(+) and ERP (—) patients. (G) Association between ER3 expression and tumor grade, TNM stage
in 174 patients. (H) The overall survival curves of GPER (+) and GPER (—) patients. (I) Association
between GPER expression and tumor grade in 174 patients.
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(A) Representative IHC images of ERa (+) PAAD tumor tissues with concurrent intratumoral TLS
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Treg: regulatory T-cell; ** p < 0.01, *** p < 0.001, ns: non-significant. (D) Representative IHC images
of ERB (+) PAAD tumor tissues with concurrent intratumoral TLS structures; TLS was circled in
red line; scale bar: 20 um. (E) Pie plots of the proportion of TLS (+) samples in ERf (+) and ERf
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in ERx (+) and ER« (—) groups; ns: non-significant.
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3.6. In Vitro Verification of the Influence of Ers Expression on Immune Cell Chemotaxis

By analyzing the IHC staining from 174 PAAD samples, we found that both the posi-
tive expression of ERx and ER3 on PAAD tumor cells were significantly associated with
high infiltration of CD8*T-cells in the tumor microenvironment. To validate the finding
in vitro, we constructed ESR1 or ESR2-overexpressed PAAD cell lines and then used chemo-
taxis assays to evaluate the influence of ERs expression on CD8*T-cell migration. After
transfected with ESR1 or ESR2, both the mRNA (Figure 5A) and protein (Figure 5B) ex-
pression levels of ESR1 or ESR2 in tumor cells were significantly upregulated. CD8*T-cells
in the transwell chamber were co-cultured with or without ESR1 or ESR2-overexpressed
PAAD cells seeded at the bottom (Figure 5C). After 24 h, the numbers of CD8"T-cells
migrating to the bottom were counted (Figure 5D). Notably, the chemotaxis of CD8"T-cells
was significantly increased with upregulated expression of ERoc or ER3 on PAAD cells,
further demonstrating the significant roles of ERs in anti-tumor immunity in PAAD.

Significant roles of ERs in anti-tumor immunity in PAAD.
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Figure 5. Immune cell chemotaxis assay. (A) Expression efficiency of ESR1 and ESR2 in PAAD
tumor cells detected by qRT-PCR; *** p < 0.001, **** p < 0.0001. (B) Efficiency of ESR1 or ESR2 (GFP)
overexpression in BxPC-3 or Capan-2 cells detected by flow cytometry. (C) The schematic diagram of
chemotaxis assay. (D) The number of CD8*T-cells in the supernatant of BXPC-3 or Capan-2 cells in
chemotaxis assay; ** p < 0.01, *** p < 0.001.
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3.7. In-Silico Analyses of the Influence of Estrogen Receptors on Tumor Immune Microenvironment

The potential immune stimulator function of ERs was further explored in the TCGA-
PAAD dataset via immune-cell abundance estimation using CIBERSORTx and functional
enrichment analysis using GSEA. CIBERSORTx analysis helped interpret transcriptome
data into proportions of 22 tumor-infiltrated immune cells. With this tool, we could verify
the findings of IHC experiments from a different perspective through bioinformatic analysis.
Spearman correlation analysis was then conducted to assess the potential correlation
between ERs-encoded gene expression and immune cell infiltration levels. Consistent with
IHC findings, the expression levels of ESR1 and ESR2 were positively and significantly
correlated with CD4/CD8" T-cell infiltration in PAAD (Figure 6A).
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Figure 6. In silico functional exploration of ERs in PAAD. (A) Heatmap showing the association
between ERs gene expression levels and proportions of 22 immune cell types in tumor microenviron-
ment. (B) Diagram of the pathways enriched in the ESR1-high group; the median of gene expression
was used as a cutoff value for sample classification. (C) Diagram of the pathways enriched in the

ESR2-high group.

To gain insights into the biological mechanisms of ESR1 and ESR2 in PAAD, samples
from the TCGA-PAAD dataset were divided into ESR1(ESR2)-high and low groups based

175



Cancers 2023, 15, 828

on the median value of ESR1(ESR2) mRNA expression, and GSEA analyses were performed
between the two groups. Figure 6B,C show the most significantly enriched pathways in
ESR1-high and ESR2-high groups, including the B-cell receptor signaling pathway, mature
B-cell differentiation, T-cell migration, positive T-cell selection, T-helper 17 type immune
response, etc. Since B-cells and T-cells were the predominant cell types in TLS structures,
the results identified significantly up-regulated T/B-cell-related pathways in PAAD with
high ERs expression, which further demonstrated the potential stimulatory role of ER
signaling in PAAD-associated TLS formation and function.

4. Discussion
4.1. Prognostic Value of ERs in Non-Traditional Sex-Biased Cancer

Recent studies revealed gender disparities in the incidence and mortality rates of
multiple cancers. For most cancers, including PAAD, males have a higher incidence and
worse prognosis than females of all ages and races [29]. In addition, there was growing
evidence of sex differences in responses to chemotherapy or immunotherapy in certain
cancer types [30]. Sex bias in cancers may involve multidimensional mechanisms, including
gender-related genetic or epigenetic regulation, and environmental factors. Sex hormones
(estrogen in particular) and their receptors were reported to play important roles in cancer
biology by affecting cancer stem cell self-renewal, cancer metabolism, and the immune
microenvironment [31].

Estrogen, acting through estrogen receptors (nuclear receptors ERx and ERf and
membrane receptors GPER), was extensively deregulated during the development and
progression of esophageal cancer [32], gastric cancer [33], and colon cancer [34]. Both
elevated estrogen levels and ectopic ERs expression affected the carcinogenesis of certain
cancer types, with a variety of outcomes [35,36]. In PAAD, ER signaling was generally
reported to be a repressive factor in tumor development, but expression patterns and
potential mechanisms of ER signaling are still poorly understood [37,38].

In this study, the influence of gender and TLS expression on patient prognosis was
first investigated by H&E staining analysis in a large cohort of 348 PAAD patients from
our institute. Through the large sample study, we confirmed the prognostic value of
intratumoral TLS in PAAD. In addition, we found that female patients had a slightly
better prognosis and a relatively higher proportion of TLS (+) samples than male patients.
Together, the result indicated a potential protective role of ER signaling in PAAD.

We then attempted to investigate the expression patterns and assess the prognostic
values for all three ERs in PAAD. Positive staining can be detected for ERx, ERf3, and GPER
in 41.4%, 73.0%, and 77.0% of PAAD tumor tissues, respectively. In particular, ERx (+) and
ERp (+) were correlated with high tumor grade, ERp (+) and GPER (+) were correlated
with lower TNM stage, and both ERx and GPER showed a beneficial effect in this cohort.
These findings revealed that the positive expression of ERs in tumor cells might serve novel
beneficial prognostic factors for PAAD.

4.2. Estrogen Signaling as a Target to Remodel PAAD Microenvironment

PAAD is featured by a “desmoplasia, inflammation, and immune suppression” mi-
croenvironment and recent studies suggested that GPER may harbor the capacity to re-
model the microenvironment [15-17]. Our study reported that the expression of ERs
(including GPER) in PAAD was strongly correlated with the presence of intratumoral
TLSs and more infiltration of active immune cells in the tumor microenvironment. In vitro
analyses further revealed that the chemotaxis of CD8*T-cells was significantly increased
under the influence of upregulated ERax or ER3 on PAAD cells, demonstrating the role of
ERs in anti-tumor immunity in PAAD.

However, whether ER signaling can serve as a therapeutic target to induce TLSs in
PAAD and to remodel the immune microenvironment remains unclear. Recently, the rapid
development of molecular dynamics and other computational approaches has greatly
facilitated the understanding of dynamic receptor-ligand interactions [39,40]. These tools
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may become an appropriate complement to understanding the roles of ER signaling in
PAAD and identifying potential therapeutics targeting ERs to improve PAAD prognosis.

Nevertheless, the functions of estrogen signaling in regulating immune response
were well-understood in both autoimmune diseases and other cancers [41]. Previous
evidence demonstrated that ER signaling could contribute to the maturation, activation, or
proliferation of a diversity of immune cells (e.g., effector T-cells and B-cells) [42-44]. Since
intratumoral TLS formation was based on crosstalk among immune cells, further study
will focus on the TLS-inducing mechanism of estrogen signaling.

To conclude, our study provided an overview of ER«, ERf, and GPER expression
patterns in PAAD. The expression of all three ERs was correlated with the formation
and development of PAAD-associated TLSs, and the manipulation of ER signaling may
contribute to the remodeling of the PAAD immune microenvironment.
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Simple Summary: Since IL-2 co-treatment did not show any therapeutic benefit in the GD,-directed
treatment of high-risk neuroblastoma (NB) but strongly induced regulatory T cells (Treg), we investi-
gated here the immunocytokine FAP-IL-2v stimulating NK and cytotoxic T cells without induction of
Treg. We first detected FAP on NB- and myeloid-derived suppressor cells (MDCS) in tumor tissue
and showed a tumor-cell-dependent enhancement in FAP expression by fibroblasts. Treatment of
leukocytes with FAP-IL-2v increased ADCC mediated by the anti-GD, antibody dinutuximab beta
(DB) against NB cells. We next evaluated the antitumor efficacy of a combinatorial immunotherapy
by applying DB and FAP-IL-2v and observed strongly reduced tumor growth and improved survival
in experimental mice. Analysis of tumor tissue revealed increased NK and cytotoxic T cell numbers
and reduced Treg compared to controls. Our data show that FAP-IL-2v is a potent immunocytokine
that augments the efficacy of DB against NB, providing a promising alternative to IL-2.

Abstract: Treatment of high-risk neuroblastoma (NB) patients with the anti-GD; antibody (Ab) dinu-
tuximab beta (DB) improves survival by 15%. Ab-dependent cellular cytotoxicity (ADCC) is the major
mechanism of action and is primarily mediated by NK cells. Since IL-2 co-treatment did not show
a therapeutic benefit but strongly induced Treg, we investigated here a DB-based immunotherapy
combined with the immunocytokine FAP-IL-2v, which comprises a fibroblast activation protein &
(FAP)-specific Ab linked to a mutated IL-2 variant (IL-2v) with abolished binding to the high-affinity
IL-2 receptor, thus stimulating NK cells without induction of Treg. Effects of FAP-IL-2v on NK
cells, Treg and ADCC mediated by DB, as well as FAP expression in NB, were investigated by flow
cytometry, calcein-AM-based cytotoxicity assay and RT-PCR analysis. Moreover, the impact of soluble
factors released from tumor cells on FAP expression by primary fibroblasts was assessed. Finally, a
combined immunotherapy with DB and FAP-IL-2v was evaluated using a resistant syngeneic murine
NB model. Incubation of leukocytes with FAP-IL-2v enhanced DB-specific ADCC without induction
of Treg. FAP expression on NB cells and myeloid-derived suppressor cells (MDCS) in tumor tissue
was identified. A tumor-cell-dependent enhancement in FAP expression by primary fibroblasts was
demonstrated. Combination with DB and FAP-IL-2v resulted in reduced tumor growth and improved
survival. Analysis of tumor tissue revealed increased NK and cytotoxic T cell numbers and reduced
Treg compared to controls. Our data show that FAP-IL-2v is a potent immunocytokine that augments
the efficacy of DB against NB, providing a promising alternative to IL-2.

Keywords: neuroblastoma; immunotherapy; dinutuximab beta; fibroblast activation protein «;
FAP-IL-2v; myeloid-derived suppressor cells

1. Introduction

Neuroblastoma (NB) is a malignant disease of childhood with a poor prognosis in the
high-risk group [1]. In Europe, treatment of high-risk NB patients with the chimeric anti-GD,
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antibody (Ab) dinutuximab beta (DB) in combination with the immune stimulating cytokine
interleukin-2 (IL-2) resulted in a 15% improvement in 5-year survival compared to the
standard treatment [2]. Therapeutic Ab directed against tumor antigens mediates antitumor
effects primarily through the induction of antibody-dependent cellular cytotoxicity (ADCC),
whereby natural killer (NK) cells are the major effector cells. Indeed, it was shown that
the depletion of NK cells resulted in the complete abrogation of the antitumor effects
mediated by DB [3]. The rationale of combining DB with IL-2 for NB treatment was based
on the stimulating effects of IL-2 on NK cells. However, evaluation of the progression-
free (PFS) and overall survival (OS) probabilities in high-risk NB patients treated with or
without IL-2 did not reveal any additional treatment benefit of IL-2, while higher treatment-
related toxicity was observed in the patients who additionally received IL-2 [4]. Although
administration of IL-2 resulted in an approximately three-fold increase in cytotoxic NK
cells [5], thus confirming the rationale of using IL-2 in combination with DB, the undesired
strong expansion of regulatory T cells (Treg) with increased levels over 20-fold compared to
the baseline was also detected in the patients of the combinatorial cohort [5]. These results
explain in part the unexpected absence of the clinical benefit of IL-2.

The use of alternative immune-stimulating agents that do not preferentially induce
immune-inhibiting cells may provide an alternative. One promising molecule in this context
is the mutated variant of IL-2 (IL-2v), with reduced binding to the IL-2RA subunit of the
high-affinity trimeric IL-2 receptor (IL-2RABG; A, B and G for « (CD25), 3 (CD122) and y
receptor chain (CD132)) [6] expressed by Treg but with efficient binding to the intermediate-
affinity dimeric IL-2RBG [6] expressed by NK and resting T cells. Recently, the proliferation
of NK cells and effective activation of cytotoxic T cells without preferential activation of
Treg has been shown in vitro after incubation of peripheral blood mononuclear cells with
IL-2v conjugated with an Ab against the fibroblast activation protein « (FAP) [7]. Due
to abolished Fcy receptor binding (P329G LALA mutations), FAP-IL-2v does not induce
ADCC against FAP-positive cells and serves as a vehicle for IL-2v, transporting it into the
tumor microenvironment. Importantly, the activating effects of FAP-IL-2v on effector cells
by IL-2v has been shown to be translated into the considerably enhanced antitumor activity
of these effector cells against tumor cells mediated by the therapeutic Ab [7], thus clearly
showing advantageous therapeutic effects compared to the non-modified IL-2.

Moreover, as the administration of cytokines is known to be associated with systemic
side effects, the usage of immunocytokines (tumor-specific Ab genetically linked to cy-
tokines) transporting cytokines directly into the site of tumor could overcome this obstacle.
A common tumor-associated antigen is the fibroblast-activating protein (FAP), which is
detectable in tumor tissue of different malignancies. FAP is a dimeric protease localized
primarily on the cell surfaces of cancer-associated fibroblasts (CAFs), which have been
shown to play a protumoral role [8]. Generally, CAFs are known to increase tumor cell
invasion, angiogenesis and tumor growth and their presence correlates with a poor progno-
sis [8]. Importantly, CAFs have been detected in NB [9], thus suggesting FAP targeting as a
promising therapeutic strategy against this aggressive tumor. Based on these observations,
we hypothesized that a combinatorial treatment of NB with DB and the immunocytokine
FAP-IL-2v can further augment the antitumor efficacy of DB.

In the present study, we first investigated the effects of FAP-IL-2v on Treg and ADCC
mediated by DB against NB cells. Next, we assessed FAP expression by primary and well-
known NB cells, as well as in a murine NB tumor tissue. We then investigated the impact of
soluble factors released from tumor cells on FAP expression by primary fibroblasts isolated
from murine skin tissue. Finally, we evaluated the antitumor efficacy of the combinatorial
treatment with DB and FAP-IL-2v in vivo using our syngeneic murine-resistant NB model,
followed by the analysis of tumor-infiltrating effector cells.
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2. Materials and Methods
2.1. Ethics Statement

All procedures involving human participants were in accordance with the ethical
standards of the institutional and national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. Informed consent
was obtained from all individual participants (Ethics Board of the Medical Faculty of the
University Greifswald, approval code number: BB 014/14, 24 January 2014). All procedures
involving animal experiments were approved by the animal welfare committee (Landesamt
fiir Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern, ap-
proval code number: LALLF M-V /7221.3-1-011/20, 7 September 2020) and approved and
supervised by the commissioner for animal welfare at the University Medicine Greifswald
representing the Institutional Animal Care and Use Committee (IACUC).

2.2. Cell Cultivation

The human NB cell lines CHLA-20, CHLA-90, CHLA-136 and CHLA-172, as well as
in-house-established cell lines from tumor samples derived from high-risk NB patients
(HGW-1, HGW-3, HGW-5) [10] and the newly established cell line HGW-B, were cultivated
in IMDM (PAN-Biotech GmbH, Aidenbach, Germany) supplemented with 4 mM stable
glutamine (Fisher Scientific, Waltham, MA, USA), 30 U/mL penicillin and 0.03 mg/mL
streptomycin (0.3 x P/S; PAN-Biotech GmbH, Aidenbach, Germany) and 20% FBS Good
(PAN-Biotech GmbH, Aidenbach, Germany). The primary cell line HGW-B was estab-
lished as described for the cell lines HGW-1, HGW-3, HGW-5 [10]. The human NB cells
Kelly, SMS-KCN and LAN-1 were cultivated in RPMI 1640 (Capricorn Scientific GmbH,
Ebsdorfergrund, Germany) supplemented with 2 mM stable glutamine, 0.3x P/S and 10%
Sera Plus (PAN-Biotech GmbH, Aidenbach, Germany). The human FAP-positive cell line
Wi-38 served as a positive control was cultivated in DMEM (Capricorn Scientific GmbH,
Ebsdorfergrund, Germany) supplemented with 2 mM stable glutamine, 0.3x P/S, 15% FBS
Good and 1x NEAA (Capricorn Scientific GmbH, Ebsdorfergrund, Germany). The murine
NB cells NXS2-HGW [11,12] used for the tumor cell implantation in vivo were cultivated in
DMEM supplemented with 2 mM stable glutamine, 0.3x P/S and 10% FBS Good. Primary
adult murine fibroblasts (PAMF) isolated from skin tissue of A/J mice were cultivated in
DMEM supplemented with 4 mM stable glutamine, 0.3x P/S, 1x ITS (Capricorn Scientific
GmbH, Ebsdorfergrund, Germany) and 15% FBS Good. Prior to cultivation, mycoplasma
contamination analysis was performed for every cell line using the MYCOALERT Detection
Kit (Lonza Cologne GmbH, Cologne, Germany). Only mycoplasma-negative cell lines were
used for experiments. All cell lines were passaged no more than 30 times.

2.3. ADCC

To analyze effects of FAP-IL-2v on the cellular cytotoxic activity of effector cells (ADCC)
mediated by DB, a non-radioactive calcein-AM-based cytotoxicity assay was used, as previ-
ously described [10]. Briefly, leukocytes of healthy donors were cultivated for five days
using RPMI 1640 (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) supplemented
with 2 mM stable glutamine, 0.3x P/S and 10% Sera Plus (PAN-Biotech GmbH, Aidenbach,
Germany). To show the effects of FAP-IL-2v on ADCC, culture medium was supplemented
with 1 pg/mL/day of FAP-IL-2v. Untreated leukocytes and leukocytes incubated with IL-2
(3000 IU/mL/day) served as controls. To induce ADCC against NB cells, DB (10 p1g/mL)
and an effector-to-target cell ratio of 40:1 were used. The GD,-positive human NB cells
LAN-1 (5000 cells/well) served as targets cells. The GD, specificity of ADCC was con-
firmed using the anti-idiotype Ab ganglidiomab [13]. The DB-independent cytotoxicity of
leukocytes (AICC, antibody-independent cellular cytotoxicity) was evaluated by incubation
of leukocytes with tumor cells with rituximab.
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2.4. Isolation of PAMF

To assess FAP expression by primary fibroblasts and address whether the injection of
syngeneic NB cells in combination with primary fibroblasts results in the development of
CAF-positive tumors, we first isolated fibroblasts from the skin tissue of female adult A /]
mice. After mice were sacrificed, the fur was removed with hair removal cream. Following
disinfection (70% ethanol), skin samples were extracted and cut into small pieces of around
2 x 2 mm size using a scalpel. Tissue samples were then enzymatically digested using a
Tumor Dissociation Kit (Miltenyi Biotech, Bergisch Gladbach, Germany) for 90 min at 37 °C.
To remove debris, the samples were then filtered using a 70 um cell strainer. The obtained
single-cell solution was finally cultivated in PAMF-specific medium, as described above.

2.5. Analysis of Tumor-Cell-Dependent Impact of FAP Expression by PAMF

To evaluate the effects of soluble factors released by NB cells on the FAP expression
on primary fibroblasts, PAMF were cultivated with tumor-conditioned medium (TCM)
followed by flow cytometry analysis of FAP. For this, 1 x 10* PAMF of the first or second
passage was seeded and cultivated for 24 h. Thereafter, 50% of the culture medium was
replaced with the tumor-conditioned medium harvested after 48 h cultivation of the murine
NB cells NXS2-HGW.

Finally, the treated cells were harvested and used for flow cytometry analysis.

2.6. Establishment of a Resistant Version of the NB Model In Vivo

Since the immunotherapy with DB (i.p., five consecutive days, 3 mg/kg bw/day, start
of treatment: four days after tumor cell implantation) showed strong antitumor efficacy
against NB in our syngeneic tumor model, resulting in constant tumor regression [12,14],
we aimed to establish a more resistant version of this model allowing the evaluation of
different therapeutic agents in combination with DB. For this, we started DB treatments in a
later tumor growth phase. The new treatment protocol was established by the comparison
of the following three time points at which the DB immunotherapy was started: day 11,
12 and 14. Briefly, for all in vivo experiments, mice were randomized prior to tumor cell
injection. Female 11-week-old A /] mice (Charles River Laboratories, Sulzfeld, Germany)
were granted a two-week acclimatization time, accommodated in groups of maximum
6 animals in standard animal laboratories (12 h light/dark cycle, 20 °C + 2 °C room
temperature, 60% =+ 20% humidity) with ad libitum access to water and standard laboratory
chow. Mice of all experimental groups were subcutaneously injected with 2 x 10° tumor
cells on the left ventral flank, followed by the DB immunotherapy (i.p., five consecutive
days, 3 mg/kg/day bw). Untreated controls received an equivalent volume of 0.9% NaCl.
The treatments were started either on day 8 or day 11 or day 14 after tumor cell implantation.
Tumor and/or treatment burden parameters [12] were assessed every two days after tumor
cell injection and daily starting on day 8. Tumors were measured using a caliper, followed
by tumor volume calculation according to the formula (length x width x height)/2. Mice
were sacrificed when tumors exceeded 750 mm?3. For those mice killed ahead of schedule,
the tumor volume data of the last measurement were included into the calculation of the
group-specific average volumes at the subsequent time points.

After a more resistant version of our syngeneic tumor model was established, the new
treatment protocol was used in the following in vivo experiments for the evaluation of the
antitumor efficacy of the combinatorial therapy with FAP-IL-2v and DB.

2.7. Induction of CAF Development in Tumor Tissue In Vivo

Prior to the evaluation of the antitumor efficacy of the combinatorial treatment, we
investigated whether injection of the tumor cells NXS2-HGW in combination with the
syngeneic PAMF led to the development of CAFs in tumor tissue. For this, mice of an
additional experimental group were subcutaneously injected in the left ventral flank with
2 x 10° tumor cells in combination with 1 x 10° PAMF (>95% viability). Prior to this, PAMF
were isolated from murine skin tissue and cultivated for one week, as described above.
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2.8. Evaluation of Antitumor Effects of Combinatorial Immunotherapy with DB and FAP-IL-2v

To evaluate the treatment efficacy of DB in combination with FAP-IL-2v, a lethal
syngeneic murine NB model in a more resistant version was used, as described above.
Mice were treated i.p. with DB (five consecutive days, 3 mg/kg/day bw) or FAP-IL-2v Ab
(twice a week, 1 mg/kg bw) or with a combination of both. Untreated controls received the
equivalent volumes of 0.9% NaCl. Moreover, to show IL-2-dependent effects, mice of an
additional control group were treated with IL-2 (twice a week, 3 x 100 1U/ kg bw/day).

2.9. Flow Cytometry

To identify different populations of tumor-infiltrating leukocytes or fibroblasts or to
determine the surface abundance of FAP in different cell types, flow cytometry analysis
was performed. For this, PE-labeled anti-human anti-FAP Ab (R&D Systems, Minneapo-
lis, MN, USA) or rabbit anti human/mouse anti-FAP (Abcam plc, Cambridge, UK) and
respective PE-labeled Fc-specific secondary Ab (Abcam plc, Cambridge, UK) were used. NB
cells were detected using the Alexa Fluor647-labeled anti-GD, chimeric Ab DB. Fibroblasts
were identified using FITC-labeled anti-mouse anti-CD140a REAfinity Ab (Miltenyi Biotec,
Teterow, Germany). For detection of different tumor-infiltrating leukocyte populations
described below, the following Ab were utilized: APC-Vio® 770-labeled anti-mouse CD3
REAfinity™ Ab, VioGreen™-labeled anti-mouse CD4 Antibody REAfinity™, PerCP-labeled
anti-mouse CD8a REAfinity™ Ab, Vio® Bright FITC-labeled anti-mouse CD11b REAfin-
ity™ Ab, PE-Vio® 770-labeled anti-mouse CD25 REAfinity™ Ab, PE-labeled anti-mouse
CD335 REAfinity™ Ab, APC-labeled anti-mouse FoxP3 REAfinity™ Ab (all Miltenyi Biotec,
Teterow, Germany), APC/Cy-7-labeled anti-mouse Ly6C Ab and PerCP-labeled anti-mouse
Ly6G Ab (BioLegend, San Diego, CA, USA). For every primary Ab, respective ITC were
used to determine the potential background caused by nonspecific Ab binding.

First, primary tumors were resected from the experimental mice, followed by the
preparation of tumor tissue single-cell suspensions using a Tumor Dissociation Kit (Miltenyi
Biotech, Teterow, Germany), according to the manufacturer’s protocol. After assessment of
cell numbers and viability, 1 F 2 x 10° cells were used for the analysis.

The following leukocyte populations were detected in murine tumor tissue using
antigen-specific Ab: T cells (CD45+/CD3+), cytotoxic T cells (CD45+/CD3+/CD8+), NK
cells (CD45+/CD3— /CD335+), Treg (CD3+/CD4+/CD25+/FoxP3+), CD11b-positive im-
mune cells (CD45+/CD11b+), M-MDSC (CD45+/CD11b+/Ly6CM8" /Ly6G—), PMN-MDSC
(CD45+/CD11b+/Ly6C'" /Ly6G+) and Ly6C— and Ly6G-negative immune cells expressing
CD11b (CD45+/CD11b+/Ly6C—/Ly6G—). Respective human leukocyte populations were
identified as follows: NK cells (CD3—/CD56+), Treg (CD3+/CD4+/CD25+/CD127-).

To exclude unspecific binding of the detection Ab to Fc receptor-expressing cells, sam-
ples were first incubated with the FcR Blocking Reagent (Miltenyi Biotech, Teterow, Ger-
many). For intracellular staining, the FoxP3 Staining Buffer Set (Miltenyi Biotech, Teterow,
Germany) was used according to the manufacturer’s protocol. To exclude dead cells in
the samples prepared for the detection of the cell surface antigens, 4 puL of a 0.1 mg/mL
4/ 6-diamino-2-phenylindole (DAPI) solution was added 5 min prior to acquisition using a
BD CANTO II cytometer and FACS Diva software (BD Biosciences, Heidelberg, Germany).
For the intracellular staining, Viobility™ 405/452 Fixable Dye (Miltenyi Biotech, Teterow,
Germany) was used according to manufacturer’s protocol. Data were analyzed with FlowJo
V10 software (Ashland, OR, USA). Moreover, based on the flow cytometry results, the
numbers of NK and cytotoxic T cells as well as Treg were calculated as a percentage of
all viable tumor-infiltrating leukocytes and T cells, respectively. Additionally, the ratio of
cytotoxic T cells to Treg was assessed.

2.10. Statistics

For statistical analysis, SigmaPlot software (Version 13.0, Jandel Scientific Software,
San Rafael, CA, USA) was used. First, the acquired data sets were tested for normal
distribution. Based on the outcome, either the Mann-Whitney-U-test or Student f-test, if
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the assumption of normality was met, and analysis of variance (ANOVA) to compare more
than two samples regarding the significance of a metric trait, were applied. All data are
presented as mean £ SEM (standard error of the mean). Survival probabilities (event-free
survival (EFS)) were estimated using the LogRank test, and multiple comparison was
done with the Holm-Sidak method for post-hoc testing. A tumor volume of 300 mm?® was
defined as an event. A p value of <0.05 (* p or # p) was considered significant, <0.01 (** p)
very significant and <0.001 highly significant (*** p).

3. Results
3.1. FAP-IL-2v Effects on ADCC Mediated by DB against NB Cells

To investigate whether the immunocytokine FAP-IL-2v augments ADCC mediated by
DB against NB cells, we used a calcein-AM-based cytotoxicity assay. Untreated leukocytes
and leukocytes incubated with IL-2 instead of FAP-IL-2v served as controls.

As expected, IL-2 treatment enhanced the cytotoxic activity of leukocytes against
the GD,-positive NB cells LAN-1 (Figure 1A) compared to the untreated controls. This
effect was GD;-specific, as incubation with the anti-idiotype Ab ganglidiomab completely
abrogated ADCC, resulting in similar cytotoxicity levels compared to the negative control
(AICC). Similar to the effects observed for IL-2, treatment of leukocytes with the immunocy-
tokine FAP-IL-2v significantly increased ADCC mediated by DB (Figure 1A). An additional
incubation with ganglidiomab confirmed the GD, specificity of the observed effects.

These data clearly show a positive effect of FAP-IL-2v on ADCC against NB cells
mediated by DB.

3.2. FAP-IL-2v and IL-2 Effects on Treg

Next, we investigated effects of FAP-IL-2v on Treg. Leukocytes incubated with IL-2
served as controls. Additionally, the effects of both agents on NK cells and cytotoxic T cells
(CD8+) were evaluated.

As expected, incubation of leukocytes with IL-2 resulted in a strong increase in Treg
numbers compared to the untreated controls (Figure 1B). In contrast, we found similar
numbers of Treg after the treatment of leukocytes with FAP-IL-2 compared to the negative
control, clearly confirming the fact that IL-2v does not stimulate this cell population.
Interestingly, we did not observe any change in the CD8+- and NK cell numbers compared
to the untreated controls (Figure 1B).

In summary, incubation of leukocytes with FAP-IL-2v did not stimulate Treg, in
contrast to the strong effects of IL-2, leading to an almost two-fold increase in their numbers.
These data suggest the rationale of using FAP-IL-2v in combination with DB instead of IL-2.

3.3. FAP Expression by Neuroblastoma Cells

To investigate FAP expression by human NB cells, both well-known (CHLA-15, CHLA-
20, CHLA-90, CHLA-136, CHLA-172, LAN-1, Kelly and SMS-KCN) and primary cell lines
established from tumor samples derived from high-risk NB patients (HGW-1, HGW-3,
HGW-5 and HGW-B) were analyzed by RT-PCR.

While most of the human cell lines analyzed were found to be FAP-negative, FAP
mRNA was detected in the cell lines HGW-B, CHLA-90 and CHLA-172 (Figure 2A). Ad-
ditional analysis of FAP surface abundance using flow cytometry confirmed our RT-PCR
results, showing different levels of FAP for these three cell lines (Figure 2B).

These results show both FAP-positive and FAP-negative NB cells, suggesting FAP’s
role in NB.

3.4. Impact of Tumor Cells on FAP Expression by Primary Fibroblasts (PAMF)

Since soluble factors released by tumor cells can induce CAF development in tumor
tissue [15,16], we investigated whether the expression of FAP by primary fibroblasts can
be affected by the soluble factors released by the murine NB cells NXS2-HGW used in our
in vivo experiments. We first isolated primary adult murine fibroblasts (PAMF) from the
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skin of adult A /] mice, followed by the flow cytometry analysis of the basal FAP abundance
(Figure 3A), as described in the Materials and Methods Section. Additionally, a fibroblast
marker, CD140a, was used to identify fibroblasts by flow cytometry.
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Figure 1. Analysis of FAP-IL-2v effects on GD,-directed ADCC mediated by dinutuximab beta and
on the number of cytotoxic T cells, NK cells and Treg. Leukocytes of healthy donors were treated
with either FAP-IL-2v or IL-2 for five days, followed by the analysis of the DB ADCC against the
GD;-positive NB cells LAN-1 and flow cytometry analysis of different effector cell populations.
Leukocytes cultivated without FAP-IL-2 and IL-2 served as negative controls (untreated). (A) ADCC
(black columns) against tumor cells using DB and leukocytes treated with either FAP-IL-2 or IL-2 was
assessed using a calcein-AM-based cytotoxicity assay. To show DB-independent tumor cells’ lysis
(AICC; grey columns) and the GD; specificity of the ADCC (white columns), additional samples were
incubated with rituximab instead of DB and the anti-idiotype Ab of DB ganglidiomab, respectively.
t-test. *** p < 0.001 vs. untreated ADCC; * p < 0.05 vs. untreated ADCC. (B) The effects of FAP-IL-2v
and IL-2 on the number of cytotoxic T cells (CD8+), NK cells and Treg were analyzed using flow
cytometry. Data are presented as % of the cells relative to all CD3+, lymphocytes and CD4+ cells
for cytotoxic T cells, NK cells and Treg, respectively. ANOVA followed by appropriate post-hoc
comparison test. *** p < 0.001 vs. untreated and FAP-IL-2v.

As expected, PAMF showed a clear signal for CD140a (Figure 3A). Similarly, flow
cytometry analysis revealed a basal level of FAP (Figure 3A), thus confirming the suitability
of both markers for fibroblast detection. Importantly, incubation of PAMF with tumor-
conditioned medium (TCM) for 48 h resulted in a significant, approximately two-fold
increase in FAP expression compared to the untreated control (Figure 3B). Interestingly, a
TCM-dependent increase in CD140a was also observed (Figure 3C); however, the difference
was not statistically significant.

These results clearly show a tumor-cell-dependent enhancement in FAP levels by
primary fibroblasts, suggesting the NB-dependent induction of CAFs in tumor tissue.
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Figure 2. Analysis of FAP expression by human NB cells. (A) Representative images of the RT-PCR
analysis of FAP mRNA levels (PCR product size: 268 bp) in NB cells derived from tumors of high-risk
NB patients (HGW-1, HGW-3, HGW-5, HGW-B) and well-known NB cell lines (CHLA-15, CHLA-20,
CHLA-90, CHLA-136, CHLA-172, LAN-1, Kelly, SMS-KCN). Human fibroblasts WI-38 were used as a
positive and GAPDH (PCR product size: 238 bp) as an internal control. M: marker, NTC: no template
control. (B) Representative histograms of the flow cytometry analysis of FAP abundance in human NB
cells (HGW-B, CHLA-90, CHLA-172). Cells were stained with anti-human FAP-PE Ab (black curve) or
appropriate ITC (grey-filled curve). Full gel images can be found at Supplementary Materials.
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Figure 3. Analysis of tumor-cell-dependent effects on FAP abundance in PAMEF. (A) Representative
histograms of flow cytometry analysis of baseline levels of FAP and CD140a by PAMEF. Primary
fibroblasts were isolated from skin of female adult A /] mice and cultivated for up to two passages
prior to analysis. Cells were then stained with mouse anti-FAP IgG and PE-labeled anti-murine
IgG Ab, which served as primary and secondary Ab, respectively (black curve), and with FITC-
labeled anti-mouse CD140a Ab or appropriate ITC (grey-filled curve). (B,C) Impact of soluble factors
secreted by the tumor cells NXS2-HGW on FAP (B) and CD140a expression by PAMF (C). PAMF
were incubated with either TCM (TCM, black columns) or control medium for 48 h (untreated, open
columns). Expression levels are presented as gMFI quantified according to the following formula:
gMFI of sample—gMFI of ITC. t-test. * p < 0.05.
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3.5. FAP Expression in Primary Murine Tumor Tissue

Next, we analyzed FAP mRNA levels in primary tumors collected from the experi-
mental mice three weeks after s.c. injection of the syngeneic NB cells NXS2-HGW. RT-PCR
analysis revealed a clear FAP signal in all tumor tissue samples analyzed (Figure 4A).
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Figure 4. Analysis of FAP and CD140a expression in murine tumor tissue. (A) Representative images
of the RT-PCR analysis of FAP mRNA levels (PCR product size: 268 bp) in five tumor tissue samples
(1-5) and by the murine tumor cells NXS2-HGW that were used for tumor cell implantation. GAPDH
(PCR product size: 238 bp) served as an internal control. M: marker, NTC: no template control.
(B) A representative histogram of the flow cytometry analysis of FAP and CD140a abundance in the
GD;- and CD45 double-negative cells within primary tumor tissue. Samples were collected when
tumors reached a size of 750 mm?, followed by enzymatic digestion to obtain a single-cell solution.
Samples were then stained with rabbit anti-mouse anti-FAP IgG and PE-labeled anti-rabbit IgG Ab,
which served as primary and secondary Ab and FITC-labeled anti-mouse CD140a Ab, respectively
(black curve), or appropriate ITC (black dashed curve). Unstained cells served as negative control
(unstained; grey-filled curve). (C) A representative histogram of the flow cytometry analysis of FAP
and CD140a abundance in the CD45-positive cells detected in tumor tissue. (D) A representative
histogram of the flow cytometry analysis of FAP levels in NXS2-HGW cells that served for induction
of primary tumors. Full gel images can be found at Supplementary Materials.

Interestingly, in contrast to the tumor tissue, we could not detect any FAP mRNA by
the GD;-positive murine NB cells NXS2-HGW that served for tumor establishment in vivo
(Figure 4A). These results could be confirmed by flow cytometry, showing a lack of FAP by
NXS2-HGW (Figure 4D).

Next, we analyzed which cell populations within the tumor tissue express FAP. We
defined CAFs as double-positive cells for FAP and CD140a and double-negative cells
for GD; (NB-specific marker) and CD45 (leukocyte-specific marker). Surprisingly, we
could not detect CAFs in tumor tissue (Figure 4B), thus suggesting a lack of these cells
in our model. Interestingly, FAP could be clearly detected by the CD45 cell population
(Figure 4C), suggesting a role for FAP as a target in the tumor microenvironment expressed
by tumor-infiltrating leukocytes.

In summary, our results show clear FAP expression in primary tumor tissue, thus
showing the suitability of our syngeneic tumor model to test a combinatorial treatment
with DB and the immunocytokine FAP-IL-2v. Since the NB cells that were used for tumor
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implantation were found to be FAP-negative and we could not detect CAFs in the primary
tumor tissue, we hypothesized FAP’s role by tumor-infiltrating leukocytes.

Next, we investigated in more detail which cell populations of the tumor-infiltrating
leukocytes express FAP. Since we previously showed a tumor-promoting role of CD11b-
positive cells in NB [14], we assessed first FAP expression by this cell population (GD;-
/CD45+/CD11b+). In contrast to the CD11b-negative cells (GD,—/CD45+/CD11b—)
(Figure 5D), CD11b-positive cells showed a clear signal for FAP (Figure 5A), suggesting an
additional role of CD11b-positive cells in FAP-mediated effects in NB.
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Figure 5. Analysis of FAP expression by tumor-infiltrating leukocytes. (A-F) Representative his-
tograms of the flow cytometry analysis of FAP expression by leukocytes (CD45+) found within
primary tumor tissue. Samples were collected when tumors reached a size of 750 mm?, followed
by enzymatic digestion to obtain a single-cell solution. Samples were then analyzed to show FAP
expression (black solid line) using mouse anti-FAP IgG and PE-labeled anti-murine IgG Ab as
primary and secondary Ab by CD11b-positive (A; CD45+/CD11b+) and CD11b-negative leuko-
cytes (D; CD45+/CD11b—), MDCS (B; CD45+/CD11+/Ly6C+/Ly6G+), CD11b+ leukocytes except-
ing MDSC (E; CD45+/CD11b+/Ly6C—/Ly6G—), as well as two MDCS populations, M-MDSC
(C; CD45+/CD11b+/Ly6Chish /Ly6G—) and PMN-MDCS (F; CD45+/CD11b+/Ly6C% /Ly6G+).
Unstained cells (unstained; grey-filled curve) and cells incubated with appropriate isotype control
(ITC, grey dashed line) served as negative controls.

To further characterize the FAP-positive CD11b cell fraction, we included additional
cell markers to determine the immune-suppressive cells of the myeloid lineage MDSC,
namely monocytic (M)- (CD11b+/ Ly6Chigh /Ly6G—) and polymorphonuclear (PMN)-MDSC
CD11b+/Ly6C'*" /Ly6G+). Interestingly, both MDSC populations (Figure 5C,F) and the
CD11b+ cells that did not express Ly6C and Ly6G showed a clear FAP signal (Figure 5B,E).

190



Cancers 2022, 14, 4842

In summary, analysis of tumor tissue revealed a lack of CAFs in our in vivo model.
Importantly, we detected FAP on tumor-infiltrating CD11b+ cells, especially by M- and
PMN-MDSC, as well as CD11b+ cells that did not express Ly6C and -G, probably tumor-
associated macrophages (TAM), as has been shown in tumors of Lewis lung carcinoma [17].

3.6. Impact of Fibroblasts Injected in Combination with Tumor Cells on Tumor Growth

Based on our data showing the tumor-cell-dependent induction of FAP on primary
fibroblasts and on the fact that CAFs were found in human NB [9,15], but not in our murine
tumor model, we addressed the question of whether the injection of murine tumor cells
in combination with PAMF results in the development of CAF-positive tumors. Tumor
development was evaluated daily after the implantation of tumor cells in combination with
PAMF in a ratio of 2:1 in comparison to the growth of tumor cells injected without PAME.

Although the analysis of tumor growth revealed significantly higher tumor volumes in
mice injected with tumor cells in combination with PAMF between days 16 and 18 compared
to the controls (tumor cells only), tumor growth in both groups was found to be very similar
on most days (Figure 6A). Unexpectedly, flow cytometry analysis of tumor tissue collected
three weeks after the injection of tumor cells in combination with PAMF did not show any
FAP- or CD140a-positive cells in the GD,—/CD45— cell population (Figure 6B).
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Figure 6. Impact of PAMF on tumor growth. (A) Analysis of tumor growth in mice injected with
either NXS2-HGW (open circles) or NXS2-HGW in combination with PAMF (closed circles). Tumors
were surgically resected on day 22 after tumor cell injection. Co-injection was performed at the
tumor-cell-to-PAMEF ratio of 2:1. When mice were sacrificed ahead of schedule due to tumor burden,
the last measurement was included into the calculation of tumor growth at subsequent time points.
Data are given as mean + SEM. * p < 0.05, t-test (B) Representative histograms of flow cytometry
analysis of FAP and CD140a levels in tumor tissue of mice injected with NXS2-HGW in combination
with PAME. To detect CAFs (FAP+/CD140a+), leukocytes and tumor cells were excluded from the
analysis using CD45 and GD, expression, respectively.
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These results indicate that the development of CAFs in our model could not be
effectively induced by the co-injection of syngeneic primary fibroblasts and tumor cells.
Based on these observations, we injected NB cells without PAMF for tumor induction in
further in vivo experiments.

3.7. Establishment of a More Resistant In Vivo Tumor Model

Since the immunotherapy with DB (i.p., five consecutive days, 3 mg/kg bw/day, start
of treatment: four days after tumor cell implantation) showed, in our syngeneic tumor
model, strong antitumor efficacy against NB, resulting in constant tumor regression [12,14],
we aimed to establish a more resistant version of this tumor model allowing the evaluation
of the combinatorial immunotherapy with DB and FAP-IL-2v. For this, we started DB
treatments in a later tumor growth phase (day 11, 12 and 14), after the development of
measurable tumors.

As expected, starting the DB immunotherapy on days 11, 12 and 14 resulted in a steady
decrease in the antitumor effects compared to starting on day 4 (Figure 7A). Untreated mice
showed the strongest tumor growth compared to every experimental group receiving DB;
however, the differences between the tumor volumes of the untreated mice and the mice of
the two groups “day 12” and “day 14” were statistically not significant, thus indicating the
development of a more resistant tumor against DB treatment compared with the mice of
the “day 11” and “day 4” groups.
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Figure 7. Establishment of a more resistant in vivo tumor model (A) and effects of the combinatorial
immunotherapy with DB and FAP-IL-2v in vivo (B-D). (A) To establish a more resistant version of
the murine syngeneic NB tumor model, DB treatment was started in a later tumor growth phase.
After establishment of primary tumors, three later time points at which DB treatment was started (day
11 (open circles, dashed line), 12 (closed circles, solid line) and 14 (closed circles, dashed line)) were
compared with day 4, representing the DB treatment starting time point of the previous NB model
(open circles, solid line). Mice receiving equivalent doses of 0.9% NaCl served as controls (grey circles,
solid line). When mice were sacrificed ahead of schedule due to tumor burden, the last measurement
was included into the calculation of tumor growth at subsequent time points. Data are given as
mean + SEM. (B) Schematic overview of the treatment protocol. The murine syngeneic GD;-
expressing NB cells NXS2-HGW were injected on day 1, followed by establishment of primary tumors.
When tumor size of 100 mm? was reached (indicated as day 12), treatment was started. Mice received
either DB or FAP-IL-2v or a combination of both. To investigate IL-2-dependent effects, mice of two ad-
ditional control groups were treated with IL-2 and DB in combination with IL-2. Tumor growth was de-
termined daily. (C) Analysis of tumor growth in mice treated with DB in combination with FAP-IL-2v
(DB + FAP-IL-2v, black solid line, closed circles), FAP-IL-2v (black solid line, closed squares), DB
(black solid line, grey circles), DB in combination with IL-2 (DB+ IL-2, black solid line, grey squares)
and IL-2 (black solid line, open circles). When mice were sacrificed ahead of schedule due to tumor
burden, the last measurement was included into the calculation of tumor growth at subsequent time
points. Data are given as mean + SEM. * p < 0.05 vs. DB + IL-2, t-test. (D) Analysis of event-free
survival (EFS) probabilities in mice treated with DB in combination with FAP-IL-2v (DB + FAP-IL-2v,
black solid line), FAP-IL-2v (black dashed line), DB (grey solid line), DB in combination with IL-2
(DB+ IL-2, grey dashed line) and IL-2 (black dotted line). A tumor volume of 300 mm? was defined
as an event. Statistical analysis was performed using LogRank test; multiple comparison was done
with Holm-Sidak method. * p < 0.05 vs. DB; #p < 0.05 vs. DB + IL-2.

For further experiments, we used the treatment schedule of the first group of the
treated mice that showed similar tumor growth to the untreated controls, namely the “day
12” group. In this group, tumors achieved a volume of approximately 100 mm3 at the start
of treatment.

3.8. Evaluation of Antitumor Effects of Combinatorial Immunotherapy with DB and FAP-IL-2v

After the successful establishment of a more resistant version of our syngeneic tumor
model allowing the evaluation of the antitumor efficacy of combinatorial therapeutic
strategies, we treated mice showing tumors of approximately 100 mm? volume with DB in
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combination with the immunocytokine FAP-IL-2v (Figure 7B). Additionally, mice treated
with IL-2 instead of FAP-IL-2v, as well as mice receiving IL-2 only, served as controls.

As expected, the immunotherapy with DB showed, in the resistant tumor model, simi-
lar tumor growth compared to the monotherapy controls with FAP-IL-2 or IL-2 (Figure 7C).
Interestingly, additional treatment of mice that received DB with IL-2 did not show any
beneficial effects of IL-2 on tumor growth compared with the mice that were treated with
DB without IL-2 (Figure 7C). In contrast, the combinatorial immunotherapy with DB and
FAP-IL-2v resulted in superior antitumor effects, showing the strongest tumor growth
inhibition compared to every control group (Figure 7C). These results clearly show that an
additional treatment with FAP-IL-2v Ab augments the efficacy of the immunotherapy with
DB against NB.

Further analysis of EFS confirmed our results of tumor growth evaluation. The su-
perior effects on EFS could be observed in the mice treated with DB in combination with
FAP-IL-2v (Figure 7D), further underlining the improvement in anti-GD, Ab immunother-
apies by the immunocytokine FAP-IL-2v against NB.

Together, our results show an FAP-IL-2v-dependent improvement in the DB-mediated
antitumor effects against resistant NB, resulting in delayed tumor growth and an increase
in survival compared to the respective monotherapy. Moreover, IL-2 did not show any
benefit in combination with DB, confirming data reported in high-risk NB patients [4].

3.9. Assessment of Therapy-Dependent Effects on Tumor-Infiltrating Lymphocytes

Finally, we investigated the effects of the combinatorial treatment on different leuko-
cyte populations infiltrating tumor tissue. We focused our analysis on the antitumoral
effector NK and cytotoxic T cells (CD8+) as well as immune-suppressive Treg. Although
the flow cytometry analysis was performed using tumors showing a volume of around
750 mm?, i.e., in a late growth phase, we still could observe clear therapy-dependent effects.

Compared to the control mice treated with IL-2 only, mice of the DB immunotherapy
group showed higher numbers of NK and CD8+ T cells (Figure 8A,B), indicating the
induction of antitumoral effector cells. However, the difference between the groups was
statistically not significant, probably due to the low number of tumors available for the
analysis. Furthermore, we observed, in the mice treated with DB, reduced Treg numbers
(Figure 8C), thus further indicating the antitumor efficacy of the anti-GD, Ab DB even in a
more resistant model. As hypothesized, an additional treatment with the immunocytokine
FAP-IL-2v augmented the antitumor effects of DB, resulting in a further increase in NK and
CD8+ T cells as well as a reduction in Treg (Figure 8A-C). However, a single-agent treatment
of mice with FAP-IL-2 Ab also led to elevated numbers of NK and CD8+ T cells as well as a
reduction in Treg (Figure 8A-C), suggesting the immune-stimulating effects of IL-2v.

These results could be clearly confirmed by the analysis of the CD8+/Treg ratio,
showing the highest levels in the mice receiving either DB in combination with FAP-IL-2v
or FAP-IL-2v as a single-agent treatment (Figure 8D).

Together, the single-agent treatment of resistant NB with the anti-GD, Ab DB resulted
in an increase in antitumoral NK and CD8+ T cells as well as a reduction in immune-
suppressive Treg-infiltrating primary tumors. The combinatorial treatment of mice with
DB and FAP-IL-2v further increased the infiltration of tumors by NK and CD8+ T cells
and resulted in a further reduction in Treg, probably due to the preferential stimulation
of antitumoral effector cells by IL-2v. These results show an improvement in the DB
immunotherapeutic efficacy by the immunocytokine FAP-IL-2, thus suggesting this combi-
natorial treatment as a promising strategy against resistant NB.
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Figure 8. Flow cytometry analysis of tumor-infiltrating lymphocytes. To investigate effects of the
combinatorial DB + FAP-IL-2v treatment on tumor-infiltrating lymphocytes, primary tumor tissue was
analyzed using flow cytometry. After resection, primary tumor tissue samples were enzymatically
digested to obtain a single-cell solution. To assess NK (A) and cytotoxic T cells (B) as well as Treg (C),
the effector-cell-population-specific antigens CD335 and CD8 as well as CD25 and FocP3 were marked,
respectively. Additionally, the ratio of cytotoxic T cells to Treg (D) was calculated. Results are presented
as a percentage of the respective effector cell population cells relative to all viable CD45- or CD3-positive
leukocytes for NK and cytotoxic T cells or Treg, respectively. ANOVA followed by appropriate post-hoc
comparison test and t-test. (A) * p < 0.05 vs. FAP-IL-2v, (B) * p < 0.05 vs. DB + FAP-IL-2v, (C) * p < 0.05
vs. DB + FAP-IL-2v, # p < 0.05 vs. FAP-IL-2v, (D) * p < 0.05 vs. IL-2.

4. Discussion

The successful treatment of high-risk NB remains a major challenge in pediatric
oncology. Although immunotherapeutic approaches, especially with monoclonal anti-GD;
Ab, have shown promising results, around one third of NB patients still die [18]. To improve
the antitumor efficacy of anti-GD; Ab, different cytokines were additionally included into
the treatment protocols. The most prominent are IL-2 and GM-CSE, which activate two cell
populations primarily mediating ADCC, namely NK cells and granulocytes, respectively.
In Europe, an effective increase in NK cells could be shown in high-risk NB patients after
the application of DB in combination with IL-2 compared to the patients of the IL-2-free
treatment arm [5]. We here additionally confirmed in vitro a stimulating effect of IL-2 on
the antitumor cytotoxicity of effector cells, showing an almost two-fold increase in ADCC
mediated by DB after treatment of leukocytes with IL-2. However, the positive effects of
IL-2 on NK cells and ADCC did not result in the improved survival of the high-risk NB
patients compared to those patients who received immunotherapy without IL-2 [4]. A
detailed comparison of the immune cells in the patients of both cohorts revealed a strong
(21-fold) induction of Treg after application of IL-2 and almost unchanged Treg levels in
the patients of the IL-2-free treatment arm [5]. Such a preferential induction of the immune-
inhibiting cells by IL-2 can partly explain the missing survival benefit of the additional
usage of IL-2 against NB, thus underlining a need for alternative strategies to activate
antitumor effector cells only.
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One promising alternative cytokine that showed the effective activation of NK cells,
increasing the GD,-specific ADCC against NB cells in vitro, as well anti-NB efficacy in vivo,
is IL-15 [19]. Importantly, recombinant human IL-15 has been already evaluated in cancer
patients [20]. However, the systemic application of cytokines is associated with strong side
effects. To overcome this problem, tumor-specific Ab conjugated with immune-stimulating
cytokines, called immunocytokines, were developed and showed promising results in the
treatment of cancer patients. In melanoma patients, treatment with the GD;-specitifc Ab
hu14.18-IL-2 resulted in immune activation and showed reversible clinical toxicity with no
grade 4 adverse events [21,22]. This immunocytokine was also used in clinical trials against
refractory or recurrent NB, demonstrating safety profiles and antitumor efficacy [23,24].
Despite these promising results, the application of such immunocytokines can still activate
Treg, thus hampering the antitumor effects of the immunotherapy.

Here, we investigated the anti-NB effects of the immunocytokine FAP-IL-2v in combi-
nation with DB. The rationale of using FAP-IL-2v was based on the fact that the mutated
IL-2 (IL-2v) is able to preferentially stimulate antitumor effector cells such as NK cells
without activating effects on the immune-inhibiting Treg [7]. Moreover, it was shown
that the incubation of effector cells with FAP-IL-2v enhanced ADCC against colon and
gastric cancer cells by the therapeutic Ab directed against tumor antigens [7]. In the present
study, we could clearly confirm these results in NB, showing a strong FAP-IL-2-dependent
increase in ADCC against tumor cells mediated by DB. Moreover, flow cytometry analysis
of Treg did not show any induction compared to the untreated controls. In contrast, IL-2
treatment resulted in a strong increase in Treg, confirming the results in NB patients treated
with DB in combination with IL-2 [5].

The observed increase in DB-specific ADCC by FAP-IL-2 in our in vitro experiments
was clearly translated into an FAP-IL-2v-dependent improvement in the antitumor effects
of DB against aggressively growing GD,-positive NB tumors in vivo. In contrast to our
previously established tumor model [12], whereby treatments were started four days after
tumor cell implantation, in the present study, we used a more resistant model of NB
allowing the evaluation of combinatorial treatments. We changed the start of treatment to a
later time point, at least 12 days after tumor cell implantation, after primary tumors were
established at a size of 100 mm?, thus showing more resistant characteristics. Our in vivo
data are in line with the data of Klein and colleagues, showing, in murine models of human
cancers, such as leukemia, breast or lung cancer, FAP-IL-2v efficacy when combined with
therapeutic Ab directed against tumor antigens [6]. Moreover, in the present study, the
comparison of the antitumor efficacy of DB given as a monotherapy and DB in combination
with IL-2 did not show any benefit regarding the additional treatment with IL-2, thus further
confirming the results from the clinical study published by Ladenstein and colleagues
showing a lack of superior effects of IL-2 [4].

Although the application of FAP-IL-2 has been reported to stimulate effector cells
in the periphery [6] as well, the fusion of IL-2v to the anti-FAP Ab was performed to
preferentially transport an additional stimulating agent (IL-2v) into the tumor tissue. Since
FAP expression has been shown in NB and we could here confirm both FAP expression by
human NB cell lines and in murine primary tumor tissue, as well as the NB-cell-dependent
induction of FAP on fibroblasts, we suggest that both effects contribute to the efficacy of
the immunocytokine FAP-IL-2v in the periphery and in the tumor tissue. In our tumor
model, we detected FAP only by tumor-infiltrating CD11b-positive leukocytes, especially
by the two MDCS populations, M- and PMN-MDSC. We found FAP also on the Ly6C and
Ly6G double-negative cells, which are probably TAM, as has been reported by Arnold and
colleagues [17]. To clarify the question of whether these FAP-positive cells in tumor tissue
are indeed TAMs, further studies are required.

5. Conclusions

In summary, we showed a FAP-IL-2v-dependent increase in ADCC against NB cells
mediated by the chimeric anti-GD, Ab DB. We detected FAP in tumor tissue, with major

196



Cancers 2022, 14, 4842

References

expression by tumor-infiltrating MDSC. The combinatorial treatment of resistant NB with
DB and FAP-IL-2 in vivo effectively inhibited tumor growth, improved the survival of
tumor-bearing mice and resulted in an increase in cytotoxic T and NK cells, as well as
a reduction in Treg found in tumor tissue. These data indicate that treatment with the
immunocytokine FAP-IL-2v augments the efficacy of DB against resistant NB, probably by
targeting MDSC and stimulating NK cells.
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Simple Summary: Some patients develop drug resistance to programmed cell death protein 1/pro-
grammed death-ligand 1(PD-1/PD-L1) therapy but the mechanism is unclear. Therefore, the study
of drug resistance to PD-1 therapy is quite important. In this sense, we obtained B16F10-R tumours
resistant to anti-PD-1 therapy through multiple rounds of drug resistance screening in vitro. We
found that COX2 expression was significantly elevated and COX2 inhibitors in combination with
anti-PD-1 monoclonal antibodies (mAbs) could reverse this resistance phenomenon. Knockout of the
ptgs2 gene in B16F10-R tumours also restored tumour sensitivity to anti-PD-1 therapy. Therefore, we
believe that the combination of COX2 inhibitors and anti-PD-1 mAbs may become a new choice for
the drug resistance of anti-PD-1 therapy in the future.

Abstract: Immunotherapy is an effective method for tumour treatment. Anti-programmed cell
death protein 1 (PD-1) and anti-programmed death-ligand 1 (PD-L1) monoclonal antibodies play
a significant role in immunotherapy of most tumours; however, some patients develop drug re-
sistance to PD-1/PD-L1 therapy. Cyclooxygenase-2 (COX2) is expressed in various solid tumours,
and prostaglandin E2 (PGE2) drives the development of malignant tumours. We developed a
drug-resistant B16F10 (B16F10-R) tumour mouse model through four rounds of selection in vivo.
Subsequently, we investigated changes in PD-L1 expression and lymphocyte infiltration in B16F10-
NR and B16F10-R tumours. Additionally, we explored the role of COX2 in acquired resistance to
pembrolizumab, an anti-PD-1 treatment. Immune cell infiltration was significantly decreased in
resistant tumours compared to B16F10-NR tumours; however, ptgs2 gene expression was significantly
elevated in resistant tumours. Aspirin or celecoxib combined with pembrolizumab can effectively
reverse tumour drug resistance. In addition, ptgs2 knockout or the use of the EP4 inhibitor E7046
abrogated drug resistance to anti-PD-1 treatment in B16F10-R tumour cells. Our study showed
that inhibition of the COX2/PGE2/EP4 axis could increase the number of immune cells infiltrating
the tumour microenvironment and recover drug-resistant tumour sensitivity to pembrolizumab.
Thus, we highlight COX2 inhibition as a promising therapeutic target for drug-resistant tumours for
future consideration.

Keywords: programmed death-ligand 1; cyclooxygenase-2; tumour resistance; immunosuppression

1. Background

In recent years, tumour immunotherapy has made major strides in cancer treatment [1].
The PD-1/PD-L1 pathway plays an important role in the immunosuppressive mesh-
work [2,3]. PD-1 is highly expressed on T cells and natural killer (NK) cells, whereas
PD-L1/PD-L2 is expressed on antigen-presenting cells and various solid tumour cells.
PD-1/PD-L1 interactions suppress T-cell immunity, leading to T-cell exhaustion, anergy, or
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apoptosis [4,5]. Anti-PD-1 treatment improves antitumour immune responses in patients
with colorectal cancer, melanoma, renal cell carcinoma, non-small cell lung cancer, haema-
tologic malignancies, and bladder cancer, resulting from its ability to transform anergic T
cells into functional T cells [6-8]. However, the objective response rate of anti-PD-1/PD-L1
antibody therapy is approximately 10-20% for most malignancies [9,10]. Studies have
shown that the tumour tissue of some tumour patients has congenital insensitivity or
resistance to anti-PD-1 treatment [11]. The initial treatment showed a positive effect, but
drug resistance was soon acquired in some patients [12]. However, the mechanism for
primary and adaptive resistance to anti-PD-1 therapy was unclear.

Anti-PD-1 therapy can increase the expression of inflammatory cytokines, which
may counteract its therapeutic effects [13,14]. Cyclooxygenase (COX) is an important
rate-limiting enzyme for the conversion of arachidonic acid into various prostaglandins
in the body, and it can be divided into at least two subtypes: COX1 and COX2. Unlike
COX1, which is present in most tissues, COX2 expression is induced by cytokines and
growth factors, and increases rapidly in response to inflammatory stimuli. COX2 activa-
tion produces prostaglandin E2 (PGE2), which is associated with enhanced tumour cell
survival, migration, growth, angiogenesis, invasion, and immunosuppression [15]. COX2
is expressed in a variety of solid tumours such as colorectal cancer, nasopharyngeal car-
cinoma, gastrointestinal malignancies, and breast cancer [16-19]. In addition, it has been
demonstrated that PGE2 could drive the development of malignant tumours [20-25]. PGE2
is significantly conserved in human cutaneous melanoma biopsies, and it is required for
mutant BrafV600E mouse melanoma cell growth [20]. Inhibiting COX2 and PGE2 in colon
cancer models enhanced anti-vascular endothelial growth factor therapy and suppressed
angiogenesis and tumour growth [25]. In addition, blocking COX2/PGE2-mediated wound
response could abrogate bladder cancer chemoresistance [22].

This study investigated the function of COX2 in anti-PD-1 acquired resistance by de-
veloping a drug-resistant B16F10 tumour mouse model. Our study showed that COX2
derived from tumours plays an essential role in adaptive tumour resistance. Inhibiting the
COX2/PGE2/EP4 axis could increase the number of infiltrating T and NK cells in the tumour
microenvironment (TME) and recover drug-resistant tumour sensitivity to pembrolizumab.

2. Materials and Methods
2.1. Mice and Cells

Human Pdcd1 transgenic mice were housed in a pathogen-free environment at the
Laboratory Animal Research Centre, Tongji University, as previously described [26]. All
animal experiments were performed in accordance with the Animal Ethics Committee of
Tongji University.

B16F10 melanoma cells were purchased from the American Type Culture Collection
(Rockville, MD, USA). B16F10-NR and B16F10-R melanoma cell lines were generated by
four rounds of selection for anti-PD-1 resistance. B16F10-R-knockout (KO) ptgs2 melanoma
cells were generated using the CRISPR-Cas9 system (Cas9-2hitKO). The guide RNA se-
quences targeting ptgs2 were sgRNA-1, 5'-GCTTTACAGACTTAAAAGCA-3' and sgRNA-2,
5-TTCAAGACAGATCATAAGCG-3'. All cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone, Waltham, MA, USA) supplemented with 1% peni-
cillin/streptomycin (Gibco, Waltham, MA, USA) and 10% foetal bovine serum (Gibco) at
37 °C and 5% CO,.

2.2. Animal Experiments

B16F10, B16F10-NR, B16F10-R, and B16F10-R-knockout ptgs2 cells (1 x 10° cells) were
resuspended in phosphate-buffered saline PBS (Cytiva, Marlborough, MA, USA) and
injected subcutaneously into the flanks of 6-8-week-old female human Pdcd1 transgenic
mice. Mice were randomised into groups, each comprising 6-8 mice. When tumours
grew to 50 mm?, mice were administered pembrolizumab (10 mg/kg; MSD, USA) or the
control isotype for ophthalmic intravenous injection twice a week, and aspirin (10 mg/kg;

200



Cancers 2022, 14, 4134

Selleck, Shanghai, China), SC560 (5 mg/kg; Selleck), celecoxib (5 mg/kg; Selleck), and
E7046 (10 mg/kg; Selleck) for intraperitoneal injection three times a week. The longest
dimension (length) and longest perpendicular dimension (width) were measured every
two days using a calliper. Tumour volume (mm?) = (length x width x width)/2. For
in vivo B16F10-R cell selection, B1I6F10 tumours were digested with trypsin and collagenase
until reaching 1500 mm?, which was the humane endpoint. CO, inhalation was used to
euthanise the mice. The cells were resuspended in DMEM and cultured for two weeks. The
tumour cells were re-injected subcutaneously into another mouse for subsequent rounds of
in vivo selection.

2.3. Real-Time Quantitative Polymerase Chain Reaction (RT-gPCR)

Total RNA was extracted using the Animal Tissue/Cell Total RNA Extraction Kit
(DAKEWE, Beijing, China) and cDNA was acquired using a reverse transcription kit (Solar-
bio, Beijing, China). Ptgs1/ptgs2 transcript levels were measured using an RT-PCR SYBR
Green I kit (Solarbio). RT-qPCR was performed on a ROCHE LightCycler® 96 (Roche, Basel,
Switzerland) in a 96-well plate, and each sample was prepared in triplicates. The following
primer pairs were used: GAPDH, forward primer 5-TGGCCTTCCGTGTTCCTAC-3 and
reverse primer 5'-GAGTTGCTGTTGAAGTCGCA-3'; mouse COX1, forward primer 5'-
TTACTATCCGTGCCAGAACCA-3’ and reverse primer 5'-CCCGTGCGAGTACAATCACA-
3’; mouse COX2, forward primer 5'-AGCAAATCCTTGCTGTTCCAA-3’ and reverse primer
5-GCAGTAATTTGATTCTTGTC-3'.

2.4. Flow Cytometry

Tumours were cut and digested with trypsin and collagenase. A 40 um mesh filter
(BioFIL, Shanghai, China) was used to filter the single-cell suspension (BioFIL, Shanghai,
China). The cells were blocked with purified rat anti-mouse CD16/CD32 (553142; BD
Pharmingen, San Diego, CA, USA), and dead cells were stained with BD Horizon Fixable
Viability Stain 510 (564406; BD Pharmingen). Cell surface staining was performed using
the following antibodies: APC-Cy™7 mouse anti-mouse CD45.2 (560694; BD Pharmingen),
PE hamster anti-mouse CD3e (553063; BD Pharmingen), PerCP-Cy™5.5 rat anti-mouse
CD4 (550954; BD Pharmingen), FITC rat anti-mouse CD8a (553030; BD Pharmingen), APC
anti-mouse NK-1.1 antibody (108710; BioLegend, San Diego, CA, USA), FITC anti-mouse
CD49b (pan-NK cells) antibody (108905; BioLegend), PE/Cyanine7 anti-mouse TCR f3
chain antibody (109222; BioLegend), and PE anti-mouse CD274 (B7-H1, PD-L1) antibody
(124308; BioLegend). The following antibodies were used as isotype controls: APC-Cy™7
Mouse IgG2a, k Isotype Control (557751; BD Pharmingen), PE Hamster IgG1 « Isotype
Control (553972; BD Pharmingen), PerCP-Cy™5.5 Rat IgG2a, k Isotype Control (550765;
BD Pharmingen), FITC Rat IgG2a, « Isotype Control (553929; BD Pharmingen), APC Mouse
IgG2a, « Isotype Control (551414; BD Pharmingen), FITC Rat IgM, « Isotype Control
(655951; BD Pharmingen), PE Rat IgG2b, « Isotype Control (553989; BD Pharmingen). All
analyses were performed using a CytoFLEX LX (Beckman Coulter, Brea, CA, USA).

2.5. PGE2 Concentration Detection

Cells were plated at 0.5-1 x 106 cells/mL in 96-well plates at 37 °C in the absence or
presence of 100 mL of conditioned medium from tumour cells plus or minus LPS (10 to
100 ng/mL) in a total volume of 200 mL. After overnight culture, PGE2 concentration in
the supernatant was determined by ELISA.

2.6. Western Blotting

Cell lysis was performed with RIPA buffer (P0013D; Beyotime, Shanghai, China)
supplemented with protease (Selleck, Shanghai, China) and phosphatase inhibitors (Sell-
eck). The BCA Protein Assay Kit (PC0020; Solarbio, Beijing, China) was used to measure
protein concentrations. The samples were boiled at 100 °C and centrifuged to obtain the
supernatant, after which 100 pg of protein was loaded onto 10% sodium dodecyl sulphate-
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polyacrylamide gel electrophoresis gels (EpiZyme, Shanghai, China). The proteins were
transferred to 0.45 um polyvinylidene fluoride (PVDF) membranes (Millipore, Burling-
ton, MA, USA), and the membranes were blocked in a Western blocking buffer (P0023B;
Beyotime) for 2 h at 15 °C. The sections were then incubated with primary antibodies
(1:2000) overnight at 4 °C and with the relevant secondary antibody (1:10,000) for 2 h at
15 °C. Bands were visualised using BeyoECL Plus (P0018S; Beyotime). Protein bands were
quantified relative to the loading control (GAPDH). The following antibodies were used
for Western blotting: anti-GAPDH (AF1186; Beyotime), anti-rabbit-IgG-HRP (A120-111P;
Bethyl, Montgomery, TX, USA), and anti-COX2 (ab62331; Abcam, Cambridge, UK).

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad
Software, San Diego, CA, USA). Statistical differences were determined using unpaired
two-tailed t-tests, one-way ANOVA, or two-way ANOVA. The results are shown as the
mean + SEM, and the significance was set at p < 0.05. Survival analysis was based on
the following criteria: tumour volume, tumour necrosis, and pathological death. Survival
analysis was performed using the log-rank test.

3. Results
3.1. Development of a B16F10 Tumour Cell Line Resistant to Anti-PD-1 Therapy In Vivo

To acquire a cell line resistant to anti-PD-1 (pembrolizumab) treatment, we established
an in vivo B16F10 tumour model using human Pdcd] transgenic mice to acquire resistance
to anti-PD-1 treatment. In the human Pdcd] transgenic mice, the B16F10 tumour cell was
sensitive to pembrolizumab treatment. We treated mice with 10 mg/kg pembrolizumab and
obtained an anti-PD-1-resistant cell line (B16F10-R) after four rounds of in vivo selection
(Figure 1A). Analogously, an anti-PD-1 non-resistant cell line (B16F10-NR) was acquired
through four rounds of B16F10 tumour growth in vivo but treated with PBS (Figure 1A).
With an increase in the number of rounds of selection, the tumour sensitivity to anti-PD-1
treatment decreased, and there was almost no difference in the fourth round (Figure 1B).
Moreover, the resistance persisted through rounds five and six (Figure S1).

This B16F10-NR cell line was very sensitive to anti-PD-1 treatment, but anti-PD-1
therapy did not effectively control B16F10-R tumour growth after four selection rounds
(Figure 1C). In addition, anti-PD-1 therapy effectively prolonged the mean survival time of
mice in the B16F10-PD-1 group by an average of approximately 3—4 weeks compared with
that in the other groups (Figure 1D).

Thus, the B16F10-R tumour model showed acquired resistance to anti-PD-1 treatment.
The persistence of this phenotype in B16F10-R tumour cells after several consecutive in vitro
cell cultures suggested that the acquired resistance was caused by genetic changes in the
tumour cells.

3.2. The Infiltrating Immune Cells Decreased Significantly in the TME of B16F10-R Tumours

To understand the difference between drug-resistant and non-drug-resistant tumours,
we hypothesised that there would be an alteration in PD-L1 expression on the tumour
surface. Flow cytometry analysis showed that PD-L1 expression on the surface of B16F10-
R tumour cells was slightly increased (Figure 2A). This phenomenon indicated that the
tumour cells that acquired anti-PD-1 resistance were not a result of a decrease in the
expression of PD-L1. Next, we determined the number of infiltrating lymphocytes in TME.
A flow cytometry staining method was developed to distinguish T cells from natural killer
(NK) cells (Figure 2B). We observed that infiltration of CD3+, CD4+, and CD8+ T cells
was considerably lower in B16F10-R tumours than in B16F10-NR tumours (Figure 2C). In
addition, NK cell infiltration significantly decreased (Figure 2C). Thus, we speculated that
the acquired resistance of BI6F10-R tumours was caused by the decreased infiltration of
immune cells.
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Figure 1. Construction of B16F10 tumour model resistant to anti-PD-1 therapy. (A) Construction
method of anti-PD-1-resistant B16F10 tumour cells. (B) Tumour growth curves for four rounds of
anti-PD-1-resistant B16F10 tumour selection (1 = 6/group, two-way ANOVA test, Sidak). (C) Growth
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Figure 2. Differences between B16F10-NR tumour and B16F10-R tumour cells. (A) PD-L1 expression
on the surface of BI6F10-NR and B16F10-R cells. (B) Gating strategy to identify intratumoural T and
NK cells. (C) Differences in the number of infiltrating lymphocytes in the TME of B16F10-NR tumours
and B16F10-R tumours (one-way ANOVA test, Tukey); ns, not statistically significant; *** p < 0.001;

% p < 0.0001.
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3.3. Aspirin Could Inhibit BI6F10-R Tumour Growth

To further confirm whether tumour-acquired resistance to anti-PD-1 therapy was
due to decreased immune cell infiltration, we investigated the effects of inhibitors that
increased immune cell infiltration. Aspirin is a non-selective inhibitor of COX1/COX2
which can inhibit the expression of COX in tumour cells and then inhibit the production of
PGE2, decreasing the infiltration of immune cells into tumours [27]. Next, we evaluated
the tumour growth by combination therapy with aspirin and pembrolizumab in B16F10-
R tumour cells. Human Pdcdl transgenic C57BL/6] mice were injected with aspirin,
pembrolizumab, or PBS. Notably, tumour growth in the group treated with pembrolizumab
alone was not affected compared to that in the PBS group. In addition, aspirin alone did
not inhibit tumour growth. However, the combination of aspirin and pembrolizumab
considerably inhibited tumour growth in B16F10-R tumour cells compared with that in the
PBS group (Figure 3A).
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Figure 3. Effects of aspirin combined with pembrolizumab on B16F10-R tumour growth in vivo.
(A) Growth curves of B16F10-R tumours in vivo treated with pembrolizumab, ASA, or PBS
(n = 6-8/group, two-way ANOVA test, Tukey). (B) Differences in the number of infiltrating lympho-
cytes in B16F10-R tumours treated with ASA (one-way ANOVA test, Tukey). (C,D) RT-PCR analysis
of ptgs1 (C) and ptgs2 (D) mRNA expression in B16F10-NR and B16F10-R tumours. GAPDH mRNA
expression was used as the control (1 = 8/group, unpaired, two-tailed # test); ns, not statistically
significant; ** p < 0.01; *** p < 0.001; *** p < 0.0001.
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Next, we examined the TME using flow cytometry analysis, which showed that
the infiltration of CD3+, CD4+, and CD8+ T cells was markedly increased in the two
aspirin groups with or without pembrolizumab (Figures 3B and S2). In addition, NK cell
infiltration notably increased (Figures 3B and S2). These results suggest that aspirin can
increase immune cell infiltration in tumours and overcome anti-PD-1 resistance.

3.4. COX2 Inhibitor Can Inhibit B16F10-R Tumour Growth and Recover Immune Cell Infiltration

Since aspirin is a non-selective inhibitor that inhibits both COX1 and COX2, we wanted
to determine which, if any, played a more important role in tumour-acquired resistance.
Thus, we verified the difference in the expression of COX1/COX2 in B16F10-R and B16F10-
NR tumour tissues via RT-qPCR to estimate the relative abundance of COX1/COX2 mRNA.
B16F10-R tumours exhibited significantly higher mRNA levels of both COX1 and COX2
than B16F10-NR tumours (Figure 3C,D).

To determine whether COX1 or COX2 was more vital, the selective COX1 inhibitor SC560
and selective COX2 inhibitor celecoxib were used in combination with pembrolizumab. We
found that SC560 combined with pembrolizumab did not affect tumour growth (Figure 4A),
whereas celecoxib effectively restricted tumour growth when combined with pembrolizumab
(Figure 4B). In addition, nimesulide, another selective COX2 inhibitor, inhibited tumour
growth in combination with pembrolizumab (Figure S3). Moreover, lymphocyte infiltration
in the TME increased significantly after celecoxib treatment (Figures 4D and S4). However,
these phenomena were not detected in the SC560 group (Figures 4C and S5). In addition,
we also found that BI6F10-R tumours exhibited significantly higher protein levels of COX2
than B16F10-NR tumours (Figure S6). Consistently, we also found that B16F10-R tumours
secreted significantly higher levels of PGE2 than B16F10-NR tumours in vitro (Figure S7A).
These results indicated that COX1 had no effect, but COX2 had a crucial effect on the devel-
opment of acquired resistance in tumours. Thus, the inhibition of COX2 could effectively
overcome drug resistance.

3.5. COX2 Knockout Abrogated the Acquired Resistance to Anti-PD-1 Treatment in BI6F10-R
Tumour Cells

To further verify the role of COX2 in the development of acquired resistance to anti-
PD-1 treatment, we knocked out COX2 in B16F10-R tumour cells (Figures 5A and S6), and
we found that PGE2 secretion was significantly reduced in B16F10-R-knockout tumours
compared with B16F10-R tumours in vitro (Figure S7B). After COX2 knockout, anti-PD-
1 therapy exhibited obvious therapeutic effects on drug-resistant tumours (Figure 5B),
where lymphocyte infiltration was significantly increased in the TME (Figure 5C). Next, we
compared the growth of B16F10-R tumours and B16F10-R-knockout tumours following
anti-PD-1 treatment. There was no significant change in tumour growth without anti-PD-1
treatment; however, tumour growth was significantly inhibited after anti-PD-1 treatment
(Figure 5D). Flow cytometry analysis showed that B16F10-R-knockout tumours had sig-
nificantly more infiltrating immune cells than B16F10-R tumours did (Figures 5E and S8).
This indicated that the increased infiltration of lymphocytes was caused by the knockout of
COX2. However, without pembrolizumab, the tumour would have immune escape due to
the PD-1/PD-L1 pathway. Moreover, the continuous blocking of the PD-1/PD-L1 pathway
can have significant inhibitory effects.

3.6. EP4 Inhibitor Could Inhibit B16F10-R Tumour Growth

Most of the functions of PGE2 are mediated by four PGE2 receptors, EP1, EP2, EP3,
and EP4 [28]. PGE2 inhibits the killing, cytokine production, and chemotactic activity of
tumour target cells by interacting with EP4, which is expressed on NK cells [29]. EP4 is
associated with drug resistance in tumours [30,31]. Therefore, we hypothesised that EP4 is
related to acquired resistance to anti-PD-1 therapy in B16F10-R tumours. We used E7046,
a selective EP4 inhibitor, in combination with pembrolizumab to treat BI6F10-R tumours
in vivo. We found that E7046 combined with pembrolizumab inhibited tumour growth;
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however, the other two groups showed no significant inhibition compared to the PBS group
(Figure 6A). Additionally, infiltrating immune cells were detected in the TME. We observed
that the infiltrating immune cells contained CD3+, CD4+, and CD8+ T cells, as well as
NK cells, and that their numbers increased significantly in the E7046 and E7046 + PD-1
groups relative to the other two groups (Figures 6B and S9). These results indicated that the
EP4 receptor may be associated with the acquisition of resistance to anti-PD-1 therapy in
B16F10-R cells. Thus, the inhibition of EP4 receptors can effectively address drug resistance.
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Figure 4. Effects of SC560 or celecoxib combined with pembrolizumab on B16F10-R tumour growth
in vivo. (A) Growth curves of B16F10-R tumours in vivo treated with pembrolizumab, SC560, or
PBS (n = 6-8/group, two-way ANOVA test, Tukey). (B) Growth curves of B16F10-R tumours in vivo
treated with pembrolizumab, celecoxib, or PBS (n = 6-8/group, two-way ANOVA test, Tukey).
(C) Differences in the number of infiltrating lymphocytes cells in BI6F10-R tumours treated with
celecoxib (one-way ANOVA test, Tukey). (D) Differences in the number of infiltrating lymphocytes in
B16F10-R tumours treated with SC560 (one-way ANOVA test, Tukey); ns, not statistically significant;

*p < 0.05;* p < 0.01; *** p < 0.0001.
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Figure 6. Effects of E7046 combined with pembrolizumab on B16F10-R tumour growth in vivo.
(A) Growth curves of B16F10-R tumours in vivo treated with pembrolizumab, E7046, or PBS
(n = 6-8/group, two-way ANOVA test, Tukey). (B) Differences in the number of infiltrating lympho-
cytes in B16F10-R tumours treated with E7046 (one-way ANOVA test, Tukey); ns, not statistically
significant; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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4. Discussion

Malignant tumours can lead to the inactivation of cytotoxic T cells after PD-1 binds
to its ligand via the upregulation of PD-L1 expression. Therefore, anti-PD1 or anti-PD-L1
monoclonal antibodies can restore the immune inhibition of tumour growth by blocking the
PD-1/PD-L1 pathway. In several cancer types, pembrolizumab has considerably increased
patient survival through its therapeutic inhibition of PD-1 [32]. Although anti-PD-1 or
anti-PD-L1 drugs are promising for cancer therapy, there are still many problems to be
solved. In general, the objective response rates of anti-PD-1 or anti-PD-L1 monoclonal
antibodies are nearly 10-50% in most patients [33]. In addition, patients treated with
pembrolizumab for a long time are prone to drug resistance [34], thus allowing the tumour
to use other signalling pathways for immune escape. Therefore, it is important to study
how tumour cells develop resistance to anti-PD-1 treatment.

In this study, we established a melanoma mouse model of BI6F10 tumour resistance
to anti-PD-1 treatment using four rounds of pembrolizumab therapy and selection in vivo.
Additionally, human Pdcd1 transgenic C57BL/6] mice were used to study secondary drug
resistance. After four rounds of treatment, B16F10 tumours became resistant to pem-
brolizumab in vivo. This resistance persisted in cultured B16F10 cells in vitro, suggesting
that the acquired resistance was caused by hereditary changes in tumour cells.

The detection of PD-L1 expression on the tumour surface ruled out the possibility that
a decrease in its expression led to immune escape of the B16F10-R tumour. Flow cytometry
analysis of the TME revealed that the number of infiltrating immune cells, including CD3+,
CD4+, and CD8+ T cells, as well as NK cells, was considerably reduced in B16F10-R
tumours compared to that in BI6F10-NR tumours. We speculated whether the reduction in
immune cell infiltration in B16F10-R tumours resulted in tumour immune escape against
anti-PD-1 therapy.

The COX2-PGE2 pathway has been reported to be involved in the infiltration of NK
and T cells in tumours [30]. In addition, it has also been reported that COX inhibitors can
treat tumour patients who have been resistant to other therapies [35]. Thus, inhibiting
COX2 may provide a chance to reduce immune escape in tumours [22-37]. Therefore, we
used aspirin to treat drug-resistant tumours and showed that aspirin alone did not affect
tumour growth, but its combination with pembrolizumab significantly inhibited tumour
growth in mice.

RT-qPCR results showed that the expression of COX1/COX2 was significantly higher
in drug-resistant tumours than in wild-type tumours. The combination of selective in-
hibitors of COX1/COX2 with pembrolizumab indicated that COX2 may be the main reason
for the development of drug resistance. Therefore, we knocked out the ptgs2 gene in
drug-resistant tumour cells to verify the function of COX2 in tumour drug resistance. After
knockout, the sensitivity of drug-resistant tumours to pembrolizumab changed significantly.
In addition, infiltrating lymphocytes in the TME increased dozens of times. These results
illustrate that COX2 expression is highly correlated with tumour drug resistance.

Subsequently, we targeted EP4 receptors, which were one of downstream receptors of
PGE2, and found that EP4 was associated with drug resistance in some tumours. Moreover,
we found that E7046, an inhibitor of EP4, combined with pembrolizumab, inhibited the
growth of drug-resistant tumours and restored lymphocyte infiltration in the TME. This
result also revealed the crucial function of the COX2/PGE2/EP4 pathway in tumour
drug resistance.

In all the animal experiments related to drug-resistant tumours, we observed two
common phenomena. First, the use of a single inhibitor or pembrolizumab alone did
not affect tumour growth, and only a combination of therapies inhibited tumour growth.
Second, as long as COX2-related inhibitors were used, the number of infiltrating immune
cells in the tumours increased significantly. To explain these two phenomena, we postulated
that after the tumour acquired drug resistance, the expression of PD-L1 on the tumour cell
surface did not decrease, but the lymphocytes in the tumour were significantly reduced.
When only pembrolizumab was used, no effect was observed, probably due to the extreme
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lack of immune cells. When only COX2-related inhibitors were used, the lymphocytes
in the tumour recovered, but the tumour still expressed PD-L1, and immune escape was
carried out through the PD-1/PD-L1 pathway; hence, there was no overall effect. Tumour
growth can only be effectively inhibited by simultaneous blocking of the PD-1/PD-L1
pathway and restoration of lymphocyte infiltration in the TME with COX2 inhibitors.

In summary, upregulation of COX2 might be the reason for tumour-acquired resis-
tance to anti-PD-1 therapy. Our work demonstrated that COX2 inhibitors could promote
pembrolizumab efficacy and inhibit tumour growth in a drug-resistant model. Mechanisti-
cally, celecoxib inhibited the COX2 effect and suppressed PGE2 production, which in turn
elevated the infiltration of CD3+, CD4+, and CD8+ T cells, as well as NK cells, resulting in
the suppression of tumour growth.

Tumour drug resistance is a complex process caused by a range of situations. The
results of our study may only reveal one of the causes of tumour-acquired resistance to
anti-PD-1 therapy, and further research, including clinical tests, is needed to verify their
applicability. Nonetheless, our findings further our understanding of the mechanisms
underlying drug resistance in tumours. Furthermore, we identified a new role for the COX2
signalling pathway in anti-PD-1-resistant tumours. Our study suggests that elevated COX2
expression is a potential biomarker of poor immunotherapy response in anti-PD-1-resistant
tumours. The dual targeting of PD-1 and COX2 in tumours may enhance the efficacy of
immune checkpoint therapy and overcome drug resistance to anti-PD-1 therapy. This
is an important addition to our current understanding of tumour-acquired resistance to
anti-PD-1 therapy and provides research directions for developing a clinical treatment for
anti-PD-1-resistant tumours and immunotherapy.

5. Conclusions

In conclusion, we developed an anti-PD-1-resistant B16F10 tumour model using
human Pdcd1 transgenic mice. Lymphocyte infiltration was significantly reduced and
COX2 gene expression was increased in B16F10-R tumours compared with B16F10-NR
tumours. Moreover, COX2 inhibitors could restore the immune cell infiltration in tumour,
and the combination with pembrolizumab could inhibit tumour growth again, lifting the
limitation of drug resistance. Therefore, the combination of COX2 inhibitors and anti-PD-1
mAbs may become a new choice for the drug resistance of anti-PD-1 therapy in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14174134 /s1, Figure S1: Construction of B16F10 tumour
model resistant to anti-PD-1 therapy. (A,B) Tumour growth curves for rounds five and rounds six of
anti-PD-1 resistant B16F10 tumour selection (n = 6/group, two-way ANOVA test, Sidak); Figure S2:
Flow scatter diagrams of lymphocyte infiltration in B16F10-R tumours treated with ASA. (A) Flow
scatter diagram of T cell infiltration. (B) Flow scatter diagram of NK cell infiltration; Figure S3:
Tumour growth curves of BI6F10-R tumour in vivo treated with pembrolizumab, nimesulide or PBS
(n = 6-8/group, two-way ANOVA test, Tukey); Figure S4: Flow scatter diagrams of lymphocyte
infiltration in B16F10-R tumours treated with CXB. (A) Flow scatter diagram of T cell infiltration.
(B) Flow scatter diagram of NK cell infiltration; Figure S5: Flow scatter diagrams of lymphocyte
infiltration in B16F10-R tumours treated with SC560. (A) Flow scatter diagram of T cell infiltration.
(B) Flow scatter diagram of NK cell infiltration; Figure S6: Western blot analysis for COX2 expression.
GAPDH was the control in the two cell lines (one-way ANOVA test, Tukey); Figure S7: Concentration
of PGE2 in the supernatant of tumour cells cultured in vitro. (A) Concentration of PGE2 of B16F10-NR
or B16F10-R tumour cells cultured in vitro which was determined by ELISA (n = 6/group, unpaired,
two-tailed f test). (B) Concentration of PGE2 of B16F10-R or B16F10-R-knockout tumour cells cultured
in vitro which was determined by ELISA(n = 6/group, unpaired, two-tailed f test); Figure S8: Flow
scatter diagrams of lymphocyte infiltration in BI6F10-R or B16F10-R-knockout tumours. (A) Flow
scatter diagram of T cell infiltration. (B) Flow scatter diagram of NK cell infiltration; Figure S9: Flow
scatter diagrams of lymphocyte infiltration in BI6F10-R tumours treated with E7046. (A) Flow scatter
diagram of T cell infiltration. (B) Flow scatter diagram of NK cell infiltration.
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with epigenetic adjuvants greatly potentiates ICB in ex vivo 3D testing platforms and in vivo tumor
models. We further find that epigenetic priming induces increased tumor secretion of several key
cytokines known to augment T and NK cell activation and cytotoxicity, including IL-6, IP-10 (CXCL10),
KC (CXCL1), and RANTES (CCLS5). Moreover, epigenetic priming alone and in combination with
ICB immunotherapy in patient-derived PDOTS induces rapid upregulation of CD69, a reliable early
activation of immune markers in both CD4+ and CD8+ T cells. Consequently, this functional precision
medicine approach could rapidly identify personalized therapeutic combinations able to potentiate
ICB, which is a great advantage, especially given the current clinical difficulty of testing a high
number of potential combinations in patients.

Keywords: PDOTS; ovarian cancer; ascites; epigenetic; methylation; ICB; PD-L1; PD-1

1. Introduction

High-grade serous ovarian cancer (HGSOC) represents more than 70% of all epithelial
ovarian cancers and is responsible for the vast majority of gynecologic-related deaths [1-3].
Despite an initially robust clinical response to platinum-based chemotherapy, HGSOC has
a high mortality rate, as patients often relapse within 2 years following diagnosis [4-7].
Patients with BRCA-mutated HGSOC receive additional treatment in the form of poly-ADP
ribose polymerase inhibitors (PARPi), but regularly develop resistance to these therapies as
well [8]. Unfortunately, there are no long-term viable therapeutic options for HGSOC pa-
tients with intrinsic or acquired platinum resistance, although some responses have recently
been seen with a folate receptor alpha-targeted antibody-drug conjugate (ADC) [4-7,9].
Furthermore, despite impressive immuno-oncology (IO) advances in lung, head and neck
cancers, and melanomas, several limitations remain. Multiple tumor subtypes, including
HGSOC, are notoriously resistant to immunotherapy. Multiple clinical trials of ovarian
cancer patients receiving immune checkpoint blockade alone (ICB) and in various combi-
nations are currently being evaluated. To date, clinical trial response rates seen in HGSOC
patients receiving immune checkpoint blockade have been limited (<15%) [10]. Current
research in the field has shifted towards maximizing ICB efficacy through the use of com-
bination treatments [11]. These combinations include PARPis, anti-angiogenic therapies,
cytokine therapy, and chemotherapy [12,13]. Although these results are more promising
compared to immunotherapy alone, there is still an urgent need to develop accurate testing
platforms and ICB response biomarkers for use in clinical trials.

Several ICB inhibitors against cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
programmed cell death protein 1 (PD-1), and/or programmed death-ligand 1 (PD-L1)
have been approved by the FDA for the treatment of metastatic melanoma, advanced
kidney cancer, metastatic non-small cell lung cancer, and unresectable or metastatic triple
negative breast cancer [9,14,15]. These approved monoclonal antibodies (mAbs) for ICB
therapy include ipilimumab (xCTLA-4), nivolumab («PD-1), pembrolizumab («PD-1),
and atezolizumab («PD-L1) [16,17]. A high tumor mutation burden and increased PD-L1
expression in cancer cells have often been associated with effective ICB responses and
favorable prognosis in multiple tumor subtypes [18,19]. The presence of CD8+ T cells
inside the tumor or at the tumor periphery, known as tumor-infiltrating lymphocytes
(TILs), and increased PD-1 expression within T cells have also been associated with a more
robust clinical response and outcome [18,19]. The current study further investigates the
functionality of effector T cells in newly diagnosed HGSOC patients to better understand the
low response to ICB in HGSOC clinical trials. To this end, we analyzed brisk (high) tumor-
infiltrating lymphocytes (TILs) that infiltrate diffusely within the tumor and compared
them to non-brisk (low) TILs that show only focal infiltration or absent TILs (no TILs or
minimal TIL infiltration), respectively. We further sought to identify therapeutic strategies
to potentiate immune activation and function.
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Specifically, we employed epigenetic priming to reverse aberrant changes in DNA
methylation, which is a key mechanism that enables tumor cells to evade the immune sys-
tem, induce tolerance and develop resistance to ICB [20-38]. Specifically, DNA methylation
is known to play a key role in modulating cytotoxic T cell function and exhaustion, while
decreased tumor PD-L1 expression is associated with hypermethylation [20-38]. Conse-
quently, epigenetic reprogramming strategies may be beneficial in cancer immunotherapy
by modulating immune cell differentiation, proliferation and function while reversing
escape mechanisms employed by cancer cells [20-39]. The discovery of the ten-eleven
translocase (TET) family of 5-mC hydroxylases, including TET1, TET2 and TET3, which
convert 5-methylcytosine (5-mC) to 5-hydroxylmethylcytosine (5-hmC), has uncovered new
layers of epigenetic modifications in cancer. Most importantly, global genome methylation
levels and, specifically, changes in 5-hmC expression have been identified as a sensitive
predictor for patient prognosis and therapeutic response in multiple solid tumors, including
ovarian cancer [39]. Thus, global 5-hmC loss is associated with a decreased response to
standard chemotherapy, shorter time to relapse and poor overall survival in patients newly
diagnosed with HGSOC [39]. We have further identified a targetable pathway to reverse
epigenetic 5-hmC loss, both genetically and pharmacologically [39]. Interestingly, epige-
netic priming enables the rescue of 5-hmC loss, reduces the number of cancer stem cells,
restores sensitivity to platinum chemotherapy, and increases overall survival in chemore-
sistant animal models [39]. Consequently, identifying prognostic epigenetic markers and
altering therapeutic regimens to incorporate DNA methyl transferase inhibitors (DNMTi) in
highly methylated tumors with poor prognosis could have important clinical implications
for treatment in newly diagnosed HGSOC patients.

The current study shows that epigenetic priming potentiates ICB responses in tumor
models and ex vivo 3D patient-derived platforms. Interestingly, epigenetic priming using
5-azacytidine (5-aza), a DNMT], and givinostat, a histone deacetylase inhibitor (HDACi),
prior to ICB delivery, enhances TIL infiltration and overall survival in the murine ID8
tumor model [40]. As outlined in the elegant study by Stone et al., the ID8-VEGF model is
well suited and has been used extensively for ICB testing in ovarian cancer, as it is an im-
munocompetent model with an immunosuppressed tumor microenvironment (TME) [40].
However, it does not recapitulate HGSOC development since the ID8 parental cells are
derived from the murine ovarian surface epithelium (OSE), while the vast majority of pa-
tient tumors originate in the distal fallopian tube rather than OSE [40]. More recently, novel
syngeneic HGSC models, which have a fallopian tubal origin, key genetic alterations, and
better recapitulate the clinical disease, have been described [41]. Consequently, additional
research is needed to assess whether this potentially synergistic combination is effective
in syngeneic models, which better recapitulate ICB responses [41], and in ex vivo testing
platforms utilizing patient samples [42—44]. Our results indicate that epigenetic priming
mediates the rapid secretion of key tumor-derived cytokines known to augment T and NK
cell activation and cytotoxicity, including IL-6, IP-10 (CXCL10), KC (CXCL1), and RANTES
(CCLY5). It further upregulates the early activation of immune markers in both CD4+ and
CD8+ T cells and potentiates ICB responses in ex vivo patient-derived platforms and in vivo
syngeneic HGSOC models. The development of novel microfluidic devices embedded
with patient-derived organotypic tumor spheroids (PDOTS) and autologous immune cells
is key for the rapid IO testing of clinical samples. Here, we report the optimization of a
3D immuno-oncology PDOTS platform for ex vivo screening of HGSOC-derived ascites,
which has broad implications for interrogating systemic immune and circulating tumor cell
responses. The implementation of a predictive IO testing platform will allow for the rapid
screening of a large number of personalized therapeutic combinations prior to their testing
in patients.
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2. Materials and Methods
2.1. Digital Spatial Profiling of the Tumor-Immune Microenvironment

Digital spatial profiling (DSP) of tumor samples was performed on the GeoMx platform
(NanoString, Seattle, WA, USA) [45]. Regions of interest (ROIs) were selected by a board-
certified pathologist. Immunofluorescence for pan-Cytokeratin (tumor marker), CD45 (im-
mune marker), and SYTO 13 (DNA stain) (NanoString Technologies, GMX-PRO-MORPH-HST-
12) guided the selection of ROIs. Samples were incubated with 77 oligonucleotide-conjugated
and photocleavable antibodies (NanoString Technologies, GMX-PROCO-NCT-HICP-12, GMX-
PROMOD-NCT-HICT-12, GMX-PROMOD-NCT-HIAS-12, and GMX-PROMOD-NCT-HIODT-
12) as well as negative and positive controls. After incubation and imaging, the ROIs were
segmented into pan-CK+ (tumor) and pan-CK— (stroma) areas. Oligo tags were released from
the areas of illumination (AOISs) via targeted exposure to ultraviolet radiation, followed by
hybridization and counting using the NanoString GeoMx nCounter system [45]. The GeoMx
DSP Data Analysis Suite (v2.4.0.421) was used to evaluate the raw count data output from the
nCounter platform. Initial QC was performed using the default parameters.

2.2. Tumor Cell Culture Assays

A2780Res and Kuramochi cells were cultured in RPMI base medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. BPPNM, KPCA.A,
KPCA.B, and KPCA.C cells were all cultured in a DMEM base medium supplemented with
10% FBS, 1% penicillin-streptomycin, 10 ng/mL epidermal growth factor (Sigma Aldrich,
E4127-1IMG), 5 mL of 100x insulin—transferrin—selenium (Fisher Scientific, 41400045,
Waltham, MA, USA), and 100 ng/mL of cholera toxin (Sigma Aldrich, 227036-1MG, Burling-
ton, MA, USA). Human ascites samples were cultured in a base medium of RPMI supple-
mented with 10% FBS and 1% penicillin-streptomycin.

Frozen peripheral blood mononuclear cells (PBMCs) purchased from STEMCELL
(70025) were thawed and washed in 5 mL of RPMI with 10% human serum (Sigma-Aldrich,
H5667), 1% penicillin-streptomycin, and 200 uM of L-Glutamine (Gibco, 25030149, Billings,
MT, USA). The washed PBMCs were suspended in 1 mL of the complete medium at 37 °C
for 45 min. Then, T cells were isolated using the EasySep™ Human T Cell Isolation Kit
(STEMCELL, 17951, Tokyo, Japan), immediately followed by activation using the Human T
Cell Activation/Expansion Kit (Miltenyi Biotec, 130-091-441, Bergisch Gladbach, Germany),
according to the manufacturer’s instructions. The activated T cells were cultured in the
complete medium with 100 U/mL of human IL-2 (ThermoFisher, PHC0021, Waltham,
MA, USA), and the medium and IL-2 were refreshed every three days. After 14 days of
activation, the T cells were used for the downstream assay by day 35.

2.3. Assessment of Global Methylation (5-hmC) Levels in HGSOC

A2780Res, BPPNM, and KPCA.A cells were plated at 50,000 cells per well in a Falcon
8-well culture slide. After waiting 24 h for the cells to adhere, the medium was removed and
replaced with 5-aza-treated medium. Aliquots of 5-aza (Sigma Aldrich, A2385-100MG) were
thawed prior to each treatment and diluted to 1000 their final concentration in DMSO
prior to a final 1:1000 dilution using the supplemented cell culture medium. Controls
were treated with an equivalent volume of DMSO in supplemented cell culture medium.
Treatment was readministered 48 h after initial cell plating; 72 h after initial cell plating, the
cells were washed twice using 1x PBS and fixed for 30 min using 4% paraformaldehyde.
After fixation, the cells were permeabilized for 15 min using 0.5% Triton X-100. Cell DNA
was then denatured using 2N HCl for 30 min. The acid was then neutralized by adding
100 mM Tris-HCl (pH 8) for 10 min. All samples were then washed three times using 1x PBS
supplemented with 0.6 uM EDTA. A blocking buffer consisting of 1x PBS supplemented
with 5% goat serum and 0.3% Triton X-100 was then used to block the samples for 60 min.
Then, 5-hmC (Active Motif, 39769, Carlsbad, CA, USA; 1:800) primary antibody dilutions
consisting of 1x PBS with 1% BSA and 0.3% Triton X-100 were added to the respective
samples and incubated overnight at 4 °C. The following day, the samples were washed

218



Cancers 2023, 15,4128

three times with 0.1% PBS-T and incubated with an AF488 goat anti-rabbit secondary
antibody (Invitrogen #A11008, 1:1000) for 60 min in the dark. After another three washes
using 0.1% PBS-T, the samples were briefly dipped in deionized water to dissolve any
excess salts from the PBS and DAPI was applied for nuclear staining. The samples were
imaged on an EVOS FL Auto 2 microscope after adding coverslips. For quantification, three
images were taken at 20X magnification and positive cells were counted using the Image]
software (v1.53f).

2.4. Tumor-Derived Secreted Cytokine/Chemokine Profiling in Response to DNMTIs

KPCA.A, KPCA.B, and KPCA.C cell lines were seeded at 150,000 cells per well in a
6-well tissue culture plate and allowed to grow for 48 h. The cells were washed twice with
1x PBS and replenished with serum-free DMEM medium alone or containing 10 uM 5-aza.
Azacytidine was replenished every 24 h. After 72 h, the cell culture supernatants were
collected on ice, centrifuged to remove any cell debris, and then flash-frozen on dry ice.
The secreted cytokines and chemokines were profiled using the Mouse Cytokine 44-Plex
Discovery Assay from Eve Technologies (Calgary, AB, Canada).

2.5. Optimization of Patient-Derived Organotypic HGSOC Spheroids (PDOTS) in 3D
Microfluidic Devices

Patient tissue studies reviewed and approved by the Institutional Review Board of
Brigham and Women’s Hospital (#2006P002438) and Dana Farber Cancer Institute (#02-051)
were conducted in accordance with the Declaration of Helsinki. Patient-derived tumor
ascites samples were collected using paracentesis and centrifuged into a cell pellet. The
supernatant was aspirated, and the pellet was resuspended in ACK lysis buffer (Thermo
Fisher, A1049201). After maximum hemolysis was observed, 1x PBS was added to the
sample and centrifugation was repeated to ensure removal of red blood cells and hemolytic
products. The final cell pellet was slightly agitated to promote the resuspension of the cells
as spheroids. The resuspended sample was then filtered through 100 um and 40 um filters
to generate three spheroid fractions: 51 (>100 um), S2 (40-100 pm), and S3 (<40 pum). S2
fractions containing both tumor and immune cells within the tumor-immune microenvi-
ronment were used for ex vivo cultures of solid HGSOC tumor samples, as previously
described [43,44]. S2 + S3 fractions containing circulating tumor spheroids and systemic
immune cells were used for ex vivo cultures of HGSOC tumor ascites samples. On ice, a
mixture of 3.00 ng/mL collagen, 1x phenol red, and distilled water was adjusted to a pH
of 7.3-7.4 with 0.5 N NaOH. The S2 + S3 fraction of spheroids were pelleted again using
centrifugation at 300x g for 3 min. This pellet was resuspended in the collagen mixture
and 10 uL of this spheroid-collagen mixture was loaded into an IdenTx microfluidic device
(AIM Biotech, DAX-1) as previously described [43,44]. The devices were incubated at 37 °C
for 35—40 min to allow the collagen to polymerize and form a matrix. After polymeriza-
tion, 300 uL. of RPMI medium supplemented with 10% FBS, 1% penicillin-streptomycin,
and 100 U/mL IL-2 (Miltenyi Biotec, 130097746) was divided equally between the four
medium ports. For treatment conditions, various concentrations of 5-aza, HDACi, PARPi
(Talazoparib, AbMole Biosciences, BMN637, Houston, TX, USA), «PD-1 (Fisher Scientific,
501360845), aPD-L1 (Fisher Scientific, 501360846), and cisplatin (Patterson Vet, 07-893-4099,
Loveland, CO, USA) were administered. The medium was replenished on the third day of
incubation for all conditions.

For tumor spheroid-T cell co-culture studies, Kuramochi tumor cells were cultured
in a 6-well ULA plate (Corning, CLS3471-24EA, Corning, NY, USA) at 500,000 cells per
well for 24 h. After spheroid formation occurred, the cells were filtered through a 100 um
filter and a subsequent 40 um filter. The 40-100 nm spheroids isolated by filtration were
collected and labeled as the S2 fraction. The S2 fraction was mixed with T cells isolated
from PBMCs at a ratio of 1:3 in the collagen mixture listed previously. The co-culture was
then loaded into the IdenTx microfluidic devices following the above procedure, with
40,000 cells loaded into each cell port. The medium used was composed of 5% human
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serum, 5% FBS, 1% penicillin-streptomycin, 100 uM L-glutamine, and 6000 U/mL IL-2.
Media treatment conditions were 2 uM 5-aza and 2 uM HDACH; 200 ug/mL «PD-1 and
aPD-L1; and 2 uM 5-aza, 2 uM HDACi, 200 ug/mL aPD-1 and «PD-L1. Devices were
stained for live-dead analysis after 3 days of culture.

2.6. Immunofluorescent Imaging of PDOTS

After approximately 24 h in an untreated device, the medium was drained from the
wells and replaced with a 1:100 dilution of FcR block (Miltenyi, 130-059-901, Tokyo, Japan)
in 1x PBS. After a 15 min incubation, the blocking reagent was replaced with an antibody
solution (Table S1) at 1:100 each with 1 pug/mL of Hoechst 33,342 in 1x PBS. Panel 1 was
used for PDOTS derived from primary tumor samples, and panel 2 was used for PDOTS
derived from ascites samples. After a 15 min incubation, the medium channels were
washed twice with 1x PBS before imaging using an inverted Nikon Eclipse Ti microscope
equipped with Nikon DS-QilMc camera and NIS-Elements software. Live-dead analysis
was performed on separate samples to determine cell viability in each treatment condition
following 5-7 days of treatment. A 1:1 solution of AO/PI stain (Nexcelcom, CS52-0106,
Lawrence, MA, USA) in 1 x PBS was made and 20-30 pL of this solution was added to each
device after the medium was drained. After a 5 min incubation with the stain, the devices
were imaged using a Nikon Eclipse Ti microscope. Using this software, the number of live
cells stained with acridine orange (AO) and dead cells stained with propidium iodide (PI)
were quantified for analysis.

2.7. Identification of Early Markers of Immune Activation in CD4+ and CD8+ T Cells

Patient-derived solid tumor samples were collected surgically and cut into approxi-
mately 2 cm? pieces, avoiding any fatty or fibrotic material. 2 to 3 of these pieces were placed
into a 15 mL centrifuge tube containing approximately 4 mL of warm digestion buffer
composed of RPMI base medium supplemented with 10% FBS, 1% penicillin-streptomycin,
100 U/mL collagenase type IV (Gibco, 17104019), and 50 ug/mL Dnase I (Sigma-Aldrich,
04716728001). The tumor was minced with sterile scissors for approximately 2 min, af-
ter which the supernatant was transferred to a separate tube containing only RPMI with
10% FBS and 1% penicillin-streptomycin. The digestion medium was replaced, and this
process was repeated about three times. The resulting cells were pelleted and resuspended
in a 6-well ULA plate containing the RPMI medium supplemented with 10% FBS, 1%
penicillin-streptomycin, and 100 U/mL IL-2. Separate wells were treated with the follow-
ing conditions: control, 2 uM of 5-aza and 2 uM of HDACH, 200 ug/mL of aPD-1 and
aPD-L1, and a combination of all therapies. The cells were left to incubate for 24 h.

2.8. Flow Cytometry of Immune Cells

In total, 1-2 mL of the S2 + S3 patient ascites fraction was centrifuged and trypsinized
to dissociate tumor spheroids within the sample. After 5 min, the trypsin was quenched
with medium, and the cells were pelleted. The cells were washed with 1x PBS and pelleted
again. Afterwards, the samples were incubated in the dark with Zombie NIR viability dye
(Biolegend, 423105, Tokyo, Japan) resuspended in 1 x PBS for 15 min. The cells were then
washed again with 1x PBS supplemented with 2% FBS (FACS Buffer) and pelleted. Block-
ing was done using a 1:100 FcR blocking reagent (Miltenyi, 130-059-901) in FACS bulffer.
After 15 min of blocking, the cells were stained with their respective antibodies (Table S2)
and resuspended in FACS buffer for another 15 min. Panel 1 focused on T cells/PD-1
expression and consisted of antibodies for CD45, CD3, CD8, CD4, and PD-1. Panel 2
focused on PD-L1 expression and consisted of antibodies for CD45, EPCAM, and PD-L1.
After staining, the cells were fixed with either 2% formaldehyde or 4% paraformaldehyde
in the dark for 30 min, washed with 1.5 mL of FACS buffer, and pelleted. The cells were
resuspended in 200 uL of the FACS buffer and analyzed using a BD LSR Fortessa. Data
gating and analysis were done using the Flow]Jo 2 software. Gating descriptions can be
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found in Table S3. For the solid S1 patient sample, the above protocol was followed using
the antibody panel listed in Table S4.

2.9. Assessment of Therapeutic Efficacy in Syngeneic HGSOC Models

The animal studies were reviewed and approved (#2016N000212) by the Institutional
Animal Care and Use Committee (IACUC) of Brigham and Women’s Hospital. Tumor
engraftment was completed through intraperitoneal injection on 6-week-old immunocom-
petent C57BL/6] female mice (Jackson Laboratories, Strain #000664, Bar Harbor, ME, USA)
with 3.7 x 106 KPCA.B cells resuspended in a 1:1 solution of 1x PBS and Matrigel (Corn-
ing, 354234). The mice were treated with intraperitoneal injection of 5-aza resuspended
in 1x PBS at 4 mg/kg, HDAC] resuspended in 1x PBS at 2 mg/kg (Fisher Scientific,
0000001045), 50 ug of «PD-L1 (Bio X Cell, BE0101, Lebanon, NH, USA) diluted in a 6.5 pH
dilution buffer (Bio X Cell, IP0065), and 50 ug of xCTLA-4 (Bio X Cell, BE0131) diluted
in a 7.0 pH dilution buffer (Bio X Cell, IP0070). A total of four conditions were utilized:
control, 5-aza and HDAC] treatments four times a week on alternating weeks, «PD-L1 and
xCTLA-4 treatments twice a week, and 5-aza and HDAC! treatments four times a week on
alternating weeks, with «PD-L1 and «CTLA-4 treatments twice every week. Tumor burden
was quantified by isolating and measuring all tumors at necropsy. Tumor engraftment
was considered successful if the final tumor mass was greater than 50 pg. Mice with
unsuccessfully engrafted tumors (below threshold) were excluded in the study. Only mice
that survived past day 30 had their tumor masses quantified.

2.10. Statistical Analysis

Statistical analysis was completed for immunofluorescent imaging, cytokine analysis,
and live-dead imaging of patient-derived organoid tumor devices using the Prism 9
software. Paired two directional t-tests were used for cytokine analysis and a one-way
ANOVA, with post hoc Tukey tests, was used for all other statistical analysis. The results
were deemed significant if p values were equal to or less than 0.05 (p < 0.05). The results
are shown as mean =+ SD for in vitro studies and mean + SEM for in vivo studies. The
GeoMx DSP Data Analysis Suite (v2.4.0.421) was used to evaluate the raw count data
output from the nCounter platform. As the counts for the three housekeeping control
antibodies (Histone H3, GAPDH, and S6) were sufficiently high and concordant, we used
the geometric mean of all three for normalization. For statistical testing, the negative
controls (Ms IgG1, Ms IgG2a, and Rb IgG1) and the housekeeping genes (Histone H3
and GAPDH, S6) were removed, leaving 71 protein targets. Statistical significance was
determined using t-tests with Benjamini-Hochberg correction for multiple testing.

3. Results
3.1. Digital Spatial Proteomic Profiling of Patient TILs in HGSOC

Unlike melanoma, immunotherapeutic responses in HGSOC have been lower than
expected and longer-term cures have been hard to achieve with ICB, with clinical trial
responses seen in 10-15% of patients [46]. Furthermore, the hypoxic and acidic TME seen in
HGSOC can co-opt myeloid cells to promote a pro-tumorigenic and immune suppressive
phenotype while blocking immune cell proliferation, activation, and infiltration [46,47].
Three formalin-fixed paraffin embedded (FFPE) primary ovarian cancer patient samples
were selected for digital spatial proteomic (DSP) analysis by a board-certified pathologist.
From these 3 slides, 24 tumor and 16 stroma segments were identified and evaluated for
changes in immune-related protein expression. These segments were categorized according
to their level of infiltration: absent TILs, low TILs, and high TILs (Figures 1 and S1).
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Figure 1. GeoMx digital spatial profiling. The signal from absent TIL was set as baseline. (A) GeoMx
DSP proteomic analysis of tumor T cell activation markers; (B) tumor-immune checkpoint markers;
(C) and tumor myeloid activation markers in patient samples with high TILs, low TILs, and minimal
or absent TILs (* p < 0.05; ** p < 0.01; *** p < 0.001).

To investigate the functionality of effector T cells in heavily pretreated patients and
better understand the low response to ICB in HGSOC clinical trials, we analyzed high
(brisk) TILs that infiltrate diffusely within the tumor and compared them to low (non-brisk)
TILs that show only focal infiltration and absent TILs. We used the Nanostring GeoMx
platform, which allows spatial digital (microregional) single-cell proteomic profiling us-
ing 77 antibodies on a FFPE slide. Using this platform, we saw specific upregulation
of tumor T cell activation, immune checkpoint, and myeloid activation markers. DSP
analysis showed an increase by fold change (FC) in almost all T cell activation-associated
markers in tumor regions with high TILs compared to low or absent TILs (Figure 1A).
We found that immunostimulatory markers, such as CD25 (p = 0.02), CD127 (p = 0.02),
and CD27 (p = 0.01), were all upregulated in high TILs. As expected, the total number of
leukocytes in high TILs was higher than in absent TILs (CD45; p = 0.002). Additionally,
high TILs showed higher levels of total T cells (CD3; p = 0.02), cytotoxic T cells (CD8;
p =0.01), T helper cells (CD4; p = 0.01), and memory T cells (CD45RO). CD44, a cell adhe-
sion molecule involved in effector-memory T cell activation and cell migration [48], showed
the largest fold change increase in high TILs (p = 0.008). The results were tumor-specific
and stroma effects were relatively minor, although some markers followed similar trends
(Supplementary Figure S1).
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We also identified highly exhausted T cells with concurrent upregulation of multiple
immune checkpoint markers in high TILs (Figure 1B). Upregulation of immune checkpoint
markers characteristic of exhausted T cells was observed on high TILs, including PD-1,
B7-H3, VISTA, Tim-3, and LAG3. B7-H3 inhibits tumor antigen-specific immune responses.
Thus, brisk TILs showed increased expression of key immune checkpoint markers, such as
VISTA (p = 0.003), PD-1 (p = 0.03), and B7-H3 (p = 0.001), which are associated with T cell
exhaustion [49,50]. The functional severity of T cell exhaustion likely correlates with the
number and magnitude of immune checkpoint protein expression, especially VISTA.

Myeloid cell activation-associated markers in high TILs followed the same trend
as the T cell activation-associated markers (Figure 1C). Macrophage levels were found
to be increased in high TILs (CD68; p = 0.01). These increases involved both M1-like
macrophages (CD80; p = 0.01) and M2-like macrophages (CD163; p = 0.003). Interestingly,
the largest increase involved immunosuppressive M2 macrophages (CD163). Upregulation
of CD80, which has a crucial role in binding to CD28 and triggering activation of T cell
immune function [51], was also noticed in high TILs. In addition, the upregulation of
IDO1, which has immunosuppressive properties [52,53], was also present. Furthermore,
neutrophils (CD66b) were elevated, and they have been correlated with worse progression-
free survival and overall survival in other solid tumors [54,55]. Monocytes (CD14; p = 0.001),
conventional dendritic cells (CD11c; p = 0.04), and antigen-presenting cells (CD40; p = 0.01)
were all elevated in high TILs, with each being linked to either immunosuppression and/or
tumor proliferation [56-58]. The low (non-brisk) TILs reflected these immune-associated
differences, albeit to a lower extent, compared to non-TILs. Given the observed highly
immunosuppressive tumor microenvironment and highly exhausted TILs, we sought to
develop strategies that would enhance the potency of ICB immunotherapies, leading to the
enhanced functionality, migration, and target engagement of T cells to tumor cells.

3.2. Epigenetic Priming Reverses Loss of 5-hmC and Mediates Upregulation of Key
Tumor Cytokines

We previously reported that epigenetic priming increases sensitivity to standard
chemotherapies [38]. Given the low responses seen in ICB clinical trials in HGSOC and the
key role of DNA methylation in modulating responsiveness to ICB [20-37], we investigated
whether epigenetic priming could potentiate immunotherapies in this tumor subtype.
Similar to our previous results [38], we first confirmed that DNMTIs, such as 5-aza, can
be used to reverse global 5-hmC loss in HGSOC. We quantified 5-hmC expression in
response to 5-aza treatment in multiple tumor lines using immunofluorescence studies.
The ovarian cancer cell lines included human chemoresistant A2780Res and several murine
syngeneic HGSOC tumor lines with fallopian tubal origin and key genetic alterations
found in patients: BPPNM (Brcal ~/~; Trp53~/R172H; Pten=/—; Nfl~/~ Myc©F) and a series
of KPCA (Trp53~/R172H; Ccne1OF; Akt29F; KRASC12V) tumor lines with varying degrees of
immunotherapeutic resistance [39,41]. The KPCA cell line series consisted of a relatively
responsive tumor line (KPCA.B), partially resistant (KPCA.A), and resistant (KPCA.C)
tumor line to ICB therapy [59]. The percentage of 5-hmC positive cells showed a statistically
significant increase in response to 10 uM 5-aza for all lines (Figures 2A-D and S2), indicating
that 5-aza treatment leads to an increase in global demethylation in tumor cells similar
to our previous findings [39]. Specifically, the A2780Res human chemoresistant cell line
showed a significant increase in the percentage of 5-hmC positive cells at a concentration
of 10 uM (p < 0.05) and the syngeneic murine HGSC BPPNM and KPCA.A lines exhibited
similar trends at 10 uM with higher significance (p < 0.001, both) (Figure 2B-D).
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Figure 2. Effects of 5-azacytidine on tumor methylation and cytokine secretion. (A) Representative
images of A2780Res human DAPI (top) and 5-hmC (bottom) immunofluorescent staining in response
to increasing 5-aza concentrations. Scale bar, 100 um; (B) Quantification of 5-hmC levels in response to
5-aza treatment for A2780Res; (C) BPPNM and (D) KPCA.A; (E) Quantification of cytokine expression
with and without 5-aza treatment in KPCA.A; (F) KPCA.B and (G) KPCA.C (n = 6). (* p < 0.05;
**p <0.01;** p < 0.001; *** p < 0.0001).
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Next, we sought to investigate a potential mechanism of action for DNMTis to prime
and enhance the ICB response. We thus treated the three KPCA cell lines (KPCA.A, KPCA.B,
KPCA.C) for 72 h with 5-aza and observed changes in tumor-derived cytokine secretion
(Figure 2E-G). Conditioned tumor cell medium treated with 10 uM 5-aza showed upregula-
tion of 4 key cytokines—IL-6, IP-10 (CXCL10), KC (CXCL1), and RANTES (CCL5)—which
activate both adaptive and innate immune responses (Figure 2E-G). IL-6 is known to recruit
neutrophils and promote the differentiation of T and B cells [59]. KC (CXCL1) can function
as a neutrophil chemoattractant [60]. IP-10 (CXCL10) is a well-known chemoattractant that
increases the expression of interferon genes and promotes effector CD8+ and NK tumor
infiltration [61]. RANTES (CCL5) functions as a chemoattractant for monocytes, T effectors,
and NK cells [62,63]. Statistically significant upregulation was observed for all four key
markers as follows: IL-6 (p < 0.05, KPCA.A), IP-10 (p < 0.001, KPCA.A; p < 0.05, KPCA.C),
KC (p <0.01, KPCA.A and KPCA.C), and RANTES (p < 0.0001, KPCA.A; p < 0.01, KPCA.B
and KPCA.C). Conversely, significant downregulation was observed for cytokines that
confer a pro-tumor effect, such as G-CSF (p < 0.001, KPCA.A; p < 0.01, KPCA.C), MCP-1
(p < 0.01, all lines), and MIP3alpha (p < 0.05, KPCA.A) [64-66].

3.3. Optimization of Patient-Derived 3D Ex Vivo Platforms for Rapid Immunotherapeutic Testing
of HGSOC Tumors and Ascites

Tumor spheroids, along with autologous immune cells, were isolated from patient
ascites and processed via a standardized methodology (Figure 3A) to rapidly examine
therapeutic combinations ex vivo. First, a primary tumor sample was loaded into the
IdenTx device (Figure 3B) to demonstrate the standard morphology of a PDOTS sample.
Subsequent immunofluorescent imaging (Figure 3C) showed that EpCAM-positive tumor
cells were present in addition to regions of embedded CD45-positive immune cells. These
findings were emulated with cells derived from patient ascites, as seen in images of the
PDOTS in Figure 3D. This patient sample also demonstrated tumor spheroids, as seen by
the EpCAM positivity and CD8 positive immune cells (Figure 3E). There also appear to be
regions of PD-L1 positivity on the EpCAM tumor cells that are accessible to target with ICB
immunotherapies (Figure 3E).

On selected patient ascites samples, we used standard-of-care therapies, such as
platinum-based and PARPi therapy, to further validate our ex vivo platform. As seen in
Figure 3F, when the devices were treated with 10 uM cisplatin, the only patient to show
significant cell death compared to their control was patient 8, who was clinically diagnosed
as platinum sensitive (Table S5). When the sample from patient 7 was first tested, the
clinic informed our team that the patient was platinum sensitive. However, when cisplatin
was tested on their sample, there was a reduced response. Upon following up with the
clinic, we were told that the patient’s chart was updated to indicate that the disease had
become platinum resistant, which validates the sensitivity of our device. Patients with
known BRCA mutations (Table S5) showed significant responses to PARPi (patients 2 and
8), while patient 5, with no known BRCA mutation, showed no significant response to
PARPi (Figure 3G).

3.4. Epigenetic Priming Potentiates ICB in PDOTS and Upregulates Early Activation Immune T
Cell Markers

A surgically resected primary HGSOC tumor was dissociated into PDOTS and treated
for 24 h with 5-aza, HDACi and immunotherapies to observe the activation of immune
cells. CD4+ and CD8+ T cells both had an observable downregulation of PD-1 (Figure 4A)
in conditions treated with immunotherapies. We attribute the downregulation to the «PD-1
immunotherapy blocking the conjugated flow cytometry antibody from binding to the
epitope, thus validating the treatment. Additionally, both CD4+ and CD8+ T cells treated
with our 5-aza + HDACi treatment or the combination treatment had an upregulation
of CD69 (Figure 4B), which is an early immune activation marker [67,68]. Another early
immune activation marker, CD38 [69], was upregulated in CD4+ T cells when treated with
the combination therapy (Figure 4C).
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Figure 3. Scheme of PDOTS development, imaging of tumor spheroids, and clinically relevant
treatments. (A) Scheme depicting how ascites samples were collected from ovarian cancer patients
and processed to generate PDOTS; (B) Brightfield image of isolated primary tumor spheroids inside
the IdenTx device. Scale bar, 200 pm; (C) Immunofluorescent image of PDOTS tumor spheroids from
patient solid HGSC tumor stained with EpCAM (green) and CD45 (red). Red arrows indicate CD45+
immune cells. Scale bar, 100 um; (D) Brightfield image of PDOTS tumor spheroids from patient

ascites. Scale bar, 100 pm; (E) Immunofluorescent image

data of 10 uM of platinum treatment normalized to control

of PDOTS tumor spheroids from patient
HGSC tumor-derived ascites stained with Hoechst (blue), EpCAM (green), CD8 (red), and PD-L1
(gold). Red arrows indicate CD8+ immune cells. Scale bar, 100 um; (F) Cumulative live-dead staining
of each patient; (G) Cumulative live-dead

staining data of 1 uM of PARPi treatment normalized to control of each patient (** p < 0.01).
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Figure 4. Immune profiling of solid HGSOC patient sample. After 24 h of treatment, markers for
immune activation were quantified. Black arrows indicate downregulation and red arrows indicate
upregulation. (A) Percentage of CD4+ and CD8+ T cells expressing PD-1; (B) Percentage of CD4+
and CD8+ T cells expressing CD69; (C) Percentage of CD4+ and CD8+ T cells expressing CD38.

Various combinations of 5-aza, HDACI, and immunotherapies were tested on as-
cites PDOTS to find a synergistic treatment that repeatedly gave significant results in
the combination treatment. Response to treatments was measured by taking the area
of live cells and dividing it by the total area of both live and dead cells (Figure S3A).
Significance is determined by comparing it to the control. Of the seven tested patient
ascites samples, 3/7 responded to treatment with epigenetic modulators, 1/7 responded
to treatment with immunotherapies, and 4/7 responded to a combination of treatments
(Figures 5A-C and S3B-E). The combination treatment indicates a trend whereby priming
with epigenetic modulators can increase the effectiveness of immunotherapy treatments.
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CD4+ expression as a percentage of total CD3+ cells (1 = 7); (F) PD-1+ expression as a percentage
of total CD3+ cells (n = 5); (G) PD-L1+ expression as a percentage of total EpCAM+ cells (n = 7);
Patient sample 5 and 6 percentages indicated; (H) CD56+ expression as a percentage of total CD45+
cells (n =2). (*p < 0.05; *** p < 0.001).

Of note, patient 5 (Figure 5A) did not show a significant response to aPD-1 and «PD-
L1 immunotherapies alone, but the combination treatment did approach significance with
a p-value of 0.06, showing a trend towards treatment synergism. Of the patient ascites
samples, patient 6 (Figure 5B) was the only sample that showed significant cell death when
treated with aPD-1 and «PD-L1 immunotherapies alone. Patient 7 (Figure 5C) was the
only patient sample that responded to only the combination treatment and neither the
epigenetic nor immunotherapy-alone conditions. Additionally, Kuramochi cells expressing
the necessary HLA protein (Figure S4A) for non-autologous immune activation [70] also
showed a significant response to the combination treatment when cocultured with T cells
in the IdenTx devices (Figure S4B).

Flow cytometric analysis of the patient ascites samples (Figure 5D-H) showed large
variability in fluid composition. CD3+ T cells made up about 50% of CD45+ immune cells
(Figure 5D). Of these T cells, roughly 25% were CD8+ cytotoxic T cells and roughly 10%
were CD4+ helper T cells (Figure 5E). Additionally, about 10% of CD3+ T cells were also
PD-1+ (Figure 5F). EPCAM was utilized as a marker for circulating tumor cells, and roughly
30% of EPCAM+ cells were also PD-L1+ (Figure 5G). Notably, the only responders to the
immunotherapy-alone condition (patient 5 and patient 6) correlated with an increased
percentage of total CD3+ T cell populations (Figure 5D) and PD-L1 expression in EPCAM+
circulating tumor cells (Figure 5G).
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3.5. Epigenetic Priming Increases Overall Survival by Potentiating ICB in Syngeneic
HGSOC Models

In vivo experimentation was conducted with KPCA.B cells to identify a potential bene-
fit in combining 5-aza, givinostat (HDACi), and ICB (PD-L1/CTLA-4) in syngeneic HGSOC
tumor models that recapitulate the clinical disease and ICB responses [41]. The experimen-
tal design is outlined in Figure 6A. Overall, our results recapitulated previous tumor model
studies [40], although we saw more subtle effects likely due to testing epigenetic priming
in a tumor model relatively sensitive to ICB therapy. Most importantly, epigenetic priming
increased overall survival, as all mice treated with combination therapy were alive at the
end of the experiment (5/5) compared to immunotherapy-treated mice (4/6) and controls
(5/10) (Figure 6B). The survival results of the control cohort were similar to those reported
by Iyer et al. [41], who described the development of syngeneic HGSOC models. All
remaining animals were sacrificed on day 35, when tumor burden endpoints were reached
in the control cohort (Figure 6C). The tumor weights of all sacrificed mice are quantified
in Figure 6C. The mice that were treated with 5-aza/HDACi/ICB combination had signif-
icantly smaller tumor masses than the control group (p = 0.0001) and the 5-aza/HDACi
cohort (p = 0.0381) (Figure 6C). The control mice that were left untreated developed ascites
consistent with previous animal models [40], while the other groups did not present ascites
(Figure 6D). Overall, the combination-treated mice were a homogenous cohort in which
all mice responded to ICB, had better overall survival, and had significantly lower tumor
weights compared to the control and epigenetic therapy cohorts. The ICB-treated group
was a more heterogenous group composed of both ICB responders and non-responders.
Several mice that did not respond to ICB followed a survival pattern consistent with control
mice and died before the 35-day mark. Mice that survived responded well and had low
tumor weights comparable to those seen in combination-treated mice. These results, at least
in this syngeneic tumor model, are more nuanced than the conclusions reached by previous
ID8 studies [40] and appear to suggest that epigenetic priming likely confers additional
benefit primarily to weak responders or non-responders to ICB therapy.

Week: 0 1 2 3 4 5
] e D
100 6,000 - 100~
e i~ 0w
1 — Control E % 80
1 — 5aza+HDACI £ 4,000 <
1 = < 60+
50 — ICB s ‘é
1 — Combination = @ 40
i S 2,000 o
E =
4 E 2 204
Ot T T T T T T 0—\ 0—\
‘N Q> ‘N
0 5 10 15 20 25 30 35 <'$°°\>° \00’;00 (“600}0 \d’}‘é\
Elapsed Days X 6\6‘0 L ~
6@1? o o,'"ﬂ 0°&

Figure 6. In vivo mouse model engrafted with KPCA.B cells. (A) Treatment schedule; (B) Survival
curve of control (n = 10), 5-aza + HDACi (n =5), ICB (1 = 6), and combination (n = 5); (C) Quantification
of tumor weights at sacrifice day (day 35) for the control cohort (1 = 5), 5-aza/HDACi (n = 5), ICB
(n =5), and 5-aza/HDACi/ICB combination (1 = 5); (D) Percent of mice that developed ascites in the
controls at day 35 (n = 5), 5-aza + HDACi (n = 5), ICB (n = 5), and combination (1 = 5) conditions.
(*p < 0.05; ***p < 0.001).
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4. Discussion

The main goal of our study is to develop 3D IO platforms to analyze patient responses
and identify adjuvants, such as epigenetic drugs, that are able to potentiate systemic
immunotherapy responses in tumor ascites. Towards this goal, we developed rapid,
sensitive, and accurate functional systems based on ovarian patient-derived 3D PDOTS
and expanded their use beyond solid tumors to study patient ascites. This allows us to
study the complex and dynamic tumor-immune interactions in the systemic circulation
and identify personalized profiles associated with the engagement of circulating tumor
and immune cells that are primed for response to ICB immunotherapies. This patient-
derived 3D platform fulfills a critical need for clinical tools that can accurately assess
drug sensitivity and treatment responses in real time. While most investigations studying
response to immunotherapies in ovarian cancer focus on characterizing biomarkers and
immune cell infiltration in primary solid tumors, we instead concentrated on developing
PDOTS containing both circulating ascites tumors and immune cells collected from the
same patients in the setting of relapsed HGSC disease (either with pathogenic BRCA1,
BRCA2 mutations, or BRCA WT).

Most importantly, systemic responses are indicative of inefficient ICB responses seen
in clinical trials. Moreover, we are showing that the 3D platform is predictive of clinical
responses, as it accurately recapitulates responses to both platinum chemotherapy and
PARPi responses in HGSC. Primary solid tumors are not relevant for ICB responses in
ovarian cancer, since they are removed at diagnosis through surgical debulking. The main
goal of ICB therapy in newly diagnosed HGSC patients following debulking or relapsed
patients is to eliminate circulating tumor cells, which give rise to peritoneal metastases and
contribute to disease progression. Consequently, this paper is novel and highly clinically
relevant, as it allows the testing of readily accessible samples when solid tumors are not
easily available or resectable. This includes liquid biopsies and tumor ascites through
non-invasive methods of collection or as part of standard patient care.

A major aim of the current study was to identify biomarkers responsible for immune
evasion in HGSOC, which could explain the low responses seen in ICB clinical trials for this
tumor subtype. We employed digital spatial tumor profiling to investigate the functionality
of effector T cells. Specifically, we analyzed TILs that infiltrate diffusively within the
tumor and compared their functionality to non-brisk TILs that show only focal infiltration
and also to non-TILs (no TILs or minimal TIL infiltration). Immunostimulatory markers,
such as CD25 and CD27, were all upregulated in the brisk TIL sample. Additionally, the
brisk TIL patient sample also showed significantly higher levels of total T cells (CD3),
cytotoxic T cells (CD8), T helper cells (CD4), and memory T cells (CD45RO). CD44, a
key activation marker for effector and memory T cells, showed the largest fold change
increase between the brisk TIL sample and the absent TIL sample. CD45RO, which is
expressed by memory T cells that have encountered antigens, was also upregulated in
TILs. However, what we clearly saw was the presence of highly exhausted T cells and
the upregulation of immune checkpoint markers. Upregulation of all immune checkpoint
markers characteristic of highly exhausted T cells was seen on brisk TILs, including PD-1,
B7-H3, VISTA, Tim-3, and LAG3. B7-H3 inhibits tumor antigen-specific immune responses.
The functional severity of T cell exhaustion correlates with the number and magnitude of
immune checkpoint protein expression. Most importantly, one of the biggest contributors
to immune evasion is the presence of immunosuppressive M2-like macrophages, which
show the highest elevation among myeloid immune cell markers. This suggests that
therapies that trigger tumor-associated macrophage reprogramming from M2-like to M1-
like phenotypes are likely to increase responsiveness to IO compounds. In addition, our
results indicate that although TILs are present within the local immune microenvironment,
they are highly exhausted and inefficient in detecting and destroying tumor cells located
in their proximity. Consequently, epigenetic adjuvants, which induce demethylation of
key sites, including PD1/PD-L1, could both reactivate and re-energize local and systemic
immune responses. We thus suggest that combination treatments boosted by epigenetic

230



Cancers 2023, 15,4128

priming could work synergistically to potentiate IO responses and more effectively target
and eliminate tumor cells.

Immunofluorescence staining analysis for 5-hmC levels was performed to determine
the extent of global methylation levels in response to 5-aza treatment. Similar to our pre-
vious studies [39], 5-hmC positive cells were observed to increase in response to 10 uM
5-aza; 5-aza-mediated global demethylation allows for the activation of genes targeted by
immunotherapy, such as PD1/PD-L1. In turn, ICB can promote anti-tumor immunity [49].
As such, combining immunotherapy and 5-azacytadine administration can potentially have
synergistic effects in the treatment of ovarian cancer. Epigenetic priming induces secretion
of key cytokines that are involved in activation of innate and adaptive immunity. Thus,
significant upregulation was observed for multiple key cytokines, specifically IL-6, IP-10,
KC, and RANTES, in the KPCA HGSOC tumor lines in response to 5-aza. In addition, a
significant downregulation was observed for G-CSF, MCP-1, and MIP3alpha cytokines
following 5-aza treatment. Interestingly, the cytokines that were upregulated are those
associated with increased immune activation [59-61,63], while those downregulated are
associated with cell migration and metastatic phenotypes [64-66]. IL-6 is a proinflammatory
cytokine and plays an important role in the immune response by recruiting neutrophils
and promoting the growth and differentiation of T and B lymphocytes [59-61,63]. IP-10
functions as a chemoattractant for monocytes, macrophages, T cells, NK cells, and dendritic
cells under physiological conditions. Several studies have suggested that IP-10 contributes
to anti-tumor immunity. IP-10 promotes infiltration by CD8+ tumor-infiltrating lympho-
cytes as well as increasing the expression of interferon genes [59-61,63]. Several studies
have shown increased expression of IP-10 in ovarian cancer cells following treatment with
DNMT], consistent with our results [59-61,63]. Stone et al. observed significant regulation
of IP-10 by 5-aza both in vitro and in vivo in syngeneic ID8 tumor models as well [40].
Similarly, RANTES is involved in immune and inflammatory responses and it is a potent
chemoattractant for monocytes, T effector, NK, and dendritic cells [59-61,63]. Interestingly,
epigenetic priming has also been shown not only to activate effector T, helper T, and NK
cells but also to decrease the percentage of immunosuppressive myeloid derived suppressor
cells (MDSCs) and M2-like macrophages in the tumor microenvironment [40].

Consequently, we found that epigenetic priming potentiated ICB in patient-derived
3D ex vivo platforms and syngeneic tumor models, which recapitulated the HGSOC
cell of origin and clinical disease [40]. The combination of epigenetic priming and IO
yields the best overall responses and the highest overall survival in vivo. Of note, the
tumor microenvironment of the HGSOC tumor models evaluated in the current study is
heterogenous, similar to patients, which results in variable IO responses. The results of our
in vivo study show that the IO non-responsive murine group derives the greatest benefit
in response to epigenetic tumor priming. The ex vivo patient data are also in alignment
with this conclusion. The analysis of patient samples indicates that epigenetic priming
potentiates IO responses overall and especially in IO-resistant disease, which remains a
critical priority clinically.

In addition, our studies indicate that ex vivo-based PDOTS platforms have the poten-
tial to bridge the gap between animal studies and clinical trials. When utilizing standard
care treatments, such as platinum and PARPi, we found results consistent with those seen
clinically in patients, which increases the validity and predictive ability of our platform.
An increased response to anti-PD-1/anti-PD-L1 ICB alone correlated with a high frequency
of CD3+ T cells and PD-L1+/EPCAM+ tumor cells and was seen in a small number of
patients. A combination of epigenetic adjuvants and ICB drastically enhanced the potency
of ICB therapeutics, with effective responses seen in the majority of patients. Interestingly,
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epigenetic priming alone and in combination with ICB immunotherapy in patient-derived
PDOTS induced the rapid upregulation of CD69, a reliable early activation marker in both
CD4+ and CD8+ T cells [67,68]. Furthermore, downregulation of anti-PD-1 was seen in
both ICB alone and combination treatments, validating the target responses. Consequently,
this functional precision medicine approach has the ability to rapidly identify specific
combinations able to potentiate ICB, which is a great advantage, especially as we consider
the current clinical difficulty of fast and accurate testing of a high number of potential
combinations directly in patients. In addition, it could identify ineffective combinations
and spare patients from deleterious toxic side effects. Recent findings by Huang et al. [38]
synergize with our results by indicating that PD-L1 demethylation is key in potentiating
the PD-1/PD-L1 interaction and enhancing tumor immunosurveillance. Conversely, PD-L1
hypermethylation, especially at the K162 site, critically inhibits the PD-L1/PD-1 interaction
and is a negative predictive biomarker of ICB response in patients [38]. Furthermore, PD-L1
K162 methylation is abrogated in response to IL6 [38], which is the cytokine that we have
shown to be upregulated in response to epigenetic priming of tumors. Therefore, it is highly
likely that 5-aza promotes demethylation of PD-L1, including at the K162 site, enhances the
PD-L1/PD-1 interaction, and potentiates ICB responses as a result.

Thus, by testing novel cancer immunotherapeutics in predictive ex vivo platforms
using patient solid tumors or ascites, researchers can identify whether effective treatments
transfer from murine models to human applications in a cost-effective and time-efficient
manner. In recent years, the value of ascites for research has been recognized more and
more [71,72]. The current findings are clinically relevant, as testing in PDOTS platforms
could rapidly evaluate the most effective personalized immunotherapeutic options using
solid tumors or circulating tumor cells in tumor-derived ascites. Identifying reliable
response markers and assays, which could accurately predict response to immunotherapy
and clinical outcome, is critical since functional ex vivo testing of individual patient samples
will eliminate drugs to which the tumors are resistant, thus sparing patients unnecessary
toxicity from ineffective treatment. In addition, it could allow the implementation of
epigenetic reprogramming strategies capable of sensitizing immunoresistant tumors prior
to or in conjunction with the delivery of ICB immunotherapies.

5. Conclusions

In this study, we sought to identify therapeutic strategies to potentiate immune acti-
vation and function. DSP analysis of patient tumor samples with varying levels of TILs
showed an increased prevalence of immunostimulatory markers in high TIL samples.
However, DSP also identified highly exhausted T cells with concurrent upregulation of
multiple immune checkpoint markers in brisk TILs, including B7-H3, VISTA, Tim-3, LAG3,
and PD-1, which could explain the low HGSOC responses seen in «PD-1 clinical trials.
Additionally, we optimized a novel ascites-based ex vivo profiling assay using microfluidic
devices that can be used to study liquid or circulating tumor cells in addition to solid
tumors. Taken together, the results obtained in syngeneic HGSOC in vivo tumor studies
and 3D PDOTS screening suggest that epigenetic adjuvants could potentiate the efficacy
of ICB immunotherapies. The implementation of PDOTS platforms, in particular, will
allow for a fast and effective method to screen drug combinations on solid tumors and
ascites-derived patient samples with autologous immune cells. This functional precision
medicine approach has the potential for wider research applications to interrogate local,
systemic, and peripheral tumor immunity, since they all contribute to effective and durable
IO responses. Furthermore, it will allow the identification of specific combinations that
can reverse innate and acquired ICB resistance, which is a great advantage, especially as
we consider the current difficulty of rapidly testing a high number of combinations in
clinical trials.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers15164128/s1, Table S1. Antibodies used for IF imaging of PDOTS.
Table S2. Antibodies used for Flow Cytometry of Patient Ascites. Table S3. Gating used to Observe
Cell Types or Protein Expression for Flow Cytometry of Patient Ascites. Table S4. Antibodies used for
Flow Cytometry of Solid Patient Sample for Inmune Activation. Table S5. Patient Data for Ascites
Sample. Figure S1. GeoMx digital spatial profiling. Signal from absent TIL set as baseline. (A) GeoMx
DSP proteomic analysis of stromal T cell activation markers, (B) stromal immune checkpoint markers,
(C) and stromal myeloid activation markers. (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
Figure 52. 5-hmC expression in tumor lines following 5-aza treatment. Representative images of
human DAPI (top) and 5-hmC (bottom) immunofluorescent staining in response to increasing 5-aza
concentrations in (A) BPPNM and (B) KPCA.A cell lines. Scale bar, 100 um. Figure S3. Representative
and cumulative live-dead results of patient ascites PDOTS and associated immune quantifications.
(A) Images used from patient 1 to calculate live percent cell area. Live cells stained with acridine
orange (green) and dead cells stained with propidium iodide (red). Cumulative live-dead staining
data normalized to control with significance shown in comparison to each individual sample’s control
condition of (B) Patient 1, (C) Patient 2, (D) Patient 3, (E) and Patient 4. (F) Composition of CD45+
immune populations in patient derived ascites. (*, p < 0.05; **, p < 0.01). Figure S4. PDOTS utilizing
co-culture of Kuramochi tumor line and T cells harvested from PBMCs. (A) HLA composition of
Kuramochi tumor line. (B) Cumulative live-dead staining data normalized to control. Significance is
shown in comparison to sample’s control condition. (*, p < 0.05).
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