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The past decade has seen immunotherapy rise to the forefront of cancer treatment.
This Special Issue of Cancers aims to elaborate on the latest developments, cutting-edge tech-
nologies, and prospects in cancer immunology and immunotherapy. Seventeen exceptional
studies, including original contributions and review articles, written by international scien-
tists and physicians, primarily concerning the fields of tumor biology, cancer immunology,
therapeutics, and drug development comprise the main body of this special issue.

Over the last few years, an increasing understanding has emerged on molecular mecha-
nisms that regulate the anti-tumor immune response and an exponential increase in the use
of novel cancer immunotherapies in various cancer types. The field of Cancer immunology
and Immunotherapies presents promising therapeutic opportunities for developing novel
cancer treatments and improving patient survival outcomes. Chemotherapy is still used as
a primary method for treatment, and the standard of care for many cancer types is relatively
unselective and presents with the rapid development of treatment resistance. In contrast,
cancer immunotherapies stimulate the antitumor immune response via the activation of
lymphocytes that can recognize neoantigens, resulting in durable treatment response.

A successful antitumor immune response involves interactions between various cell
types that coordinately function to prevent tumor cell proliferation or to effectively erad-
icate tumor cells. A coordinated functioning of the lymphoid and myeloid lineage cells
is critical for killing tumor cells, and is performed by enhancing the activity of cytotoxic
cells. Myeloid lineage cells, such as dendritic cells, provide tumor antigens to T cells and
secrete cytokines that regulate the activation and function of cytotoxic cells. Despite the
demonstrated successes of cancer immunotherapy, most patients do not respond, and the
development of resistance has occurred in patients who initially respond to immunothera-
pies. Recent studies have uncovered novel immune escape mechanisms that affect immune
cell infiltration, poor antigen presentation, and tumor intrinsic silencing of the immune
response via cytokines and the release of immune suppressive exosomes [1]. Additional
mechanisms of antitumor immune escape and immunotherapy resistance are continuously
being discovered [2—-4].

Based on these factors, significant attention has been directed towards the recent
advances in cancer immunology [5-10]. In the past decades, the discovery of Programmed
cell death protein 1 (PD-1) and the Cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4)
has helped to develop immune checkpoint blockade therapies. The articles by Yuan et al. [5]
and Sobhani et al. [6] provide an overview and include recent findings on PD-1 and CTLA-4.
The review article by Mehdi et al. [7] focuses on the role of methylation in manipulating
cancer immunity. In addition to these general cancer immunology topics, reviews by
Krishnamurthy et al. [8], Zheng et al. [9], and Marseglia et al. [10] summarize immune
regulation in specific cancer types, such as hepatocellular carcinoma, triple-negative breast
cancer, and uveal melanoma.

The second series of articles mainly presents original work deciphering the novel reg-
ulatory mechanisms of cancer immunity. For the first time, our group (Wangmo et al. [11])
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reported that Atypical Chemokine Receptor 4 (ACKR4) determines the migration of den-
dritic cells from tumor tissue to the tumor-draining lymph nodes. The loss of ACKR4
expression in tumor cells can affect the migration of dendritic cells and their retention in
the tumor microenvironment, impairing T-cell priming in tumor-draining lymph nodes.
This finding uncovers a novel mechanism that regulates dendritic cells” migration from the
tumor tissue, a critical factor in antigen presentation and in antitumor immune responses.
Liang et al. [12] further contribute to the body of research regarding antigen-presenting
cells. The authors performed an in-depth analysis of antigen-presenting cells in the human
colorectal cancer microenvironment. Interestingly, they observed that antigen-presenting
cells within distinct intratumoral and colonic milieus showed different functional statuses
but were similarly responsive to induced T-cell activation. The third article in this section
focuses on the bystander T-cells in cancers. In a hybrid study of bioinformatics and labora-
tory analyses, Gokuldass et al. [13] revealed a higher proportion of bystander CD8* T cells
in non-melanoma cancers than in melanoma cancers. This observation helps to establish a
new theory to explain the different immune strengths of various tumors. In the context of
innate immunity, Kaur et al. [14] reported on the function of CD16 receptors in both direct
cytotoxicity and antibody-dependent cell cytotoxicity, making the use of these receptors as
a cancer treatment seem promising.

The overarching objective of studying tumor immunity is to develop the next-generation
cancer immunotherapies. In the third series of articles, several novel cancer immunother-
apy strategies are proposed. Two original research articles from Jiang’s group [15,16]
provide modified CAR T Cell therapies to treat malignant B-cell neoplasms and prostate
cancer. Their modified CAR T cells are better directed to kill malignant B-cells, while
sparing the CD19"HLA-C1* healthy B Cells. The next study by Hsu et al. [17] developed a
recombinant fusion IL15 protein composed of human IL15 (hIL15) and albumin-binding
domain (hIL15-ABD) which has been successfully tested with anti-PD-L1 on CT26 murine
colon cancer and B16-F10 murine melanoma models. Horn et al. [18] also reported on
the use of IL15 as an agonist adjuvant for other cancer immunotherapies. Utilizing colon
and mammary carcinoma models, the study showed that a recombinant adenovirus-based
vaccine, targeting tumor-associated antigens with an IL-15 superagonist adjuvant is effec-
tive when combined with other immunotherapy regimens. This study also validated the
idea that providing tumor-associated antigens as a vaccine helps to overcome immune
checkpoint blockade resistance. Another feature in this issue is that we include a report on a
new method called the ‘chemo-enzymatic conjugation approach’ (Bai et al. [19]) to generate
bispecific antibodies (BiFab). Using this method, the authors produced BiFab!er2/¢D3
and BiFab®P20/CD3 o conjugate both the target and effector cells (T-cells). These BiFabs
demonstrated a strong considerable effect for inducing T-cell activation and killing target
cancer cells upon conjugation. The BiFab®P20/CD3 also showed anti-tumor activity in vivo.

The findings of Benajiba et al. [20] and Zwart et al. [21] highlight clinical observations
relevant to cancer and immunology. Disseminated Kaposi’'s sarcoma is usually treated by
interferons, which is a type of immunotherapy. Benajiba et al. [20] performed a retrospec-
tive cohort study to evaluate global disease evolution and to identify the risk factors for
systemic treatment initiation, including the use of interferons. They found that 41.2% of
classic/endemic Kaposi’s sarcoma patients require systemic treatment. They also reported
that the mean treatment-free time during the first five years following interferon is similar
to that of chemotherapy. Lastly, Zwart et al. [21] contribute through a meta-analysis on
immunosuppressive therapy after solid organ transplantation and on the development of
cancers. Interestingly, the meta-analysis indicated that patients receiving cyclosporine A
and Azathioprine after a solid organ transplant are at a higher risk than patients receiving
other immunosuppressive drugs of developing certain types of cancers.

In conclusion, the original research articles and reviews included in this special
issue ensure that the key aspects of the next generation of cancer immunology and
immunotherapy have been covered. We hope that the novel findings in these articles



Cancers 2021, 13, 5655

will inform the readers and provide useful references for developing next-generation
cancer immunotherapies.
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Simple Summary: Immune checkpoint blockade targeting PD-1/PD-L1 has a promising therapeutic
efficacy in different tumors, but a significant percentage of patients cannot benefit from this therapy
due to primary and acquired resistance during treatment. This review summarizes the recent findings
of PD-L1 role in resistance to therapies through the PD-1/PD-L1 pathway and other correlating
signaling pathways. A special focus will be given to the key mechanisms underlying resistance to
the PD-1/PD-L1 blockade in cancer immunotherapy. Furthermore, we also discuss the promising
combination of therapeutic strategies for patients resistant to the PD-1/PD-L1 blockade in order to
enhance the efficacy of immune checkpoint inhibitors.

Abstract: Release of immunoreactive negative regulatory factors such as immune checkpoint limits
antitumor responses. PD-L1 as a significant immunosuppressive factor has been involved in resis-
tance to therapies such as chemotherapy and target therapy in various cancers. Via interacting with
PD-1, PD-L1 can regulate other factors or lead to immune evasion of cancer cells. Besides, immune
checkpoint blockade targeting PD-1/PD-L1 has promising therapeutic efficacy in the different tu-
mors, but a significant percentage of patients cannot benefit from this therapy due to primary and
acquired resistance during treatment. In this review, we described the utility of PD-L1 expression
levels for predicting poor prognosis in some tumors and present evidence for a role of PD-L1 in
resistance to therapies through PD-1/PD-L1 pathway and other correlating signaling pathways.
Afterwards, we elaborate the key mechanisms underlying resistance to PD-1/PD-L1 blockade in
cancer immunotherapy. Furthermore, promising combination of therapeutic strategies for patients
resistant to PD-1/PD-L1 blockade therapy or other therapies associated with PD-L1 expression was
also summarized.

Keywords: PD-L1; resistance; immune checkpoints; immunotherapy

1. Introduction

T-cell activation and proliferation induced by antigens is regulated by expression of
both co-stimulatory and co-inhibitory receptors and their ligands [1]. Inhibitory pathways
in the immune system can prevent autoimmunity through maintaining self-tolerance and
regulating immunity [2]. While in tumors inhibitory pathways known as “checkpoints”
can evade immune surveillance. Programmed cell death -1(PD-1) interacting with its
corresponding ligand PD-L1 leads to immune suppression via preventing the T-cell activa-
tion in the tumor [3]. PD-1 is expressed on activated CD8* T-cells as well as B cells and
natural killer cells, and inhibits T-cell receptor (TCR) signaling and CD28 co-stimulation
under chronic antigen exposure. As ligands of PD-1, PD-L2 is primarily expressed on
antigen-presenting cells (APC) while PD-L1 is expressed on various types of cells including
tumor cells and immune cells. Evidence of PD-L1 expression increase and spontaneous
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immune resistance is proved in several types of human cancers [4]. Besides, predictive
and prognostic value of PD-L1 immunohistochemical expression has been reported in
certain cancers. Moreover, PD-L1 as an inhibitory factor is also involved in other signaling
pathways underlying mechanisms in resistance to tyrosine kinase inhibitors (TKIs).

Immunotherapy identified as the most promising approach in cancer treatment com-
pared with chemotherapy and targeted therapy, immune checkpoint inhibitors have re-
ported higher rates of response, remission, and better overall survival rates in a variety of
tumors [5]. Immunotherapy has received the US Food and Drug Administration (FDA)
approval for 57 indications in 17 solid tumors in less than 10 years, while over 80% are
PD-1/PD-L1-targeted antibodies. Beneficial function of the PD-1/PD-L1 axis blockade is
confirmed in treating many different types of cancers such as non-small cell lung cancer
(NSCLC), melanoma and bladder carcinoma [6,7]. So far, six immune checkpoint inhibitors
targeting PD-1/PD-L1 have been approved by the FDA for the first and second line of
patients with non-small cell lung cancer including monoclonal antibodies (mAb) pem-
brolizumab, nivolumab and cemiplimab targeting PD-1 and mAb atezolizumab, avelumab
and durvalumab targeting PD-L1. However, limited efficacy has been reported in PD-
1/PD-L1 blockade therapy which rarely exceeds 40% in most cancer types and a large
number of patients show partial responsiveness [8,9]. Even if there is a consistent rate
of initial responses, the majority of patients develop therapeutic resistance and disease
progression [10,11]. Focusing on PD-L1, we described all these concepts in this review
including its predictive and prognostic value, immune resistance induced by PD-L1 and
key mechanisms underlying resistance to PD-1/PD-L1 blockade therapy.

2. The Expression of PD-L1 Levels Predicting Resistance and Poor Prognosis

PD-L1 expression is increased in many types of human cancers and is regarded as
a predictive and prognostic marker in cancer tissues. Prior data have demonstrated that
PD-L1 expression is upregulated in cisplatin-resistant lung cancer cells compared with
parent cells [12-14]. Resistance to epigenetic therapy is associated with enhanced PD-
L1 expression in myeloid malignancies [15]. For example, 7 myelodysplastic syndrome
and 6 acute myeloid leukemia patients received treatments with either azacytidine (Aza)
or combined Aza and the histone deacetylase inhibitor LBH-589 to investigate the PD-
L1 expression levels. Non-responders showed a more than two-fold increase in PD-L1
expression after treatment commenced, and except for two patients, none of the responders
demonstrated increased expression of PD-L1.

PD-L1 expression is correlated with poor prognosis in different cancers. In chemother-
apy and radiotherapy-treated patients with head and neck squamous cell carcinoma
(HNSCC), high PD-L1 mRNA (>125 FPKM) from The Cancer Genome Atlas database
had significantly reduced the 5-year survival rate [16]. Other data regarded PD-L1 as a
potential biomarker for radiation therapy failure of HNSCC [17]. Following radiother-
apy, a panel of radiation-resistant human papilloma virus (HPV)-negative HNSCC cell
lines exhibited increased expression of PD-L1, three cohorts of HPV-negative HNSCC
tumors with high expression of PD-L1 had much higher failure rates compared to the
PD-L1-low expression group. Similar results have been reported in metastatic melanoma
patients (MMP) [18]. Forty six and thirty four BRAFi-treated MMP harboring mutant
BRAFV600 received vemurafenib and dabrafenib respectively. Patients with PD-L1 ex-
pression and an absence of tumor-infiltrating immune cells (TIMC) are related to shorter
progression-free-survival compared to those with TIMC and absence of PD-L1. This study
also identified PD-L1 overexpression and loss of TIMC as independent prognostic factors
for melanoma-specific survival.

Interestingly, an experiment involving 18 patients with epidermal growth factor
receptor (EGFR)-mutant NSCLC investigated the change of PD-L1 expression following
gefitinib. A proportion of 38.9% (7/18) of NSCLC patients had a significant increase in the
median H-score (marked as group A) of PD-L1, while the rest (61.1%) did not vary (group
B). Besides, MET positivity by immunohistochemistry in biopsies is significantly correlated
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with group A. The results described a marked increase in expression of PD-L1 in tumor
cells of a subset of patients after gefitinib treatment. Though EGFR-mutated NSCLC is
prone to express less PD-L1 than wild type [19]. Similar results in several studies indicated
that PD-L1 expression as a biomarker predicts resistance and poor prognosis after gefitinib
treatment, rebiopsy should be considered [20]. Nevertheless, combination therapy with
Durvalumab targeting PD-L1 and gefitinib has been proved to be more toxic and does not
demonstrate a significant augmentation in progression-free survival (PFS) [21]. As a crucial
factor predicting resistance and poor prognosis, PD-L1 has absolutely specific mechanisms
for leading to resistance.

3. PD-L1-Induced Resistance

PD-L1 as an inhibitor in the immune system that induces immune resistance through
interacting with its ligand PD-1. Besides, it is also involved in other signaling pathways
generating resistance to TKIs.

3.1. PD-L1-Mediated Immune Resistance

In certain cancers, efficacy of antitumor treatment has always been found to be limited,
due to the activation of immune checkpoints such as PD-1 and PD-L1. Once recognizing
the tumor antigen, T-cells produce an anti-tumor immune response, which eventually leads
to PD-1 lymphocyte expression and interferon release. To evade this immune attack, PD-L1
expression is adaptively upregulated by cancer cells and other inflammatory cells in the
tumor microenvironment (TME) [22]. IFN-y is secreted by tumor-infiltrating lymphocytes
(TILs) and induces PD-L1 expression in the TME, thus T-cell cytotoxic function is impaired
through the interaction of PD-L1 and PD-1. A similar pattern has been observed in other
cancers including gastric cancer [23]. Fractionated radiation therapy can lead to increased
tumor cell expression of PD-L1 in response to CD8* T-cell production of IFN-y [24]. In
HPV-HNSCC, which is highly infiltrated by lymphocytes, IFN-y-induced PD-L1 on tumor
cells and CD68* tumor-associated macrophages (TAMs) and highly expressed PD-L1 by
CTLs, are found located at the same site [1].

In prior studies, PD-L1 expression is also upregulated followed by drug treatment
and mediates an immune resistance. For example, in glioblastoma a compensatory recruit-
ment of tumor-infiltrating myeloid cells elicited by antitumor immune response induced
by dendritic cell (DC) vaccination contributed to the majority of PD-L1 expression [25].
Placenta-specific protein 8 (PLACS8) as an oncogene promoting cancer growth and pro-
gression is abnormally upregulated in gallbladder carcinoma. Overexpression of PLACS8
conferred resistance to gemcitabine and liplatin (OXA), mainstays of chemotherapy by
upregulating PD-L1 expression [26]. 5-Fluorouracil selectively depletes myeloid-derived
suppressor cells (MDSCs) and OXA triggers an immunogenic form of tumor cell death. A
combined chemotherapy Folfox, 5-Fluorouracil plus OXA, has routinely been regarded
as a first line of treatment for advanced colorectal cancer. However, Folfox up-regulates
high expression of PD-1 on activated CD8* TILs, and induces CD8* T-cells to secret IFN-y
which upregulates PD-L1 expression on tumor cells [27]. CD40 stimulation on APC directly
activates CTLs without the help of CD4" T-cells. Agonistic anti-CD40 antibodies induce
antitumor responses and upregulation of PD-L1 on tumor-infiltrating monocytes and
macrophages, which are extremely dependent on T-cells and IFN-y [28]. When co-cultured
with human PBMC, trastuzumab, the anti-human epidermal growth factor receptor-2
(HER2) antibody, is shown to upregulate PD-L1 in HER2-overexpressing breast cancer cells
via mediating stimulation of IFN-y secretion on immune cells [29]. Inhibitors of mTOR
approved by the Food and Drug Administration to treat advanced metastatic renal cancers
and enhance nuclear translocation of transcription factor EB, was bound to PD-L1 promoter
and thereby led to increased PD-L1 expression [30].
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3.2. Signaling Pathways and Factors Involved in PD-L1-Induced Resistance

Despite immune resistance, PD-L1 has generated resistance to TKIs in certain cancers.
Possible mechanisms by which PD-L1 induced acquired resistance through upregulating
Yes-associated proteinl (YAP1), [31] Bcl-2-associated athanogene-1 (BAG-1), [32] and DNA
methyltransferase 1 (DNMT1), [33] and generated primary resistance by inducing epithelial-
to-mesenchymal transition (EMT) have been reported [34] (Figure 1).

Primary Resistance

BIM

MEK/ERK

HIF-1a

Figure 1. Signaling pathways and factors involved in programmed cell death ligand-1(PD-L1)-induced resistance. (1) PD-L1

expression induced by epidermal growth factor receptor (EGFR) mutation activation via extracellular single-regulated
kinase (ERK) signaling, indirectly promotes expression of Bcl-2-associated athanogene-1 (BAG-1), the EGFR/ERK/PD-
L1/BAG-1 feedback loop reaches the reactivation of ERK signaling which promotes Bcl-2-interacting mediator of cell

death (BIM) phosphorylation to help cells escape from apoptosis. (2) PD-L1-induced hypoxia-inducible factor-1« (HIF-1x)

expression is stimulated by reactive oxygen species (ROS), hypoxia increases YAP-1 expression which confers resistance
via a YAP1/EGFR/ERK/NF-«B loop. (3) PD-L1 regulates DNA methyltransferase 1(DNMT1) via Signal transducer and
activator of transcription 3 (STAT3) signaling and thus induces DNMT1-dependent DNA hypomethylation which promotes

cancer development. (4) Activation of transforming growth factor-beta (TGF-f3)/Smad pathway induced by PD-L1 is crucial

in epithelial-to-mesenchymal transition (EMT) expression which leads to resistance to TKIs.

Activation of MEK/extracellular single-regulated kinase (ERK) signaling furthers
phosphorylation and ubiquitination of the Bcl-2-interacting mediator of cell death (BIM),
a BH-3-only protein, thereby preventing cells from apoptosis [35]. Resistance to TKI
in NSCLC generally occurs through reactivating ERK signaling [36]. EGFR mutation
activation induces expression of PD-L1 in NSCLC cells via ERK-signaling [37]. Once
triggered by ERK signaling, phosphorylated C/EBPf induced by PD-L1 can enhance
binding to the BAG-1 promoter, thus promoting BAG-1 expression. The PD-L1/BAG-1 axis
confers TKI resistance through persistent activated ERK signaling via the EGFR/ERK/PD-
L1/BAG-1 feedback loop [32]. Thus combining treatment with TKIs and anti-PD-L1 therapy
may provide a promising strategy for tumors with a high expression of PD-L1 and BAG-1,
though this has not been researched yet.

YAP1 is another factor known to confer EGFR-TKI resistance in lung cancer cells [38].
Distinct experiments utilizing reactive oxygen species (ROS) scavengers and inducers
demonstrated a concomitant change of expression of PD-L1 and hypoxia-inducible factor-
1l (HIF-1a), YAP1 [31]. While prior reports described that PD-L1-induced HIF-1«x is
stimulated by the generation of ROS [39,40], hypoxia promotes formation of YAP1 and
HIF-1 complex via regulating SIAH2 ubiquitin E3 ligase and increases YAP1 gene ex-
pression [41,42]. TKI resistance may be conferred by PD-L1/ROS/HIE-1oc/YAP1 axis and
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a YAP1/EGFR/ERK/NF-kB loop [31]. Markedly high expression of YAP and PD-L1 are
observed in EGFR-TKI-resistant cells in another study, and they demonstrate a positively
related change in expression when given a knockdown of YAP [43]. Thereby, giving an
anti-PD-L1 or anti-YAP1 may overcome the EGFR-TKI resistance.

The PD-L1/DNMT1 axis is also a critical mechanism leading to acquired resistance [33].
DNMT1, as a member of the DNA methyltransferase family, maintains the DNA methy-
lation pattern [44]. Signal transducer and activator of transcription 3 (STAT3), a well-
characterized transcription factor that binds to DNMT1 promoter and positively regulates
transcription of DNMT1 [45], since phosphorylated STAT3 induces transcriptional acti-
vation via binding with specific DNA elements. PD-L1 regulates DNMT1 through the
STAT3-signaling pathway and induces DNMT1-dependent DNA hypomethylation to pro-
mote development of cancers [46], thereby resulting in acquired resistance [33]. Currently,
a combination therapy with oxaliplatin and decitabine inhibiting DNA demethylation
was proved to have a synergistic effect in enhancing anti-PD-L1 therapeutic efficacy in
colorectal cancer [47].

The transforming growth factor-beta (TGF-f3)/Smad signaling pathway plays a role
in PD-L1-induced primary resistance to EGFR-TKIs [34]. EMT can decrease efficacy of
drug treatment in NSCLC [48,49]. PD-L1 upregulates phosphorylation of Smad3, which
significantly participates in the transcriptional regulation mediated by TGF-31 [50], and the
TGF-f3 /Smad-signaling pathway has been reported to be crucial in EMT progression [51].
The mechanism of primary resistance to EGFR-TKIs in EGFR-mutant NSCLC may confer
through the PD-L1/TGF-f3/Smad/EMT axis [34]. In addition, in Kirsten rat sarcoma viral
oncogene homolog (KRAS)-mutant NSCLC, KRAS G12 mutation is reported to promote
PD-L1 expression via a TGF-f3 /EMT-signaling pathway [52]. Apparently, PD-L1 expression
plays a key role in poor prognosis and resistance after treatment in several types of cancers,
thereby adding an anti-PD-1 or anti-PD-L1 therapy may improve the efficacy and become
a promising therapeutic strategy.

4. Key Mechanisms Underlying Resistance to PD-1/PD-L1 Blockade

PD-1/PD-L1 blockade therapy has been approved as a significantly helpful treatment
in certain cancers, a problem of its limited efficacy has occurred and the targeting solution
is urgently discussed and provided. Focusing on PD-L1, we described key mechanisms
underlying resistance to PD-1/PD-L1. Surprisingly, abnormally upregulated PD-L1 expres-
sion and a lack of PD-L1 can both lead to inefficacy of PD-1/PD-L1 inhibitors (Figure 2).

4.1. Aberrant PD-L1 Expression

PD-L1 is generally regulated by tumor cells in two ways: the first is innate immune
resistance in which constitutive oncogenic signaling is correlated with PD-L1 expression,
the second is an adaptive immune resistance through which IFN-y produced by TILs
induces PD-L1 expression.

K-ras mutation as a common oncogenic driver in the lung adenocarcinoma (LUAD)
and upregulates PD-L1 through p-ERK instead of p-AKT signaling [53]. Different sub-
groups of KRAS-mutant LUAD are dependent on STK11/LKB1 or TP53 mutations, and
alterations of the former has been confirmed as a major factor that leads to primary re-
sistance to PD-1 blockade [54]. Besides, EGFR-mutant or ALK-rearranged patients had
a PD-L1 tumor proportion score of >50% and turned out not to respond to PD-1/PD-L1
inhibitors [55].

The transcription factor Yin Yang 1 (YY1); a major regulator reported participating in
various pathways, is involved in cell growth, survival and metastasis. YY1 upregulates
PD-L1 expression on tumor cells via signaling pathways, including p53, STAT3, NF-«B
and PI3K/AKT/mTOR [56]. PD-L1v242 and PD-L1v229, two secreted PD-L1 C-terminal
splicing variants, could capture the aPD-L1 antibody and function as a “decoy” to prevent
antibodies from binding to PD-L1 [57].
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Figure 2. Key mechanisms underlying resistance to PD-L1 (1). The transcription factor Yin Yang 1
(YY1)-induced upregulation of PD-L1 expression triggers NOD-, LRR- and pyrin domain-containing
3 (NLRP3) inflammasome to promote tumor Wnt5a expression via HSP70-TLR4 signaling, and
non-canonical WNT ligands activate the YAP pathway to induce chemokine (C-X-C motif) receptor 2
(CXCR2) ligands, while granulocytic subset of myeloid-derived suppressor cells (PMN-MDSCs) relied
on CXCR?2 to suppress T-cell function. (2) Loss-of-function mutations in JAK1/2 leads to the paucity of
PD-L1 expression. (3) Tumor-suppressing microenvironment. Tumor-associated macrophages (TAMs)
promote tumor progression, while Indole 2,3-dioxygenase (IDO) generated by tumors enhances Tregs
and MDSCs activity, which suppress immunity. (4) Activation of alternative immune checkpoints.
T-cell immunoglobulin mucin 3 (TIM-3) and Lymphocyte activation gene-3 (LAG-3) produced by
T-cells impair generation of IFN-y, which activates T-cells. CTLA-4 demonstrates a higher affinity and
avidity in conjunction with CD80 and CD86 than CD28 to antagonize costimulation. VISTA is found
to be related to MDSC mainly derived CD33 expression and HHLA2 decreases T-cell proliferation.

Besides, a tumor-intrinsic signaling pathway involved with NLRP3 inflammasome in
response to upregulated expression of PD-L1 was found to drive adaptive resistance to anti-
PD-1 antibody immunotherapy [58]. NLRP3 inflammasome triggered by PD-L1 induces
tumor Wnt5x expression via HSP70-TLR4 signaling, while non-canonical WNT ligands
promote production of CXCR2 ligands through the activated YAP pathway [59,60]. CXCR2-
relied migration and recruitment of a granulocytic subset of MDSCs (PMN-MDSCs) play
a role in suppressing CD8* T-cell infiltration and function, therefore leading to adaptive
resistance [61,62].

Previous study showed that tumors can be divided into four categories according to
positive/negative tumor PD-L1 expression and presence/absence of TILs. For instance,
patients with PD-L1 positive and TILs indicate adaptive immune resistance and those with
PD-L1 negative and without TILs show immune ignorance [63]. Among these four types,
type I with PD-L1 positive and TILs is the most likely to respond to PD-1/PD-L1 blockade
therapy, whilst other types may show unresponsiveness to this monotherapy [64].
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4.2. Paucity of PD-L1 Expression

The interaction between PD-L1 and its receptor PD-1 leads to immune escape and
inhibits T-cell function and blockade of PD-L1 and PD-1 enhances the antitumor immu-
nity in several cancers. However, the expression of PD-L1 or PD-1 is a prerequisite for
the therapeutic efficacy. Evidence of the relation of rare PD-L1 expression and poorer re-
sponses to PD-1 blockade has been proved in prostate cancer [65]. DNA hypomethylating
agent upregulate PD-L1 gene expression [66]. Anti-PD-1 therapy curbs the expression of
PD-L1 through either eliminating the tumor cells that overexpress PD-L1 and possess a
hypomethylated PD-L1 promoter or switching off the PD-L1 expression through epigenetic
modulation, therefore leading to resistance [67]. Loss-of-function mutations in JAK1/2 can
lead to primary resistance to anti-PD-1 therapy due to the inability to respond to IFN-y
for a lack of PD-L1 expressions [68]. Despite the effect of aberrant PD-L1 expression, an
abnormal process from antigen expression to T-cell activation can result in resistance to
PD-1/PD-L1 inhibitors. Moreover, a recent study demonstrated that PD-L1 expression
is enhanced via nicotinamide adenine dinucleotide (NAD*) metabolism, in which nicoti-
namide phosphoribosyltransferase (NAMPT) functions as the rate-limiting enzyme [69].
NAMPT increases PD-L1 expression induced by IFN-y and leads to immune escape in
tumors with the help of CD8" T-cells. Thus NAD* metabolism is a promising strategy for
resistance to anti-PD-L1 therapy [69].

4.3. Aberrant Antigen Expression, Presentation and Recognition

Tumors with a higher tumor mutation burden (TMB) are likely to have more neoanti-
gens, which can be recognized by the immune system as “non-self” in response to check-
point inhibition. In Naiyer’s study, the result of the treatment of PD-1 targeting antibody
pembrolizumab in NSCLC described that a higher burden of nonsynonymous tumors
is correlated with a better response and PFS [70]. Besides, strong immunogenicity and
extensive expression of immune checkpoint ligands make the microsatellite instability
subtype more susceptible to immunotherapeutic methods, for example, with anti-PD-L1
and anti-cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) antibodies [71]. Tumors
with defective mismatch repair possess more DNA mutations and show an improved
responsiveness to anti-PD-1 therapy [72]. In short, a low mutational burden, microsatel-
lite stability and efficient DNA repair mechanisms are involved in innate resistance to
immune-checkpoint blockade therapy. Moreover, evolution of neoantigen loss can produce
an acquired resistance [73]. A study also demonstrates that deficiency of heterogeneity in
HLA genes is observed in cancer development, a high level of HLA loss results in acquired
resistance during immunotherapy [74].

Resistance to immune checkpoint blockades also involves impaired DC maturation,
which is an essential process in T-cell activation, through it is displayed in various co-
stimulatory factors expression including MHC class I/1I, CD80, CD86 and CD40 [75]. IL37b
decreases CD80 and CD86 expression through the ERK/S6K/NF-«B axis and suppresses
DC maturation [76]. A transcription factor STAT3 that facilitates tumor growth and metas-
tasis leads to the induction of other immunosuppressive factors that possess a suppressive
function on DC maturation, including IL10, Tregs and TGF-f3 [77-80].

Despite inducing PD-L1, IFNs have been reported to (re-)activate T-cells to control
the tumor development via advancing DC cross-priming [81-83]. It is well-known that
CTLs recognize MHC class I-presented peptide antigens on the surface of tumor cells. Het-
erozygous mutations, deletions or deficiency in 3-2-microglobulin (32M); a crucial factor
in MHC class I antigen presentation, generally reduces antigen recognition by antitumor
CD8* T-cells and mutation of 32M gene leads to resistance to anti-PD-1 therapy [84,85].
IFN-y can induce tumor cells to express MHC class I molecules, significantly promoting
CTL differentiation and enhancing apoptosis. Mutations or loss of IFN-y pathway-related
proteins on tumor cells (such as STATs, IFN-y receptor chain JAK1 and JAK2) can cause
escape from immune recognition and resistance to immune checkpoint inhibitions [68,86].
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4.4. Aberrant Immunity of T-Cells

Despite normal antigen expression, presentation, recognition and successfully acti-
vated T-cells, resistance to the PD-1/PD-L1 blockade inhibitors may occur owing to the
T-cell itself. The aberrant immunity of T-cells include insufficient T lymphocytes infiltration,
dysfunction of T-cell and exhausted T-cells.

4.4.1. Insufficient T Lymphocytes Infiltration

Despite the expression of PD-L1, a lack of T lymphocyte infiltration can cause unre-
sponsiveness to anti-PD-L1 therapy. A crucial prerequisite for the therapeutic efficacy is
the existing and tumor-infiltrated anti-tumor CTLs [87]. LIGHT, a member of the tumor
necrosis factor superfamily, may activate lymphotoxin 3-receptor signaling, resulting in
the generation of chemokines that recruit a huge number of T-cells [88].

The PI3K-AKT-mTOR pathway, a crucial oncogenic signaling pathway, is involved
in a multitude of cellular processes including cell survival, proliferation, and differentia-
tion. PTEN, a lipid phosphatase, inhibits the PI3K signaling activity which activates the
pathway. Loss of PTEN has been reported to reduce CD8* T-cells infiltrating into tumors
and lead to resistance to PD-1 blockade therapy. A selective PI3Kf3 inhibitor treatment
enhanced the efficacy of anti-PD-1 antibodies [89]. The MAPK pathway also plays a ma-
jor role in cell proliferation, inhibits T-cell recruitment and functions by inducing VEGF
and IL-8 [90]. An inhibited MAPK pathway promotes CD8" T-cell activation and infil-
tration in melanoma [91,92]. Furthermore, studies showed that the combination of PD-1
blockade, BRAFi and MEKi enhances tumor immune infiltration and improves treatment
outcomes [93].

A crucial oncogenic signaling pathway Wnt/3-catenin has been highly related to
immune escape [94,95]. An activated Wnt/ 3-catenin pathway is correlated to loss of T-cell
gene expression in metastatic melanoma [96]. Another study reported that the activation
of the Wnt/ 3-catenin pathway in tumors brings about a non-inflammatory environment
via numerous mechanisms. For instance, it acts on CD103* DCs of the Batf3 lineage and
induces the transcription inhibitor ATF3 (activating transcription factor 3) expression to
decrease production of Chemokine (C-C motif) ligand 4 (CCL4), thereby reducing initiated
and infiltrated CTLs. Moreover, the Treg survival rate is enhanced by (3-catenin [97].

Recently immune tumors are divided into three phenotypes: immune-desert, excluded
and inflamed. Among these, the first and second phenotypes, which are non-inflamed tu-
mors, show a low density of CTLs in the tumors and poor prognosis in immune checkpoint
blockade therapy [98].

4.4.2. Dysfunction of T-Cells

Accumulation of extracellular adenosine is exploited by tumors to escape immuno-
surveillance through the activation of purinergic receptors [99]. CD38 expression ex-
pressed on Tregs and MDSCs is infiltrated in the tumor microenvironment and stimulated
adenosine production via the CD38-CD203a-CD73 axis, and therefore inhibits CTL func-
tion [100,101].

4.4.3. Exhausted T-Cells

In vitro studies have reported that the PD-1 signal intensity determines the severity
of T-cell exhaustion, which in turn affects the efficacy of anti-PD-1 treatment. In Nigow’s
animal model, high expression of PD-1 and extremely unresponsive T-cells showed rele-
vance with resistance of anti-PD-1 therapy [102]. PD-1 treatment helps patients with low or
moderate PD-1 expression to re-invigorate exhausted CD8* T cells and exert their immune
effects. However, the cellular, transcriptional, and epigenetic changes following the PD-1
pathway blockade suggested limited storage potential after TEX re-invigoration, which
means re-exhaustion following PD-L1 blockade [103].

12
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5. Tumor-Suppressing Microenvironment

Apart from abnormal T-cells and PD-L1 expression, there are some other types of
cells and cytokines that benefit tumor development inside the tumor microenvironment,
they form the tumor-suppressing microenvironment to play a key role in resistance to the
PD-1/PD-L1 blockade.

5.1. Tregs

Tregs are involved in maintaining self-tolerance, and inhibit autoimmunity through
secreting cytokines, including TGF-31. The ratio of CD8" Teff cells/Tregs is strongly asso-
ciated with the prognosis of immunotherapy [104,105]. The administration of low-dose
TLR-7 agonist resiquimod could transform Treg accumulation-caused resistance to the
PD-L1 blockade [106]. Combination of radiation therapy and dual immune checkpoint
blockade restores antitumor immunity of consumed Tregs [107]. Currently, anti-CD25 ther-
apy is believed to take effect through Treg depletion when combined with PD-1 blockade
therapy [108].

5.2. MDSCs

MDSCs suppress immunity mainly through preventing T-cell activation and function,
Argl and ROS are the common molecules used. Besides, they downregulate macrophage
production of the type I cytokine IL-12 to polarize macrophages toward a tumor-promoting
phenotype [109,110], suppress tumor cell lysis mediated by NK cells and induce and
recruit Tregs [111-114]. In the presence of MDSCs, the levels of PD-1 expression show
a decrease, while PD-L1 expression shows an increase [115]. MDSC-targeted therapy,
which decreases MDSC frequency and transforms its function, is studied to overcome the
resistance to immune checkpoint inhibitors, thus combining MDSC-targeted therapy and
immune checkpoint blockades is considered a promising strategy for the future [116].

5.3. TAMs

Protumor macrophages are differentiated through interaction with tumor cells and
turn to polarize into M2-like TAM, which play a significant role in immunosuppression,
invasion and metastasis. For the sake of overcoming the latent resistance of macrophages,
CSF-1R blockade reduces the frequency of TAMs, therefore increasing production of in-
terferon and tumor regression [117], and synergizing with immune checkpoint block-
ades [118].

54.1DO

Indole 2,3-dioxygenase is generated by tumors and immune cells to enhance Tregs and
MDSCs production and activity. IDO, an enzyme catalyzing the degradation of tryptophan
along the kynurenine pathway, is induced in response to inflammatory stimuli and its
activity is known to have an inhibition of effector on T-cell immunity [119]. A report
conducted on B16 melanoma demonstrated that following PD-1 blockade treatment, a
subset of mice with IDO knockout had an obviously slower tumor development and better
overall survival rates compared with wild type [120]. Thus, a combination therapy of
IDO inhibitors and PD-1/PD-L1 antibodies may demonstrate a better efficacy than single
agent [121].

5.5. VEGFA

TMB with hypoxia and hyper-angiogenesis is obviously crucial for tumor growth and
progression, and vascular endothelial growth factor A (VEGFA) plays a significant role in it.
High expression of VEGFA is reported to impair infiltration of effective anti-tumor T-cells,
thus leads to innate resistance in PD-1/PD-L1 blockade [122]. Unfortunately, combining
treatment with inhibiting the VEGFA and PD-1/PD-L1 blockade demonstrates more toxic
and harbors more adverse effects than monotherapy.
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5.6. Immunosuppressive Cytokines

TGEF-f inhibits the expansion and function of many components of the immune system,
either by stimulating or inhibiting their differentiation and function, therefore it maintains
immune homeostasis and tolerance. Specific chemokines are capable of recruiting cells into
tumors. CXCL9, CXCL10, CXCL11, CCL3, CCL4 and other chemokines and their receptors
are recruited to cause antitumor response via recruiting CTL and NK cells while CCL2
CCL22, CCL5, CCL7 and CXCLS8 recruit immunosuppressive cells to suppress the immune
response. Research reveals that epigenetic silencing of CXCL9 and CXCL10 can suppresses
T-cell homing [123].

6. Activation of Alternative Immune Checkpoints

As one of the most prospective approaches in cancer treatment, immunotherapy
has reached notable achievements, especially with the PD-L1 blockade. However, the
efficacy of PD-L1 inhibitor therapy has been found to be limited due to activation of other
immune checkpoints including TIM-3 and VISTA. So far, some studies have reported that
the combination therapy targeting distinct types of immune checkpoints has been proved
effective in several cancers.

6.1. TIM-3

T-cell immunoglobulin mucin 3 (TIM-3) has been identified as a critical regulator
of CTL exhaustion with co-expression of PD-1 [124]. TILs with co-expression of TIM-3
and PD-1 do not produce IL-2 and IFN-y, and they are prone to exhaust. In response
to radiotherapy and PD-L1 inhibition, TIM-3 is upregulated and subsequently caused
acquired resistance in HNSCC [107]. Combination therapy targeting TIM-3 and PD-1
signaling pathways simultaneously is proved to be effective against cancer [124].

6.2. HHLA?

HHLAZ2, a member of the B7 family, can predict poor overall survival in several
cancers, including human clear cell renal cell carcinoma and colorectal carcinoma [125].
HHLAZ2 can suppress T-cell activation and proliferation in the presence of TCR and CD28
signaling [126], and can do this more robustly than PD-L1 [127].

6.3. VISTA

V-domain Ig suppressor of T-cell activation (VISTA) expression induced by IL-10
and IFN-vy is observed to be higher in immature DCs, MDSCs and Tregs compared with
peripheral tissues [128,129]. The synergistic effect of the combining VISTA and PD-L1
monoclonal therapy in colon cancer can be taken as an example, reduction of tumor growth
and better OS are observed compared with monotherapy [130].

6.4. LAG-3

Lymphocyte activation gene-3 (LAG-3) is responsible for maintaining immune home-
ostasis through repressing activation of T-cells and cytokines secretion [131]. Interaction
between LAG-3 and Galectin-3, a soluble lectin regulating antigen-specific T-cell activation,
expands the immunomodulatory effect of LAG-3 on tumor-infiltrating CD8" T-cells in the
TME [132]. Sinusoidal endothelial cell lectin binds to LAG-3 to reduce IFN-y expression
produced by activated T-cells [133]. An amazing synergistic effect in suppressing immune
responses is found in LAG-3 with PD-1 under distinct conditions [134].

6.5. CTLA-4

CD28 interacting with the CD80 dimer and the CD86 monomer mediates T-cell co-
stimulation along with TCR signals, while CTLA-4 demonstrates a higher affinity and
avidity in conjunction with the two ligands than with CD28, which in turn antagonizes
CD28-mediated co-stimulation [135]. A combination of PD-1-targeted mAb nivolumab
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and CTLA-4-targeted mAbD ipilimumab has been approved as the first-line treatment for
renal clear cell cancer patients with moderate or poor prognosis [136].

6.6. Siglec-15

As a member of the sialic acid-binding immunoglobulin-like lectin (Siglec) gene family,
Siglec-15 is found to impair anti-tumor immunity through suppressing T-cell functions.
Siglec-15 is expressed only on some myeloid cells normally, while it is upregulated on
TAMs and tumor cells [137]. Interestingly, an antagonistic relationship between Siglec-15
and PD-L1 has been reported, mainly due to regulation of IFN-y [138]. M-CSF induces
expression of Siglec-15 on macrophages and IFN-y, identified as a crucial factor promoting
PD-L1 expression, inversely decreases it [137].

6.7. TIGHT

T-cell immunoglobulin and ITIM domain (TIGIT), expressed mainly on Tregs, is a
co-inhibitory checkpoint receptor which has a significantly higher affinity in binding to
CD155 than the co-stimulatory receptor CD226 [139]. TIGIT/CD155 signaling causes
T-cell exhaustion to impair anti-tumor immunity in several types of cancer, including
melanoma and HNSCC [140,141]. Furthermore, the phenomenon that TIGIT expression
often accompanies PD-1 has been observed in both normal tissues and tumors [142].

6.8. BTLA

B and T lymphocyte attenuator (BTLA), expressed mostly on B-cells, is upregulated
on CD19* high B-cells through AKT and STAT3 pathways once triggered by IL-6 and IL-
10 [143]. BTLA is regarded as one of the factors leading to resistance to anti-PD-1 therapy,
though they do not suppress T-cell signaling through an identical mechanism related with
src-homology-2 domain-containing phosphatase (SHP)1 and SHP2 [143,144].

7. Current Combination Therapies with PD-1/PD-L1 Inhibitors

With regard to clinical the limitations of anti-PD-1/PD-L1 monotherapy, it exists
more and more in combination therapies based on mechanisms underlying resistance to
the PD-1/PD-L1 blockade. Among all of them, chemotherapy, VEGF/VEGFR-targeted
therapy and anti-CTLA-4 rank in the top three. Other treatments that are considered to
combine with PD-1/PD-L1 blockade include radiotherapy, vaccines, cytokine therapy
and chemokine inhibition. Radiotherapy is identified to alter differentiation and function
of T-cells and promote the expression of PD-L1, which means adding radiotherapy may
enhance the effects of anti-PD-L1 treatment [145]. A triple therapy with anti-PD-1 antag-
onist antibody, anti-CD137 agonist antibody and vaccine therapy has been reported to
significantly enhance T-cell activation in pancreatic ductal adenocarcinoma in a preclinical
study [146]. Recently, another immune checkpoint inhibitor tiragolumab targeting TIGIT
has been granted breakthrough therapy designation by the FDA and combining anti-PD-L1
and anti-TIGIT has been reported as highly effective in clinic with metastatic NSCLC pa-
tients [147]. Combining TNF-«-loaded liposomes and anti-PD-1/PD-L1 further enhances
the anti-tumor immunity [148]. Even utilizing newly emerged neoantigens may improve
the therapeutic efficacy of immune checkpoint blockade treatment [148].

8. Conclusions

As an inhibitor in the immune system, PD-L1 plays multiple roles in tumors. PD-L1
has been confirmed as a prospective and prognostic biomarker in certain cancers, while
rebiopsy should be considered when PD-L1 expression is increased due to treatment
(such as gefitinib treatment). Immune resistance induced by PD-L1 following various
therapies inspired a combination therapy of PD-L1 blockade and these therapies. To date,
immunotherapy, especially PD-1/PD-L1 blockade, which is at forefront of clinical therapy,
has benefited many patients. However, primary and acquired resistance to this blockade
therapy still exists and limits its efficacy. So far, key mechanisms suggest complement

15



Cancers 2021, 13, 663

approaches for patients who cannot respond well to PD-1/PD-L1 antibodies. For example,
modulating the immunosuppressive tumor microenvironment, such as depletion of Tregs,
IDO, or MDSCs, interfering suppressive cytokines and inhibiting alternative immune
checkpoints, may enhance the therapeutic efficacy of the PD-1/PD-L1 blockade. Other
mechanisms underlying resistance to this blockade therapy and individual treatments for
more patients requires further investigation.
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Simple Summary: In the fight against cancer, immunotherapies have given great hope after encour-
aging results in clinical investigations showing complete remission in some patients with melanoma.
In fact, directing the immune system against cancer has been a very innovative strategy fostered
during the past three decades. Despite this fact, the disease is serious, the mortality is still very high,
and only a minority of patients are responsive to immunotherapies. Therefore, there is a need for a
better understanding of the molecular mechanisms of resistance to immune checkpoint inhibitors
such as antibodies against cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). In this article, we
discuss the molecular mechanism of CTLA-4 in T regulatory cell inhibition, while highlighting the
knowledge gap.

Abstract: Immune checkpoint inhibitors (ICIs) have obtained durable responses in many cancers,
making it possible to foresee their potential in improving the health of cancer patients. However,
immunotherapies are currently limited to a minority of patients and there is a need to develop a
better understanding of the basic molecular mechanisms and functions of pivotal immune regulatory
molecules. Immune checkpoint cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and regulatory
T (Treg) cells play pivotal roles in hindering the anticancer immunity. Treg cells suppress antigen-
presenting cells (APCs) by depleting immune stimulating cytokines, producing immunosuppressive
cytokines and constitutively expressing CTLA-4. CTLA-4 molecules bind to CD80 and CD86 with a
higher affinity than CD28 and act as competitive inhibitors of CD28 in APCs. The purpose of this
review is to summarize state-of-the-art understanding of the molecular mechanisms underlining
CTLA-4 immune regulation and the correlation of the ICI response with CTLA-4 expression in Treg
cells from preclinical and clinical studies for possibly improving CTLA-4-based immunotherapies,
while highlighting the knowledge gap.
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1. Introduction

Globally, cancer remains the leading cause of mortality and morbidity, with nearly
9 million deaths every year [1]. Early diagnosis and advances in cancer treatment have
improved the survival of cancer patients, but there were more than 1.7 million new cases
of cancer in the United States in 2019 [1]. A considerable percentage of these patients
manifested drug resistance, metastasis, and recurrence [2].

A promising paradigm in the dilemma and challenge of cancer therapy is immunother-
apy, and the T cell population has generated considerable enthusiasm among scientists due
to its ability to kill malignant tumor cells directly [3].
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There are two major types of T cell: Conventional adaptive T cells (including helper
CD4+ T cells [Th1, Th2, Th17, Th9, and Tfh], cytotoxic CD8+ T cells, memory T cells, and
regulatory CD4+ T cells [Treg]) and innate-like T cells (including natural killer T cells,
mucosal associated invariant T cells, and gamma delta T cells (5 T cells)) [4]. The CD4+ T
cells subset can target malignant tumor cells using different approaches, either by directly
killing tumor cells or indirectly modulating tumor microenvironments (TME) [5,6]. These
cells can increase the response of cytotoxic T cells (CTL) and quality of B cells [7]. The
major killers of tumor cells are cytotoxic CD8+ T cells [8].

Innate-like T cells, representing one of the major groups of T cells, can be grouped into
natural killer T cells (NKT cells), mucosal associated invariant cells (MAIT), and gamma
delta T cells (yd T cells) [9-11]. During development, innate-like T cells, called innate
lymphoid cells (ILCs)-Natural Killer (NK) cells, acquire an effector function, whereas
conventional T cells remain in a naive state [12]. The first group, NKT cells, express T-cell
receptors (TCRs) and cell surface markers of NK cell lineages [13]. They are involved
in the recognition of glycolipid antigens and present them to antigen-presenting cells
(APCs) in the context of major histocompatibility complex (MHC) class I-associated protein
CD1d [14]. T cells with y6 expression, representing the first layer of defense, constitute
nearly 2% of the T cell population in peripheral blood and secondary lymphoid organs,
while they are mainly found in the epithelia of the skin, gut, lung, and other organs [15,16].
Another group of innate-like T cells, called MAIT cells, constitute approximately 5% of all
T cells and have considerable similarities to NKT cells [17,18].

Treg cells are one of the most fascinating immunosuppressive subsets of CD4+ (CD25+)
T cells, mainly represented by master transcription factor 3 (FOXP3), and they account
for nearly 5% of the total CD4+ T cell population under normal conditions [19]. Treg
cells increase dramatically in response to the early stages of malignant tumor initiation
and growth [20]. In the tumor microenvironment, Treg cells can suppress the immune
system activity of cytotoxic T lymphocytes (CTLs) [21]. A panel of immune-modulatory
receptors expressed on the Treg cell population includes cytotoxic T lymphocyte antigen 4
(CTLA-4), the vascular endothelial growth factor receptor (VEGFR), and programmed
cell death protein 1 (PD1) [22]. CTLA-4 is expressed on activated T and Treg cells
[23,24] https:/ /paperpile.com/c/d61gxv/defR (accessed on 5 February 2021). Atkins
et al. showed that an immune checkpoint blockade of CTLA-4 improved the survival
rate of renal cell carcinoma, melanoma, non-small cell lung cancer (NSCLC), and head
and neck squamous cell cancer [25]. This protein was the second receptor of the T-cell
costimulatory ligand CD80/86 and, therefore, an immune checkpoint whose function is
critical for downmodulating the immune response. In contrast to the first receptor (CD28),
which is antigen-dependent, CTLA-4 is antigen-independent [26]. In 2011, ipilimumab was
the first immunotherapy drug targeting CTLA-4 to receive FDA approval to treat late-stage
melanoma [27]. This approval came after encouraging results of a large randomized phase
III clinical trial improving patients” survival compared to standard therapy. Since then,
several immunotherapies targeting the PD-1/PD-L1 axis have received FDA approval to
treat multiple types of cancer [27].

This review will describe the mechanisms of CTLA-4 immune checkpoint inhibition,
the role of Treg cells in tumorigenesis, and how anti-CTLA-4 antibodies can provoke an
alteration in the expression of CTLA-4 on Tyeg cells while exerting anti-cancer therapeu-
tic activity.

2. Mechanism of CTLA-4 Immune System Inhibition

A better understanding of the biological mechanisms and functions of negative and
positive co-stimulatory molecules has been shown to be essential for improving current
and potentially new CTLA-4 or Programmed Cell Death 1 (PD-1) inhibitors for anti-cancer
immunotherapies.

Once bound to B7-1 (CD80) or B7-2 (CD86), CTLA-4 switches-off antigen-presenting
cells [28]. CTLA-4 was immediately increased after T-cell receptor (TCR) engagement,
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reaching its highest level of expression as a homodimer at 2-3 days after the activation
of conventional CD4+ and CD8+ T cells [29,30]. CTLA-4 competes with costimulatory
molecule CD28 for the CD80/86 ligands CD80 and CD86, for which it has a higher affinity
and avidity [31,32]. It is necessary to inhibit interactions with both CD80 and CD86 with
antibodies to optimally block the CD28-dependent proliferation of T cells in an allogenic
mixed lymphocyte reaction stimulated with B lymphoblastoid cell lines. Since both CD80
and CD86 exert a positive costimulatory signal through CD28, the role played by CTLA-
4 in the competitive inhibition of CD28 is important for attenuating T-cell activation,
thereby fine-tuning the immune response [33]. Rapid binding kinetics with a very fast
dissociation rate constant (k.g) of both CTLA-4 and CD28 to CD80 has been observed
(kogf > 1.6 and >0.43 s~1) [34], which permits their instant competition. The function
of T cells can be suppressed by Treg cells through multiple mechanisms [35]. Treg cells
constitutively express CTLA-4 on their suppressive functions. CTLA-4-expressing T cells
(Treg or activated conventional T cells) have been shown to lower levels of CD80/86
costimulatory molecules available on APCs by CTLA-4-dependent sequestration via trans-
endocytosis [36]. This event can negatively regulate the proliferation of non-Treg T cells, as
well as the production of cytokines.

RAG2-deficient mice reconstituted with CTLA-4-deficient bone marrow developed
lethal inflammation of multiple organs and died around 10 weeks after reconstitution,
whereas control mice (reconstituted with normal bone marrow) were healthy. Intriguingly,
the mouse chimeras reconstituted with a mixture of normal and CTLA-4-deficient bone
marrow remained healthy, without developing any disease [37]. The authors concluded
that the disease observed in CTLA-4~/~ mice is not due to a T cell autonomous defect and
that CTLA-4 triggering on normal T cells produces factors inhibiting the disease induced by
CTLA-4-deficient T cells. It has been shown that mice selectively deficient in CTLA-4 in Tyeg
cells (Foxp3+) develop systemic lymphoproliferation and fatal T cell-mediated autoimmune
disease, indicating that Treg cells critically require CTLA-4 to suppress immune responses
and maintain immunological self-tolerance [38,39].

Additionally, after T-cell activation by TCR, CTLA-4 within intracellular compart-
ments is immediately transported to the immunologic synapse [40]. The stronger the TCR
signaling, the more CTLA-4 transported to the immunological synapse [40]. After reaching
the synapse, CTLA-4 becomes stable through its binding to the CD80 and CD86 ligands,
leading to its accumulation and effective out-competition against CD28 [28]. Differences in
both the affinity and avidity in ligand-binding cause selective CD28 or CTLA-4 recruitment
to the immunological synapse. The major ligand leading to CTLA-4 localization in the
synapse is CD80, while for CD28, it is CD86 [28]. In this way, CTLA-4 attenuates the posi-
tive co-stimulation of CD28, thereby limiting the downstream signaling of CD28, which is
primarily achieved through PI3K and AKT [41,42]. This mechanism allows a fine-tuning of
TCR signaling and therefore T-cell activity. The negative co-stimulation of CTLA-4 is intrin-
sically linked to CD80/86 and CD28 positive co-stimulations. CTLA-4 mainly regulates T
cells at priming sites (e.g., gut or lymphoid organs such as spleen and lymph nodes). Since
CTLA-4 plays a crucial function in the activation of T cells, its negative co-stimulation plays
a critical role in tolerance. As a matter of fact, the biallelic genetic Ctla-4 deletion in mice
leads to their death at 3-4 weeks of age because of pronounced lymphoproliferation with
multi-organ lymphocytic infiltration and tissue destruction, particularly with pancreatitis
and myocarditis [43-45]. Mice lethality can therefore be prevented by normal T cell factors.
Several groups foster the idea that extrinsic cell suppressive functions of CTLA-4 are mainly
mediated through Treg cells [38,46]. Others support the idea that CTLA-4’s ability to inhibit
T cells is Treg cell-independent [47,48]. An argument for the first line of thought is that a
particular loss of CTLA-4 in Treg cells was enough to induce abnormal T-cell activation
and autoimmunity [38,49]. In fact, Wing et al. showed that the loss of CTLA-4 in Treg cells
was capable of hyper producing immunoglobulin E, systemic lymphoproliferation, fatal T
cell-mediated autoimmune disease, and powerful tumor immunity [38]. After losing the
CTLA-4-expressing subpopulation, the Treg cells were not capable of exerting their T cell
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suppressive functions; in particular, they were not able to down-modulate the dendritic
cell expressions of CD80 and CD86 [38]. It must be noted that the lack of CTLA-4 in Tyeg
cells also leads to an aberrant expression and expansion of Teony cells, which can cause the
latter cells to infiltrate and fatally damage nonlymphoid tissues and cells [49]. Therefore,
CTLA-4 in Tyeg cells is also needed to prevent the accumulation of T cells that may harm
vital organs.

As a hypothetical molecular biology explanation, it is possible that Treg cells with
CTLA-4 may limit the availability of CD80/86 ligands for the positive co-stimulation of
CD28 in effector T cells. Through such a mechanism, the CTLA-4 would indirectly and
cell-extrinsically dampen T-cell activation. It is also known that CTLA-4 on effector T cells
can trans-compete for CD80/86 ligands [50]. Another mechanism by which CTLA-4 can
lower the total availability of CD80/86 ligands is through APC-mediated trans-endocytosis
of CD80/86 ligands [36]. The last two mechanisms explain how CTLA-4 could prevent
anti-cancer immune reactions without the need for Treg cells. Overall, it is noteworthy that
these mechanisms are not yet fully understood and each contribution remains elusive in
the context of cancer immunity and drug design.

Furthermore, unexpectedly, the depletion of CTLA-4 from a Treg cell population of
adult mice conferred resistance to autoimmune encephalomyelitis (EAE) and did not
enhance anti-tumor immunity [51]. This was accompanied by an expansion of functional
CTLA-4-deficient Treg cells expressing immunosuppressive molecules (IL-10, LAG-3, and PD-
1) capable of protecting them from EAE, demonstrating that CTLA-4, in addition to previously
described mechanisms of action, has a Treg-intrinsic effect in limiting Treg expansion.

Additionally, since CTLA-4 expression has been correlated with the TCR signal
strength, high Treg cell and CTLA-4 expressions are concomitant [52,53]. The inhibition
efficacy of any cell by CTLA-4 depends on the affinity between the major histocompatibility
complex (pMHC) ligand and its TCR. The higher the affinity of TCRs, the more those cells
can be inhibited through CTLA-4 [54,55]. Additionally, the induction of CTLA-4 also
restricts CD4+ T-helper clonal expansion. Ultimately, through such a mechanism of action
of CTLA-4, the TCR signal is fine-tuned in response to specific immunological threats.

Furthermore, a number of structures of the extracellular domain of human CTLA-4
are available in Protein Data Bank (PDB), including apo structures and various complexes.
The very first structure of CTLA-4 was determined using solution NMR spectroscopy (PDB
ID: 1AH1), revealing an Ig-like V (variable)-type domain, where two beta-sheets of the
V-fold are connected by two disulfide bonds (21 to 94 and 48 to 68) [56]. Another apo
structure of CTLA-4 was later published in the physiological dimeric state (PDB ID: 30SK)
[57]. CTLA-4 binds its native ligands CD80 and CD86 at the A ‘GFCC’ face, which contains
a number of charged residues that are highly conserved between CTLA-4 and CD28 (and
across species). A key role in these interactions is also played by the g9MYPPPY(4 loop
connecting F and G strands [56]. The structures of CTLA-4 with CD80 and CD86 (PDB
IDs: 1I8L and 1185) manifested a mostly convex binding surface at CTLA-4, free of any
notable cavities that could have been targeted with traditional small-molecule campaigns
[58,59]. It is also interesting to note that while the CD80-bound conformation of CTLA-4
is very similar to the apo form, CD86 binding requires some structural rearrangement,
most significantly, in the FG loop [57-59]. Finally, several structures of CTLA-4 bound
to monoclonal antibodies have also recently been reported (PDB IDs: 5GGV, 5TRU, 5X]3,
and 6RP8) [60-62]. These structures reveal that ipilimumab and tremelimumab directly
compete with CD80 and CD86 at their binding surface, sterically displacing and preventing
their interactions with CTLA-4. Moreover, subtle differences in the CTLA-4 structure, such
as a slightly larger distance between G and F stands, and extended interactions of antibodies
with non-conserved residues on the opposite side of the FG loop, enable selectivity between
CTLA-4 and CD28 [61]. Interestingly, the amino acid sequence of the intracellular tail of
CTLA-4 is conserved in 100% of all mammalian species, meaning that its intracellular
domain must have an important role in the inhibition of T-cell activation [63,64]. In
fact, the inhibitory functions of CTLA-4, by competing with CD28 for CD80 and CD86 or
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through its transmission of negative signals, can be accomplished because of its intracellular
domain, but such a downstream mechanism of CTLA-4 signal transduction deserves
further investigations [64,65]. Based on the primary amino acid sequence of the CTLA-4
cytoplasmic region, there are two potential binding sites for Src homology domain 2 (SH2)
and an SH3 potential binding motif [66]. CTLA-4 was found to be capable of becoming
associated with SH2-containing tyrosine phosphatase-2 (SHP-2) through the SH2 domain
of SHP-2. Such an association resulted in phosphatase activity against Ras regulatory
protein p52SHC [67]. Therefore, CTLA-4 might be able to start a signal transduction
cascade leading to the dephosphorylation of TCR-associated kinases or substrates.

While the antitumor activity and clinical benefits of antibodies such as ipilimumab that
block CTLA-4 interactions with ligands have been demonstrated [61], it is always desirable
to have bioavailable and cheaper options in the form of small molecules or peptides.
In cases of traditionally undruggable targets, such as CTLA-4, where no suitable small-
molecule binding pockets can be immediately identified at the ligand-binding interface,
peptide drugs can present a viable alternative. Like antibodies, peptides can achieve a high
affinity and specificity by capturing a larger interaction area with the target. At the same
time, they are easier to synthesize and have greater tissue penetration due to their smaller
size compared to the antibodies. Moreover, peptides have recommended themselves in
a variety of therapeutic areas, including cancer [68,69]. In addition, targets similar to
CTLA-4 can be amenable to less-standard small molecule campaigns. One such approach
is allosteric modulation. In this case, a small molecule bound to a distant site can activate or
inhibit the protein function or its interactions with other molecules as a result of structural
changes that it induces at a distance [70]. However, for CTLA-4, such sites still have to be
determined through either experimental or computational techniques [71,72].

3. Regulatory T Cells and Anticancer Immunity
3.1. First Insights into Tyeq Cells

Treg cells are a population of CD4 T cells constitutively expressing CTLA-4. They are
crucial for both immune-oncology and autoimmunity, as we will describe in this review.
The focus of this article is on the CTLA-4-positive population of Treg cells in cancer. After
Treg cells were discovered for the first time in the CD4+ CD25+ T cell subpopulation in
1995 [73], mutations of FOXP3 recapitulated the impaired formation or improper function of
Treg cells, causing an immune dysregulation syndrome in mice, termed polyendocrinopathy
enteropathy X-linked syndrome, which ultimately leads to multiple autoimmune disor-
ders [74]. Corroborating the importance of Treg cells for a functional immune response,
mice carrying spontaneous alterations of Foxp3—that ultimately lacked Treg cells—died
due to systemic autoimmunity [75,76]. As expected, the external expression of FOXP3
bestowed naive CD4+ T cells (Tcony, without Treg cells) with the same immune-suppressive
capacity typical of Treg cells. Therefore, FOXP3 is a master transcription factor that reg-
ulates Treg cell phenotypes and their function as immunosuppressants. The role of Treg
cells in cancer is mainly observed at inflammatory sites, where they migrate and inactivate
different types of effector T cells, such as CD4" T helper (Ty) cells and CD8* cytotoxic
T cells (CTLs) [77-80]. As a consequence, intervening in this activity of Treg cells could
induce the immune system in the fight against cancer.

3.2. Inhibitory Effects of Treg Cells on APC

Treg cells represent a crucial component of the immune system, being essential for con-
trolling self-tolerance, and thereby play essential roles in various medical conditions. Treg
cells have a crucial role in the suppression of the immune response in cancer [73,75,81-85].
Treg cells inhibit APC by three main mechanisms: (1) Depleting immune-stimulating cy-
tokines [86-89]; (2) producing immunosuppressive cytokines (like TGF-f3, IL-10, and
IL-35); and (3) constitutively expressing CTLA-4. Treg cells express Interleukin 2 (IL2)
receptors that bind to IL2, thereby limiting the amount of this cytokine available for Tcony
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Figure 1. Regulatory T (Treg) cells inhibit antigen-presenting cells (APC) by three main mechanisms: (1) Depleting immune-

stimulating cytokines; (2) producing immunosuppressive cytokines (e.g., TGF-§3, IL-10, and IL-35); and (3) constitutively

expressing CTLA-4, which blocks the priming and activation of naive CD4+ T (Tconv) cells to APCs.

Treg cells block normal protective immune-surveillance and inhibit the antitumor
immune response in cancer patients. Thereby, if Tcony cells are like tumor suppressors,
Treg cells could be considered as oncogenes because they are suppressing antitumor immu-
nity [81,82,93,94], although the definitions of oncogenes and tumor suppressors refer to
genes in tumors that, when expressed, cause or prevent cancer, respectively [95]. Likewise,
CTLA-4 and PD-1 immune checkpoints, since they block the immune system’s recognition
of cancer cells, could also be comparable as tumor suppressors.

3.3. Conflicting Roles of Treq Cells in Malignant Tumors

The role of Treg cells in immunoncology was discovered by two Japanese groups in
1999 [93,94]. The two groups independently reported that anti-CD25 antibodies, capable
of depleting CD4+CD25+ Tyeg cells, led to higher tumor rejection and retarded tumor
growth in normal and T cell reconstituted nude mice [93,94]. CD25 is the « chain of the
interleukin-2 receptor. Onizuka et al. showed that a single dose (less than 0.125 mg) of
anti-CD25 was capable of causing the regression of multiple tumors derived from four
different inbred mouse strains (five leukemias, myeloma, and two sarcomas) [93]. Similarly,
Shimizu et al. showed that the elimination of CD25-expressing T cells caused a powerful
immune response in syngeneic tumors in mice, leading to tumor regression within 1 month,
thereby allowing the host to survive > 80 days [94]. Among CD4+ T cells, the percentage of
Treg cells is higher in the blood of cancer patients compared to that of healthy individuals
[83,96,97]. Expectedly, the relatively higher Treg cell levels in the tumor microenvironment
correlated with a poor prognosis in various cancer types, such as melanoma and non-small
cell lung, ovarian, and gastric cancers [82,83]. The Treg cell population is not large in
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the periphery blood of cancer patients compared with the TME, implying that T cells’
interaction with tumor cells is important [97]. On the contrary, in certain tumors, such as
colorectal cancer (CRC), a high level of FOXP3+ T cells is correlated with a better prognosis
[98]. This is because the accumulation of FOXP3+ occurs together with inflammatory
cytokines, possibly implying that Treg cells play a role in repressing tumor inflammation.
It was brought to light that two populations of FOXP3 (+) CD4 (+) T cells had distinct
roles in controlling the prognosis of CRCs, contributing in opposing ways. FOXP3 (hi) Treg
cells are correlated with worse survival, whereas FOXP3 (lo) non-Treg T cells are correlated
with better survival. This is possibly because the FOXP3+ (lo) non-Treg T cell population
leads to an inflammatory TME against the tumor. In fact, it was observed that FOXP3+
non-Treg T cells in CRCs are correlated with high levels of tumor necrosis factor (TNF), IL2,
and TGFf [96]. Depleting FOXP3 (hi) Treg cells from tumor tissues could be deployed to
increase the antitumor immunity to treat CRC or other cancers, whereas other strategies
enhancing the levels of FOXP3(lo) non-Treg T cells could also be used to suppress or prevent
tumorigenesis [96].

There are conflicting reports regarding the prognostic value of tumor-infiltrating Treg
cells. Shang et al. demonstrated that FOXP3+ Treg cells are correlated with shorter overall
survival in breast, hepatocellular, gastric, melanoma, renal, and cervical cancers, and longer
overall survival in head and neck, colorectal, and esophageal cancers, whilst they display
no correlation for pancreatic and ovarian cancers [99].

In conclusion, Treg cells inhibit anti-cancer immunity, blocking the immune surveil-
lance of tumors, which ultimately leads to cancer spreading [81-83,93,94]. Immunosup-
pressive Treg cells, producing cytokines, are observed in both human chronic inflammatory
disease and cancers, where they promote tumorigenesis through a mechanism similar to
that of chronic inflammation [48,100,101]. The depletion of Treg cells in mice is capable of
promoting lymphocyte recruitment and as a consequence, a decrease in the tumor growth
rate and the presence of high endothelial venules, indicating destruction of the tumor
tissues [102,103].

3.4. Tyeq Cells and the Tumor Microenvironment

The TME is mainly comprised of a subpopulation of Treg cells called bona fide Treg
cells that enhance the expression of immunosuppressant molecules such as CTLA-4 and
T-cell immunoreceptors with Ig and ITIM domains (also called TIGIT), whose expression
is very low in naive Treg cells [83,96,104]. A transcriptome analysis of 15 human lung
cancer samples and 14 colorectal cancer samples demonstrated that tumor-infiltrating
Treg cells have very high levels of different Treg activation markers, such as T cell im-
munoglobulin mucin receptor 3 (HAVCR?2), glucocorticoid-induced TNFR-related protein
(GIRT), lymphocyte-activation gene 3 protein (LAG3), and inducible T cell co-stimulator
(ICOS). Interestingly, this phenotype was not observed in peripheral blood samples from
the same patients, whose expression levels in the blood remained the same. This could in-
dicate that Treg cells become activated in TME, where they exert their immune-suppressive
functions [105].

3.5. Cross-Talk between Treg Cells and the Tumor Microenvironment

It has recently been shown that adenosine produced by apoptotic Treg cells present
within the TME exerts higher immunosuppressive effects compared to live Treg cells
[21,106]. A weak NRF2-associated antioxidant pathway leads to a vulnerable system
against reactive oxygen species in TME, possibly causing apoptosis in Treg cells, which
is a process that has been shown to convert high ATP levels into adenosine through Tyeg
cell-expressed ectoenzymes CD39 and CD73. In turn, the resulting abundance in adenosine
engages purinergic adenosine A2A receptors (also known as ARORA2A), which is a family
of G protein-coupled receptors with seven transmembrane alpha helices whose function is
to regulate the oxygen demand and increase vasodilatation, as well as suppress immune
cells. Apoptotic Treg cells use the A2A pathway to suppress immune cells [21,106]. The

29



Cancers 2021, 13, 1440

mechanism postulated to explain the activation of Treg cells in TME is that proliferating and
dying tumor cells have loads of self-antigens, which are best recognized through Treg cells
and thereby become activated in TME [107]. Another explanation comes from results from
mice experiments of two research groups showing that immune dendritic cells expressed in
mice tumors activate Treg cells in a TGF3-dependent manner [107,108]. Tyreg cells recognize
specific self-antigens and can become clonally expanded in TME [109,110]. Treg cells
typically have higher affinity TCRs for self-antigens than Tcony cells and therefore, should
be predominantly activated, even when in competition with Teony cells. It must be stated,
however, that these data come from animal studies and Tyeg cells induced by TFGf3 have not
yet been fully demonstrated in humans. As for the epigenetic profile of tumor-infiltrating
Treg cells, very little is understood [111-113]. Epigenetic studies of Treg cells are limited
and future studies could shed more light on the subject, in order to better understand the
origin and mechanisms of activation of Treg cells. Treg cells move to the TME by chemotaxis
via chemokines and their receptors, such as CXCL12-CXCR4, CCL5-CCR5, CCL22-CCR4,
and CCL1-CCRS8 [83,105,114-118]. Blocking such chemotactic signals can reduce the
accumulation of Treg cells inside tumors [119]. Such chemokines are produced in the
TME by the tumor and/or macrophages [83,105,114-116]. Additionally, some chemokines,
such as CCL1 and CCL22, can be produced within tumors by exhausted or dysfunctional
CD8+ T cells [119,120]. Therapies targeting chemokines could be considered to lower the
Treg:Tcony ratio in the tumor microenvironment, in order to produce more Tcony and less
Treg cells. Cancers engage various immune escape mechanisms that can be dependent on
specific tumor intrinsic factors. In fact, alterations in tumor suppressor PTEN; Liver Kinase
B1 (LKB1); or oncogenes WNT/ 3-catenin, KRAS, or basic leucine zipper transcriptional
factor ATF-like 3 (BATE3), affect effector T-cell recruitment to the tumors [121-125]. On the
contrary, tumor hyper-activation of FAK leads to a recruitment of Treg cells, together with
chemokine-driven CD8+ T cell exhaustion or poor infiltration within the tumor [126,127].
In fact, Jiang et al., using tissues from pancreatic ductal adenocarcinoma (PDAC) patients,
observed that FAK was elevated and correlated with high levels of fibrosis and poor CD8+
cytotoxic T cell infiltration, which are signs of an immune-suppressive TME. The use of a
FAK inhibitor (VS-4718) substantially limited tumor progression and doubled the survival
of a humanized mice model of PDAC [126]. In squamous cell carcinoma (SCC) cells, FAK
was shown to drive the exhaustion of CD8+ T cells and recruitment of Treg cells in TME
through the regulation of chemokines/cytokines and ligand-receptor networks (such as
Ccl5/Ccrb), ultimately permitting tumor growth. FAK kinase inhibitor VS-4718 drove Tyeg
cell depletion and promoted the anti-tumor response of CD8+ T cells [127].

3.6. Treg Cells and Nonself Antigens

At the location of tumor cells, there are two types of antigens recognized by Treg cells:
Shared antigens and neoantigens. The first ones arise from highly or aberrantly expressed
endogenous proteins encoded by the germ line. The second ones derive from either
abnormal self-proteins formed from somatic genetic alterations or from oncogenic viral
proteins. Experiments with animals have shown that Tyeg cells primed to nonself antigens
increased the affinity of CD8+ T cells, most likely by the inhibition of T cells carrying TCRs
with low-avidity to antigens [128]. APCs can render CD8+ T cells targeting self-antigens
self-tolerant through the control of Treg cells [129]. In fact, using human T cells in vitro,
the authors showed that Treg cells were able to make the self-reactive human CD8+ T cells
anergic upon antigen stimulation. In addition, they observed the proliferative activity of
self-antigen-specific T cells in CTLA-4+ and CTLA-4- fractions. The CTLA-4+ fraction was
highly proliferative, had a low expression level of BCL2, and was prone to death upon
self-antigen stimulation. On the contrary, Treg cells did not suppress non-self-specific CD8+
T cells [129]. Therefore, Treg cell-mediated immunosuppression could be more effective in
shared antigen-expressing tumors compared to those expressing neoantigens. This could
be a reason why tumors expressing neoantigens respond better to immune checkpoint
blocking than tumors with a low mutational burden [130,131]. One of the major aims
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of immunotherapy research is to understand why some cancer patients respond very
well to immune checkpoint inhibitions while others do not, as well as discovering new
biomarkers useful for just-in-time determination of treatment-responsive patients, before
administrating immunotherapies.

4. Correlation between Anti-CTLA-4 Treatment and Its Effect on Tyeg Cells

The anti-CTLA-4 monoclonal antibody ipilimumab (Yervoy, Bristol-Meyers Squibb)
gained FDA approval in March 2011 for the treatment of advanced melanoma, which is
the most dangerous type of skin cancer, after a large randomized phase III clinical trial
consisting of 676 patients demonstrated that ipilimumab improved the overall survival
(OS) of melanoma patients who did not respond to standard therapy. In fact, the median
OS in 403 patients randomly assigned to receive 3 mg/kg ipilimumab with an investiga-
tional vaccine made of HLA-A*01201-restricted glycoprotein 100 with incomplete Freund’
adjuvant was 10.0 months (gp100, 95% Confidence Interval [CI], 8.5-11.5) vs. 6.4 months
observed for 136 patients treated with gp100 only (Hazard Ration [HR] for death = 0.68;
p = 0.001). In total, 137 patients were treated with ipilimumab alone and had an OS of 10.1
months vs. 6.4 months for the gp100 alone group (95% CI, 9.0-13.8; HR for death = 0.66,
p =0.003) [132]. After its approval, the drug was added as a category 1 recommendation
in the National Comprehensive Cancer Network (NCCN) guidelines for the systemic
treatment of advanced or metastatic melanoma.

This clinical evidence shows that the antibody enhanced the ability of the immune
system to attack cancer through CTLA-4 inhibition. It must be mentioned that adverse
events occurred in 10-15% of patients treated with ipilimumab alone compared to patients
treated with gp100 only [132].

In 2014, another pivotal phase III clinical trial (CA184-024) including 502 metastatic
melanoma patients tested ipilimumab. The current standard of care treatment for the
disease is chemotherapy (decarbazine), which has not been shown to increase OS. Interest-
ingly, the treatment of patients with 850 mg/m? decarbazine with 10 mg/kg ipilimumab
improved OS compared to an arm with only chemotherapy with the placebo. The OS of
patients treated with ipilimumab plus decarbazine vs. decarbazine plus placebo was 47.3%
vs. 36.3% at the first year, 28.5% vs. 17.9% at the second year, and 20.8% vs. 12.2% at
the third year (HR for death with ipilimumab/decarbazine, 0.72; p < 0.001). The risk of
progressing through the disease decreased by 24% when using ipilimumab/decarbazine
vs. decarbazine/placebo (HR for progression, 0.76; p = 0.006). The ratios of the disease
to control were similar for the two groups (33.2% for ipilimumab /decarbazine and 30.2%
for decarbazome/placebo; p = 0.41). This study was important because it showed how
ipilimuamb could be used as the first line treatment for metastatic melanoma [133]. The
study tested a higher concentration (10 mg/kg) of ipilimuab than the approved 3 mg/kg
[134]. Consequently, more adverse events were observed using higher doses of anti-CTLA-
4, possibly because of CTLA-4 molecular degradation. In fact, CTLA-4 is needed to prevent
immune-related adverse reactions and its degradation can be deleterious.

Interestingly, a recent report demonstrates that the immune-related Adverse Events
(irAEs) of ipilimumab and alike result from the lysosomal degradation of CTLA-4 in Tyeg
cells. The study used the CTLA-4 mutant (Y201V), which is incapable of being recycled
because it lacks interaction with the lipopolysaccharide (LPS)-responsive and beige-like
anchor protein (LRBA). This indicates that the specific region of CTLA-4 is an essential
mediator of CTLA-4 recycling. The investigators made antibodies targeting CTLA-4 (HL12
and HL32) that were not able to degrade the CTLA-4 of Treg cells. In fact, in contrast
to ipilimumab or TremelgGl, the use of novel anti-CTLA-4 antibodies had no effect on
the CTLA-4 level of Treg cells in the same model. Additionally, HL12 and HL32 could
more effectively lead to tumor rejection, with fewer irAEs in mice [135]. Such knowledge
is useful for the generation of novel antibodies or molecules that could inhibit CLTA-4
without eliciting its degradation and could therefore be used in combination with other
PD-1 or PD-L1 inhibitors with less toxicity.
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Various studies show that consolidated or novel types of CTLA-4 therapies corre-
late with different expression levels of Treg cells. Ji et al. showed that the treatment of
mice with 0.25 mg anti-CTLA-4 monoclonal antibody correlated with a lower level of the
CD25+Foxp3+ Treg cell population (p < 0.05) [136]. Qu et al. observed that anti-CTLA-4
monoclonal antibodies enhanced IL36-stimulated antitumor activity by depleting Tregs
in the tumor [137]. Mihic-Probst et al. showed that anti-CTLA-4 antibody ipilimumab,
anti PD-1 antibody nivolumab, or pembrolizumab decreased the number of CD25+ Treg
cells [138]. Sun et al. observed that the number of Treg cells decreased after treating mice
with anti-CTLA-4 or anti PD-1 antibodies in an HPV16 E6/E7* syngeneic mouse tumor
model [139]. Kvarnhammar et al. showed that new IgG1 bispecific anti-CTLA-4 and
anti-OX40 induced the activation of T cells and Treg cell depletion in vitro and in vivo
in the tumor [140]. Sharma et al., using samples from 19 melanoma, 17 prostate, and 9
bladder cancer patients treated with ipilimumab and 18 samples from melanoma cancer
patients treated with tremelimumab, observed that the monoclonal antibodies depleted
intratumoral FOXP3 Treg cells in tumors [48]. Pai et al. devised a dual variable domain
immunoglobulin of the anti-CTLA-4 antibody (anti-CTLA-4 DVD) possessing an outer
tumor-specific antigen-binding site engineered to shield the inner anti-CTLA-4-binding
domain. The latter only became available upon reaching the tumor after cleavage of the
construct by proteases present in the tumor. In a preclinical tumor model, treatment with
the anti-CTLA-4 DVD led to the depletion of tumor-resident Treg cells, while preserv-
ing tissue-resident Treg cells, resulting in an efficient antitumor response with a reduced
multi-organ immune toxicity [141]. Morris et al. observed that anti-CTLA-4 antibodies
IgG2a and IgG2b isotypes of 9D9 clone decreased the number of Treg cells in syngeneic
murine tumors of B78 melanoma and/or Panc02 pancreatic cancer [142]. Duperret et al.
observed that, upon treatment with anti CTLA-4 in combination with a TERT DNA vaccine
administered once a week for four rounds of immunization in C57BL/6 mice, the level of
Treg cells decreased within the tumors, while it remained unchanged within the peripheral
blood [143]. Tang et al. observed, through IHC and quantitative real-time PCR, that the
anti-CTLA-4 monoclonal antibody decreased the presence of Treg cells in the mice tumor
microenvironment, but not in peripheral lymphoid organs [144]. Son et al. showed that
the anti-CTLA-4 antibody and radiotherapy suppressed CD25 Treg cells in C57BL mice
injected with lung cancer [145]. Schwarz et al. investigated the effect of using different
doses of anti-CTLA-4 in the presence of Treg cells in mice. They used a low dose of 0.25 mg
CTLA-Ig antibody (LD, 10 mg/kg body weight), high dose of 1.25 mg CTLA-Ig antibody
(HD, 50 mg/kg body weight), and very high dose of 6.25 mg CTLA-Ig antibody (VHD,
250 mg/kg body weight). Treg cell levels decreased, independently of the doses [146].
Marabelle et al., using a combination of anti-CTLA-4 and anti-OX40 with CpG therapy,
observed a reduction of Treg cells in tumors [147].

Interestingly, Du et al. observed that anti-CTLA-4 antibodies are capable of efficiently
inducing Treg cell depletion and tumor regression in mice [148].

In contrast, several other groups reported an increase of Treg cells in cancers after anti-
CTLA-4 treatment. In fact, Sandi et al. observed that high dose treatment of anti-CTLA-4
increased the accumulation of Treg cells in secondary lymphoid organs [149]. Kavanagh
et al. observed that the anti-CTLA-4 antibody ipilimumab in four cohorts of patients
increased Treg cell levels in a dose-dependent manner. The drug was administered every
28 days [150]. Quezada et al. observed that a CTLA-4 blockade with GM-CSF combination
immunotherapy in an in vivo B16/BL6 mouse model of melanoma led to a self-expansion
of Treg cells in tumors [47]. The reason for such discrepancies between the last four studies
and the majority of studies described in the previous paragraphs remains unknown. A
possible explanation could be that different subpopulations of Treg cells were detected by
the groups, such as bona fide and naive Treg cells, or that the organisms” TMEs of either
animals or humans were different across the different experimental settings.

Of note, CTLA-4 has two opposing and crucial properties in cancer and autoimmunity.
For self-tolerance it is important to have functional CTLA-4. Current antibodies developed
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against CTLA-4 have the property of reducing the levels of CTLA-4 by 50% by lysosomal
degradation, which is directly responsible for their toxicity [135]. Therefore, since CTLA-4
is crucial for preventing autoimmunity, which is the major cause of irAE triggered by
monoclonal antibodies such as ipilimumab and tremelimumab [135], new drugs should
be developed considering such a gap. Encouraging results have already been produced
by Zhang et al. HL12 and HL32 anti-CTLA-4 antibodies did not change the CTLA-4 level
total or that in the Tyeg cell fraction, while exerting powerful anti-CTLA-4-induced tumor
inhibition [135]. Table 1 summarizes all the studies investigating anti-CTLA-4 therapies’

effect on Treg cell levels.

Table 1. Effects of anti-CTLA-4 therapy on Treg cells.

Reference

Anti-CTLA-4 Therapy and Samples

Effect on the Presence of Tyeg Cells

Ji et al. 2020
[136]

In vivo investigated effect of administration of 0.25
mg anti-CTLA-4 monoclonal antibody on the
CD25+Foxp3+ population in spleens and tumor
tissues.

Decreased Treg cells (p < 0.05) in tumor. It did not in
spleen.

Qu et al. 2020

CTLA-4 monoclonal antibodies.

Decreased Treg cells in tumors.

[137]
Probst et al. 2020 All patients received anti-CTLA-4 therapy and four Decreased To. cells in tumors
[138] received additional anti-PD1 therapy. ree :

Zhang et al. 2019
[135]

In vivo anti-CTLA-4 therapy ipililumab and
TremelgG1 standard and HL12 and HL32
experimental antibodies.

Ipilimumab and TremelgG1 downregulated
cell-surface and total CTLA-4 levels in Tyeg cells from
spleen and lung. In contrast, HL12 and HL32 had no

effect on CTLA-4 level of Treg cells in the same
model.

Sun et al. 2019
[139]

In vivo anti-CTLA-4 antibody.

Downregulation of Treg cells in tumors of mice.

Kvarnhammar et al. 2019

[140]

CTLA-4 x OX40 bispecific antibody. ATOR-1015 was
used in vivo.

Reduced the frequency of Treg cells in vitro and at
the tumor site in vivo.

Sharma et al. 2019
[48]

Nineteen melanoma patient, 17 prostate cancer
patient, and 9 bladder cancer patient samples were
treated with ipilimumab. Eighteen melanoma
tumors were treated with tremelimumab.

mAbs depleted intratumoral FOXP3+ Tyeg cells in
tumors via Fc-dependent mechanisms.

Pai et al. 2019
[141]

Anti CTLA-4 DVD Ig tetravalent bispecific
antibody-like antibody containing an Fc region and
two pairs of variable domains joined in tandem by a

short flexible linker.

Decreased Treg cells in mouse tumors, but not in
tissues.

Tang et al. 2019

Anti-CTLA-4 monoclonal antibody.

Increase of Treg cells in tumors.

[144]
Morr1s[ 1e_1tt ;]1. 2018 Anti-CTLA-4 (IgG2a ar;i) Lge?Zb isotypes of the 9D9 Decreased Treg cells in tumors.

Duperret et al. 2018
[143]

Anti-CTLA-4 with a TERT DNA vaccine in vivo in
C57BL/6 mice. Mice were immunized at 1-week
intervals for a total of four immunizations.

Decreased Treg cell frequency within the tumor. No
decrease in peripheral blood.

Du et al. 2018

In vivo anti-CTLA-4 antibodies binding to

Treg cell depletion.

[148] human-like ipilimumab.
Son et al. 2017 Anti-CTLA-4 antibody therapy and radiotherapy Suppression of Tee cells in tumors
[145] in vivo. pp reg '

Schwarz et al. 2016
[146]

In vivo anti-CTLA-4 low dose (0.25 mg), high dose
(1.25 mg), and very high dose (6.25 mg) were given
to mice.

CD25 Treg cells were reduced independently of the
doses.

Sandin et al. 2014
[149]

In vivo comparison of low-dose peritumoral and
high-dose systemic CTLA-4 blockade therapy.

As opposed to low-dose therapy, high-dose systemic
therapy stimulated accumulation of Treg cells in
secondary lymphoid organs. This could counteract
immunotherapeutic benefit of CTLA-4 blockade.
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Table 1. Cont.

Reference Anti-CTLA-4 Therapy and Samples Effect on the Presence of Tyeg Cells
Marabel[l]e 4e7t] al. 2013 In vivo anti-CTLA-4 and anti-OX40 with CpG. Depleted Tyeg cells in tumors.
Sandin et al. 2010 In vivo anti-CTLA-4 or anti-PD-1 with CpG therapy. The combinations reduced r.mmbers of Treg cells at
[149] tumor site.

Kavanagh et al. 2007
[150]

Increased Treg cells in tumors in a dose-dependent

In vivo anti-CTLA-4 antibody dose escalation.
manner.

Quezada et al. 2006
[47]

In vivo CTLA-4 blockade and GM-CSF combination

immunotherapy mice model B16/BL6 melanoma. Led to self-expansion of Treg cells in tumors.

Moreover, in clinical routines, it should also be considered that T cells are made of
multiple subpopulations with their own peculiar effects. The modulation of Treg cells
and/or Teg cells and pro-inflammatory responses is critical for cancer. An immunosup-
pressive state (increased Treg and/or decreased Teg) may facilitate the growth and spread
of abnormal cancer cells. Therefore, the Treg:Te ratio could be used in a clinical setting.
The new checkpoint inhibitors attempt to pharmacologically modulate the Treg:Tegs ratio
in the treatment of cancer therapy. However, in cancer progression, the expression of
co-inhibitory molecules by tumors favors an imbalance in the tumor microenvironment
toward an immune suppression status by increasing Treg infiltration and decreasing Teg
activity [151]. On the contrary, the ratio of Treg:Te should be in favor of Treg depletion and
an increase of activated effector T cells, in order to potentiate an anti-tumor response [152].
Tremelimumab was shown to improve the proliferative response of Tog and to abrogate
the Treg suppressive ability, suggesting that monitoring these populations may allow for
the proper selection of responsive patients from those who would not obtain a benefit from
immunotherapy [153]. With regards to the patients’ management, it seems to be crucial
to understand and monitor the “ping-pong” effect produced by treatment of the Treg:Tes
ratio in the regulation of autoimmunity and anti-tumor immunity. Clinicians should pay
attention to monitoring this effect in order to maintain an effective anti-tumor response
and immune homeostasis preventing the onset of IRAEs [154].

5. Conclusive Remarks and Future Directions

In conclusion, most studies have shown that anti-CTLA-4 antibodies mainly depleted
Treg cells in cancers, whereas very few have observed that the number of Treg cells increased
or remained the same because of different experimental settings or in some cases, the design
of their therapeutic agents. It is generally known that Treg cells inhibit anti-cancer immunity,
blocking the immune surveillance of tumors, ultimately leading to cancer growth. In our
opinion, antibodies or small molecules that inhibit CTLA-4, but do not alter CTLA-4 levels
in Treg cells, could be innovative and ultimately more effective in eradicating cancer cells.
In fact, such drugs would not cause the degradation of CTLA-4 and consequently, do not
interfere with Treg cells” function in preventing autoimmunity. Consequently, the inhibition
of CTLA-4 could be achieved without the degradation of CTLA-4 and adverse related
events caused by toxicity. Testing their efficiency, together with other checkpoint inhibitors,
such as anti-PD1 and anti-PD-L1, could further improve the therapy efficacy.
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Simple Summary: Epigenetic mechanisms including methylation play an essential role in regulating
gene expression not only in cancer cells but also in immune cells. Although role of DNA methylation
has been extensively studied in tumor cells in tumor microenvironment (TME), the understanding of
transcriptional regulation of pro- and anti-cancer immune cells in TME is beginning to unfold. This
review focuses on the role of DNA and RNA methylation in regulating immune responses in innate
and adaptive immune cells during their activation, differentiation, and function phase in cancer and
in non-cancer pathologies. Uncovering these crucial regulatory mechanisms can trigger discovery of
novel therapeutic targets which could enhance immunity against cancer to decrease cancer associated
morbidity and mortality.

Abstract: DNA and RNA methylation play a vital role in the transcriptional regulation of various
cell types including the differentiation and function of immune cells involved in pro- and anti-cancer
immunity. Interactions of tumor and immune cells in the tumor microenvironment (TME) are
complex. TME shapes the fate of tumors by modulating the dynamic DNA (and RNA) methylation
patterns of these immune cells to alter their differentiation into pro-cancer (e.g., regulatory T cells)
or anti-cancer (e.g., CD8+ T cells) cell types. This review considers the role of DNA and RNA
methylation in myeloid and lymphoid cells in the activation, differentiation, and function that control
the innate and adaptive immune responses in cancer and non-cancer contexts. Understanding the
complex transcriptional regulation modulating differentiation and function of immune cells can help
identify and validate therapeutic targets aimed at targeting DNA and RNA methylation to reduce
cancer-associated morbidity and mortality.

Keywords: DNA methylation; RNA methylation; S-adenosylmethionine (SAM); cancer; tumor
microenvironment; innate immunity; adaptive immunity; T cells; mlA

1. Introduction

Epigenetic modifications are heritable changes regulating the cellular gene expression
patterns required for the normal development and maintenance of various tissue func-
tions [1-3]. Whereas genetic mutations result in the activation/inactivation of certain genes
playing a pivotal role in carcinogenesis, abnormalities in the epigenetic landscape can
lead to altered gene expression and function, genomic instability, and malignant cellular
transformation (Figure 1) [3,4]. The three most studied epigenetic mechanisms that result
in cancer are alterations in DNA methylation, histone modification, and non-coding RNA
(ncRNA) expression.
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Figure 1. A balance between carcinogenesis and cancer immunosurveillance system. Abnormal genetic modifications such
as gene mutations, deletions, amplifications, copy-number variations (CNVs), chromosomal abnormalities, or instability
and gene fusions can all result in abnormal expression of genes and proteins leading to transformation of a normal cell
into a pre-cancer state and/or cancer stage. Similarly, abnormal epigenetics, such as aberrant DNA methylation patterns,
histone modifications, and ncRNA expression (e.g., miRNA) levels, also cause tumorigenesis. Recently, abnormal RNA
methylation patterns, such as m®A RNA post-transcriptional modifications (epi-transcriptomics), have been shown to result
in the initiation and progression of cancer. Although these abnormalities in malignancy promote tumorigenesis, the cancer
immunosurveillance system acts as a tumor suppressor working against the formation of pre-malignant and cancer cells.
The cancer immunosurveillance system comprises the innate and adaptive immune systems that have various components
that help to regress or eliminate tumor cells. However, some immune cells can be pro-tumor, which paradoxically help
tumor progression in the tumor microenvironment. Cancer can evolve and escape the immune system by developing
immunosuppressive escape mechanisms (such as high expression of PD-L1) that allow it to progress. This state can be
reversed with immunotherapy, such as immune checkpoint inhibitors (ICPi).

1.1. DNA Methylation: Writers, Readers, Erasers, and Co-Factors

DNA methylation is the most well-characterized epigenetic mechanism, and was linked
to cancer as early as the 1980s [5]. Specific DNA methylation patterns are crucial for parental
imprinting, genomic stability, and importantly, regulation of gene expression [6,7]. DNA
methylation is the covalent addition of a methyl (-CH3) group at the cytosine (C) base
adjacent to 5 of a guanosine (G) [8,9]. The methyl donor for this methylation reaction
is s-adenosylmethionine (SAM). In the human genome, more than 28 million CpG din-
ucleotides exist, and 60-80% show methylation in any given cell [10]. In contrast, there
are specific regions where CpG dinucleotides are enriched, called CpG islands, which
are primarily located near gene promoters [10]. Increased methylation at CpG islands is
typically associated with gene silencing. However, varying levels of DNA methylation
at other regions, including gene bodies, enhancers, 5" and 3’ UTRs, and partially methy-
lated domains (PMDs), can also differentially affect gene expression to regulate dynamic
biological processes [11-14].

In mammals, the addition of methyl groups to DNA is carried out by “writers”, DNA
methyltransferase (DNMT) 1, DNMT3A, and DNMT3B, converting unmodified C into
5-methyl-cytosine (5mC) [15]. DNMT3A and DNMT3B add methyl groups to DNA without
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template DNA and hence, undertake de novo methylation, whereas DNMT1, maintenance
DNMT, adds methyl groups to hemi-methylated DNA by copying DNA methylation
patterns from the parental strand to the daughter strand during cell division. DNMTs
utilize methyl groups from SAM, which is a universal methyl donor and acts as a co-factor
in this reaction [16].

DNA methylation can be recognized by readers including methyl-CpG-binding do-
main (MBD) proteins, certain transcription factors, and zinc finger (ZNF) proteins [17].
Generally, methylation of the CpG can directly affect gene transcription by interference with
the binding of the transcription factors at a regulatory site leading to transcriptional silenc-
ing. In addition, DNMTs and MBD proteins can recruit histone modifiers to the methylated
promoter region, and stimulate chromatin condensation and gene silencing [15,18-21].

Methyl groups from DNA can be removed either passively or actively. Active DNA
demethylation is performed by “erasers”, called ten-eleven translocation (TET), which re-
move methyl groups from DNA by oxidizing 5mC into 5hmC (5-hydroxymethyl-cytosine),
5{C (5-formylcytosine), and 5caC (5-carboxylcytosine) [22]. The 5fC and 5caC marks are
later identified by thymine DNA glycosylase (TDG), and repaired and replaced by unmod-
ified C. Passive DNA demethylation occurs when DNA methylation maintenance proteins
are altered or the DNMT1/UHRF1 complex is unable to read 5hmC, 5{C, or 5caC, leaving
C on a newly formed strand unmethylated and, due to multiple rounds of cell division, the
original DNA methylation patterns are lost [22].

1.2. m°A RNA Methylation: Writers, Readers, and Erasers

An emerging crucial layer of post-transcriptional gene regulation, N6-methyladenosine
(m®A) RNA methylation, plays an essential role in gene expression regulation and de-
velopment, and human diseases [23-30]. m®A is the most common and characterized
modification in RNA amongst 150 other post-transcriptional modifications in eukary-
otes [23-30]. Alterations in m®A RNA methylation and its regulators target different genes
in various cancers, including melanoma, acute myeloid leukemia (AML), liver cancer,
glioblastoma, and breast and pancreatic cancer (Figure 1) [24,26-30]. m®A RNA regu-
lators include writers/methyltransferases, erasers/demethylases, and readers that can
add/methylate, remove/demethylate, and read /recognize m®A modified sites on RNA,
respectively [23,25,26,28]. The major methyltransferases of m°A are methyltransferase-like
(METTL) 3 and METTL14 complexes that add a methyl group donated from SAM to the
6th Adenosine of the RNAs [23,25,26,28]. In contrast, active demethylation of mPA is
performed by demethylases AlkB homolog 5 (ALKBHS5) or fat mass and obesity-associated
(FTO), which remove the methyl groups from the RNA [23,25,26,28]. Readers recognize
the m®A modification either directly using the YTH domain (e.g., YTH-domain containing
reader; YTHDF1/2/3; or YTHDC1/2) or indirectly, which leads to either RNA degradation
or enhanced translation of the mRNA [23,25,26].

1.3. Immune System: Pro- and Anti-Cancer Immunity

Humans have evolved their immune system, including the innate and adaptive
immune systems, to combat a broad range of diseases, including cancer (Figure 1) [31-33].
The innate immune system consists of immune cells including natural killer (NK) cells,
dendritic cells (DC), macrophages, and neutrophils. The innate immune system is typically
the first line of defense, has a nonspecific and immediate response against pathogens,
and exhibits germline inheritance [31-33]. Innate immune cells use pattern recognition
receptors (PRRs), such as toll-like receptors (TLRs), and identify pathogens based on non-
specific molecular patterns including single-stranded RNAs or lipopolysaccharide. The
adaptive immune system, by comparison, is highly specific and forms the immunological
memory. Adaptive immunity comprises lymphocytes, and T and B cells, which produce
cytokines and antibodies to counter pathogens [31-33]. A large number of extremely
diverse but highly specific receptors on T cells—T cell receptors (TCRs)—and B cells—B
cell receptors (BCR)—which recognize and differentiate self from non-self antigens are
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extremely useful in response to foreign pathogens. Long-lasting memory cells generated
after pathogen clearance provide a rapid and robust pathogen control upon re-exposure to
the same pathogen.

After a century of controversy, it has now been established that a functional cancer immuno-
surveillance system indeed exists, and acts as a tumor suppressor or killer (Figure 1) [31-35].
Interestingly, both innate and adaptive immune systems can recognize and eliminate malignant
cells. Components of the immune system in the tumor microenvironment (TME) can be either
anti-tumor, regressing or killing tumor cells; or pro-tumor, helping tumor progression. TME
is a complex interaction of tumor cells, immune cells, and stromal cells, and is influenced by
various factors including cytokines, chemokines, the extracellular matrix, tissue-specific factors,
and inflammation [31,36]. Tumor inhibition or progression depends on TME factors, which
can be anti- or pro-tumorigenic. Tumor progression is suppressed or eliminated by the cancer
immunosurveillance system; however, tumor cells can evolve and develop mechanisms that
allow them to evade or escape the immune system (Figures 1 and 2) [31,36,37]. There are three
main immune escape mechanisms: (1) loss of antigenicity—tumor cells increase defects in
antigen processing and presentation machinery resulting in lower presentation of antigens to
immune cells; (2) loss of immunogenicity—tumor cells produce low levels of immunogenic
tumor antigens and high levels of immunosuppressive ligands (e.g., PD-L1); and (3) creating an
immunosuppressive TME—tumor cells transform to cause alterations in oncogenes and tumor
suppressor genes to increase inflammation and recruitment of pro-tumor immune cells in TME.

Solid tumors typically have immune cells that can be anti-tumor or pro-tumor as a
result of factors including differentiation (Figure 2). In summary, pro-tumor factors include
high type II M2 macrophages; high CD4" regulatory T cells (Tregs); high type Il CD4* Th2
cells; typically low or exhausted tumor infiltrating lymphocytes (TILs) (cold tumor); and
low antigenicity and immunogenicity of the tumor cells. In contrast, anti-tumor factors
include high NK cells; high type I M1 macrophages; high type I CD4* Th1 cells; low Tregs;
high tumor infiltrating CD8* T cells (memory, cytotoxic); high type I cellular immune
response (e.g., IFN-g, IL-2, granzyme B); more and functional TILs (hot tumor); and high
antigenicity and immunogenicity of the tumor cells (Figure 2) [31-33,36—44].

Epigenetic mechanisms including miRNAs and histone modifications are crucial for the
regulation of the immune system in the TME and has been extensively reviewed [45-49]. DNA
methylation also plays an essential role in the differentiation and function of immune cells
into various subtypes, and the manner in which these immune cells influence each other in
the TME, which ultimately results in tumor progression or suppression. Schuyler et al. [50]
carried out analysis of large whole-genome bisulfite sequencing datasets (112 datasets from
the BLUEPRINT Epigenome Project) to delineate trends of changes in DNA methylation in
different lineages of immune cells, including myeloid and lymphoid cells in TME of various
cancer models. Global methylation, in general, increases during macrophage differentiation
and activation, whereas it reduces during lymphocyte differentiation (T and B). Numerous
studies have also shown methylation changes in the differentiation and activation of pro-
or anti-cancer myeloid and lymphoid cells [22,51,52].

The role of methylation in hematopoiesis and in immune disorders is now well estab-
lished [22,51,52]. The focus of this review is to discuss the role of DNA and RNA methylation
(m°A) and its regulators in key pro- or anti-cancer immune cells of innate and adaptive
immune systems. Examples from other non-cancer immune triggering pathologies are also
included. Additionally, the translational potential of targeting methylation with DNA methyl-
transferase inhibitors (DNMTi), methylating agents such as SAM, and m®A RNA demethylase
inhibitors in the treatment of liquid and solid cancers is also discussed.
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Figure 2. An imbalance between pro-tumor and anti-tumor immune cells and factors in the tumor microenvironment (TME)

can lead to tumor growth and progression or tumor suppression and elimination. Pro-tumor immune cells can promote

tumor progression, including type II M2 or TAMs (tumor-associated macrophages), regulatory T cells (Tregs), and type II

Th2 cells. Moreover, factors that influence tumor progression are low tumor infiltrating lymphocytes (TILs) in the TME, low

antigenicity and immunogenicity of tumor cells, and inflammation. Anti-tumor immune cells can reduce tumor growth and
suppress tumor progression in the TME. These include CD8+ T cells, type I Th1 cells, NK cells, and type I M1 cells and their
type I cytokines such as IFNy, TNFa, IL-2, and granzyme B. Furthermore, anti-tumor immune factors can also influence

tumor suppression, including high infiltration of functional TILs, and greater antigenicity and immunogenicity of the tumor

cells, such as high MHC-I expression and tumor-associated antigen expression.

2. Role of DNA Methylation in Innate and Adaptive Immunity
2.1. Innate Immunity
2.1.1. Dendritic Cells (DCs)

DCs and macrophages are the first innate immunity cell types which are triggered for
defense against pathogen invasion. DCs are professional antigen presenting cells (APCs)
that are essential for triggering adaptive T cell responses in an antigen-specific manner.
DCs can undergo marked changes in their phenotype and function under various stimuli
and inflammatory conditions [53]. For instance, DCs can be polarized towards producing
specific type of cytokines (e.g., IL-12, IL-23) and Notch ligands (e.g., DLL1/4) to induce
different effector CD4 (Th1, Th2, Th17) and CDS8 (cytotoxic) T cells [53].

The role of DNA methylation is crucial for regulating differentiation and activation of
DCs; however, this has not been fully elucidated, particularly in the TME. Nevertheless,
DNA methylation changes have been reported during differentiation of monocytes into
DCs and immature DCs (iDCs) into mature DCs (mDCs) [54-57]. Bullwinkel et al. inves-
tigated epigenetic changes occurring at CD14 and CD209 gene loci, which are essential
for the function of monocytes and DCs, respectively, and found CD14 expression was
lost, whereas CD209 expression was elevated, upon differentiation from monocytes to
DCs [54]. The reciprocal expression changes in CD14 and CD209 were associated with
histone modifications at the CD14 locus leading to CD14 silencing, whereas loss of “re-
pressive” histone marks and DNA demethylation at the CD209 locus resulted in CD209
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transcriptional activation. Zhang et al. carried out a comprehensive study of DNA methy-
lation changes at single nucleotide-resolution for human monocytes and monocyte-derived
iDCs and mDCs [56]. Several known genes and pathways regulating DC differentiation
and maturation were identified. A total of 1608 differentially methylated positions (DMPs)
from monocytes to iDCs and 156 DMPs from iDC to mDCs were identified. Major DNA
demethylation occurred at the binding sites of the transcription factors of genes involved
in DC differentiation and function that ultimately increased transcription of these genes.
Moreover, the demethylation was locus-specific, and is associated with changes in DNA
methylation regulators, including DNMT1, DNMT3A, DNMT3B, and TET2 [56]. Interest-
ingly, DNA methylation reader, MBD2, in DCs was previously shown to have a dominant
role in inducing CD4+ T cells differentiation into the Th2 cell type. Specifically, loss of
Mbd2, resulted in reduced phenotypic activation of DCs and capability to initiate Th2
immunity against helminths or allergens [58]. In addition, during IL-4-mediated differenti-
ation from human monocytes to DCs and macrophages, TET2 was identified as the main
regulator of DNA demethylation of dendritic cell-specific or macrophage-specific gene
sets mostly in intergenic regions and gene bodies [57]. Essentially, the IL-4-JAK3-STAT6
pathway is required for dendritic cell-specific demethylation and expression signature, and
STAT®6 also prevents demethylation of macrophage-specific genes required for monocyte
to macrophage differentiation. Pacis et al. performed a comprehensive epigenome and
transcriptome analysis of DCs infected with a live pathogenic bacterium (Mycobacterium
tuberculosis) [59]. A rapid and active DNA demethylation at distal enhancers was identified
that activates master immune transcription factors such as NF-«kB and IFN regulatory
families [59]. Although the above studies provide strong evidence of DNA methylation reg-
ulating monocyte to DC differentiation, and activation of DCs, the role of DNA methylation
in the TME needs further characterization.

2.1.2. Macrophages

Macrophages are myeloid cells that have a spectrum of phenotypes in which M1
or M2 subtypes are the extreme ends. M1 cells are “classically activated” by IFNy, and
destroy tumor cells through their production of nitric oxide and type 1 cytokines and
chemokines [31,60]. Moreover, M1 act as APCs to activate cytotoxic CD8* T cells in an
antigen (Ag)-specific manner. M2 cells are activated by “alternative” pathways via IL-4, IL-
13, and/or TGFf [31,60]. M2 secrete type II chemokines and cytokines, thereby promoting
tumor growth and progression. Stromal and tumor-associated factors in the TME can shift
macrophages to M2 types, specifically the tumor-associated macrophages (TAMs) type
that promotes angiogenesis, tumor progression, and metastasis [60—-62]. The differentiation
from monocyte into macrophages and between the M1 or M2 (or TAMS) phenotype is
regulated by DNA methylation at lineage-specific promoter and enhancer regions.

Upon examining global DNA methylation between human monocytes, naive macrophages,
and activated macrophages, Dekkers et al. reported major DNA methylation changes dur-
ing monocyte to macrophage differentiation [63]. Differential methylation was generally
fixed to short regions or single CpGs, and was prevalent at lineage-specific enhancers. The
differential methylation was either gain (e.g., IRF8, CEBPB) or loss (e.g., PPARG) of methy-
lation at specific transcription factor binding sites involved in monocyte to macrophage
transition. Authors also analyzed different types of activated macrophages and found some
genes for lipopolysaccharide (LPS)/IFNy macrophage-specific activation (e.g., CCL5). In
another study, the transcriptome and epigenome of human monocytes differentiated into
macrophages with colony-stimulating factor 1 (CSF1) identifying several RNAs (mRNA
and miRNAs) that are differentially expressed [64]. In addition, 100 differentially methy-
lated regions (DMRs) between monocytes and macrophages were identified in enhancer
regions that were uniquely demethylated in macrophages and repressed in monocytes,
and were linked to actin cytoskeleton, phagocytosis, and innate immune response [64].
Evidence has shown that both methyltransferases DNMT1 and DNMT3A /B play a vital
role in differentiation and macrophage polarization [51]. For instance, knock-down (KD) of
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DNMT3B in RAW264.7 cells showed a higher polarization towards the M2 macrophage
phenotype compared to M1, and leads to suppressed inflammation; the opposite pattern
was observed for overexpression of DNMT3B [65]. During chronic inflammation, DNMT1
expression is elevated and has been associated with DNA hypermethylation. A study
examined the role of TAMS in DNA methylation of a tumor suppressor gene gelsolin
(GSN) during gastric cancer progression. Firstly, DNMT1 overexpression was shown to
methylate and silence the GSN gene, and secondly, DNMT1 overexpression was associ-
ated with higher TAMs infiltration in the TME of gastric cancer [66]. Further analysis
revealed that TAMs secreted CCLS5 that triggered DNMT1 overexpression by activating
the JAK2/STAT3 pathway in gastric cells, resulting in GSN silencing and tumorigenesis.
In another study, DNMT1 was associated with M1 polarization by silencing the SOCS1
gene and a subsequent increase in tumor necrosis factor (TNF) and IL-6 production [67].
Furthermore, DNMT1 overexpression was shown to promote M1 activation induced by
LPS and IENvy [67].

In contrast, TET proteins appear to have a role in the downregulation of inflammatory
gene expression in normal myeloid cells [22]. In a model of TET2-deficient macrophages
and DC, a higher expression of IL-6 was observed upon stimulation [68]. TET2 was shown
to reduce IL-6 expression by interacting with Ikb{ (a member of the nuclear I«B family)
and binding to the IL-6 promoter region in addition to recruitment of histone deacetylase 2
(HDAC?2) [69]. Furthermore, Tet2-deficient mice are more susceptible to septic shock and
colitis induced by endotoxin and dextran sulfate sodium (DSS), respectively, both due to
elevated IL-6 expression [69]. TET2 expression is elevated in tumor infiltrating myeloid cells
of both melanoma patients and mouse models via the IL-1R-MyD88 pathway. Moreover,
TET?2 acts as an oncogene in melanoma tumorigenesis by suppressing anti-cancer immune
cells [70]. This is consistent with the TET protein acting as anti-inflammatory to myeloid
cells [22]. Overall, these studies show the role of DNA methylation in regulating monocyte
to macrophage differentiation and macrophage polarization.

2.1.3. Natural Killer (NK) Cells

NK cells can directly lyse MHC class I-deficient tumor cells [31,35]. NK cells have
activating receptors that identify malignant cells expressing stress-induced ligands (e.g.,
MICA) [31,35]. NK cells kill the tumor cells by making them undergo apoptosis through either
expressing death ligands (e.g., Fas ligand) or by releasing granzymes and perforin [31,35].

The role of DNA methylation in NK cells” activation or differentiation has not been
fully elucidated. However, it was reported that the MHC-I cytotoxicity of NK cells, which
is mediated by the KIR (killer cell Ig-like receptor) family, is regulated via methylation. In
progenitor cells, KIR genes are silenced via hypermethylation and histone modifications,
whereas in KIR-expressing cells, such as NK cells, KIR genes are demethylated and ex-
pressed [71]. Furthermore, work with human cytomegalovirus (HCMV) viral infection has
shown that, upon infection, subjects have elevated levels of a “memory-like” subtype of NK
cells which survive long term and have increased response upon re-exposure of the same
pathogen. These memory-like NK cells are characterized by activation of NKG2C, which is
in turn epigenetically regulated. In addition, in some HCMV-infected patients, memory-
like NK cells were reported to lack B-cell and myeloid signaling proteins such as tyrosine
kinase SYK. Further analysis showed that the gene promoter of SYK was hypermethylated
and SYK expression was downregulated [72]. HCMV-associated NK cells also have low
expression of signaling adaptors, including EAT-2, FCER1G, and transcription factor PLZF
due to hypermethylation at their DNA [73]. Wiencke et al. examined human naive vs.
activated NK cells’ DNA methylome and found reproducible genome-wide DNA methy-
lation changes [74]. Methylation analysis showed primarily CpG hypomethylation (81%
of significant loci) during activation of NK cells. Several previously reported and novel
genes or pathways associated with activation of NK cells were identified. The high priority
gene BHLHE40 had high demethylation in activated NK cells, whereas it had low demethy-
lation in naive NK cells and was shown to be a potential biomarker for NK activation in
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peripheral blood. Interestingly, increased NK cells and CD8+ T cells tumor infiltration
was reported using the DNA methyltransferase inhibitor (DNMTi), AzaC, through type I
IFN signaling while reducing the tumor burden of the murine epithelial ovarian cancer
model [75]. Histone deacetylase inhibitors (HDAC]) lead to further activation of these
anti-tumor immune cells and reduction in pro-tumor macrophages in the TME. Further-
more, ligands (such as ULBPs and MICA) of NK cells activating receptor NKG2D, which
are essential for NK cell lytic activity, are downregulated in gliomas and hepatocellular
carcinoma (HCC) cells via DNA methylation and histone methylation, respectively [76,77].
Indeed, treatment with DNMTi and Enhancer of zeste homolog 2 (EZH2) inhibitor was
shown to upregulate NKG2D ligand expression, resulting in the lysis of glioma and HCC
cells by NK cells, respectively. These studies show that DNA methylation not only controls
the critical gene expression in NK cells that regulates differentiation and activation of NK
cells but also genes in cancer cells that regulate NK cell tumor lytic activity.

2.2. Adaptive Immunity

Binding of the T cell receptor (TCR) present on T cells to the antigen/MHC complex
(signal 1) expressed on APCs is essential for the activation of naive T cells [78]. Additional
binding of positive co-stimulatory molecules present on activated APCs, called signal 2
(e.g., CD80/86 and B7RP1 on APCs onto CD28 and ICOS on T cells, respectively), helps
in further activation. TCR activation is a multistep process that leads to an intracellu-
lar signaling cascade that results in activation, differentiation, and proliferation (clonal
expansion) of T cells, and transforms them into effector cells producing cytokines [78].
DNA methylation has a key role in regulating these processes. For instance, upon TCR
stimulation of T cells, IL-2 is highly expressed and is required for T cell activation and
clonal expansion in mouse [79]. The increase in IL-2 cytokine results from active demethy-
lation at a promoter-enhancer region of the IL-2 locus upon T cell activation and remains
demethylated afterwards [79]. In addition to IL-2 cytokine, DNA methylation also plays
an important role in the activation, proliferation, and effector functions of CD4 and CD8 T
cells as discussed below.

2.2.1. CD4* T Cells

CD4* T cells are unique T cells that can, depending on the nature of the Ag signal
and type of cytokine stimulation, differentiate into various subtypes including helper T
cell 1,2, and 17 (Th1, Th2, and Th17) and Tregs (Figure 3). Th1 produce type I cytokines,
including IL-2 and IFNY, facilitating optimal expansion, trafficking, and effector functions
of CD8* T cells, thereby reducing tumor growth and progression [31,36,37]. In contrast,
Th2 produce type II cytokines (IL-4, IL-5, and IL-13) and polarize immunity towards
tumor progression [31,36,37]. This differentiation of CD4" T cells into various subtypes is
regulated by DNA methylation (Figure 3) [31,36,37]. The differentiated CD4 T cells then
regulate downstream immune functions, such as enhancement of CD8 T cells, macrophages,
and B cell effector functions, and immunological memory.

Numerous studies have analyzed the methylation status of immune genes and corre-
lated it with immune responses in the TME (Figure 3). Upon antigenic stimulation, naive
CD4" T cells differentiate into Th1 and Th2 by epigenetically activating or silencing a certain
set of genes, usually by DNA demethylation and hypermethylation, respectively [80-82].
By analyzing the methylation status of a key gene, IFNG or IFNv, essential for anti-tumor
activity, Janson et al. reported demethylation of the IFN-y gene promoter and enhancer,
and upregulation of IFNy in Th1 cells [83]. In contrast, Th2 cells had hypermethylation
at the IFNvy gene promoter and had low IFNy expression. Studies show that naive T cells
that develop in the thymus have hypermethylated DNA at enhancer regions of the IFN7y
and IL-4 cluster (IL-4, IL-5, IL-13), and methylated H3K27me3 marks [80,81]. These marks
limit chromatin accessibility and inhibit transcription of these genes and hence, naive T
cells minimally transcribe these genes. Interestingly, these regions become demethylated in
T cell lineages that require expression of these cytokines—for instance, the demethylated
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promoter of the IFNvy gene in Thl and CD8* T cells [81]. These CpGs are maintained
by Dmntl as deletion of Dnmt1 results in global hypomethylation in naive precursors,
including DNA regions which are normally hypermethylated at these cytokine regulatory
regions [84]. For instance, in Dnmt1-deficient mice, naive T cells produce effector cytokines
such as IFNy immediately after activation. This shows that Dmntl is required to maintain
these hypermethylated regions during T cell development to suppress and induce cytokine
gene expression in naive and active T cells, respectively [84,85]. Indeed, Th1 cells produce
100-times more IFNYy transcripts than naive T cells but the IL-4 gene loci are silenced [81].
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Figure 3. Role of DNA methylation in regulating differentiation and activation of naive CD4* T cells into effector cells

including Th1, Th2, Th17, and Tregs subtypes. DNA methylation changes during differentiation can lead to formation of

subtypes of CD4" T cells. The black boxes are cytokines that help in the differentiation and activation process for each
subtype. For instance, Th1 are formed when naive CD4* T cells are stimulated by IL-12 and IFNYy cytokines and the IFNy
gene promoter remains hypomethylated and IFNYy is highly expressed. For the Th2 subtype, the IL-4 gene is demethylated

and is highly expressed, whereas IFNy is methylated and repressed. For Th17 cells, the IL-17 gene is demethylated and

highly expressed. For Tregs, FOXP3 is demethylated at various regions, including promoter and enhancer, thereby markedly
increasing FOXP3 expression. These methylation levels are maintained by DNMT1, DNMT3A, and TET2. The green boxes
indicate the cytokines released from differentiated cells. These immune cells and released cytokines can further lead to

tumor progression or suppression.

In contrast, some genes have the opposite pattern, i.e., they have hypomethylation in
naive cells but hypermethylation in differentiated T cells. For example, the IFN-y promoter
region is unmethylated in naive CD4" T cells and continues to be hypomethylated upon Thl
cell differentiation; however, upon Th2 cell differentiation, which do not produce IFNy, the
IFN+y promoter is methylated via de novo DNA methylation by Dnmt3a [86,87]. Moreover, in
mouse, Dnmt3a deletion in T cells can lead to a complete failure of naive T cell differentiation
into Th2, Th17, and iTreg lineage cells, due to their inability to methylate DNA (de novo)
by Dnmt3a at the Ifny promoter region [88]. Indeed, Dnmt3a expression is stimulated upon
TCR activation and is recruited to the Ifny promoter region to carry out methylation in Th2
cells [89]. In addition, deregulated de novo methylation patterns resulted in reduced histone
silencing mark (H3K27me3) and increased transcriptionally active histone mark (H3K4me3)
upon re-stimulation in the presence of IL-12 [81,88]. Furthermore, Th2 cells produce high
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amounts of IL-4 as a result of DNA hypomethylation at the IL4 gene loci and transcriptional
activation, whereas in naive T cells, the IL4 gene loci are hypermethylated [88]. Finally,
during differentiation of naive CD4" T cells into memory CD4" T cells a global loss of DNA
methylation was observed, suggesting a role of DNA methylation in memory CD4* T cell
formation [51]. These data suggest that CD4* T cells differentiation into Th1, Th2, Th17, and
memory subtypes require DNA methylation changes at gene promoters and enhancers of
critical genes such as IFNvy and IL-4 (Figure 3) [36,81-83,88].

Strong evidence suggests that the MBD proteins together with the nucleosome remod-
eling deacetylase (NuRD) complex are essential in regulating DNA methylation-dependent
differentiation of T cells [90-92]. For instance, loss of either MBD2 or NuRD complex can
result in polarization of CD4+ T cells to Th2 cell type. Aoki et al. suggested that the NuRD-
MBD2 complex may be required for the demethylation of gene loci encoding cytokines
specific for Th2 differentiation [91]. Mechanistically, the chromodomain-helicase-DNA-
binding protein 4 (Chd4) subunit of the NuRD-Mbd2 complex forms a complex with Gata3
that both activates Th2 cytokine transcription and represses the Th1 cytokine, IFN-y, by
forming a transcriptional activation complex at Th2 cytokine gene loci and a transcriptional
repressive complex at the Tbx21 (encoding T-bet) gene locus in Th2 cells, respectively
(Figure 3) [90]. TET proteins have also been linked to the differentiation and function of
CD4* T cells (Figure 3). A study analyzing 5-hydroxymethyl-cytosine (5hmC) patterns
in CD4" peripheral T cells found a positive correlation between ShmC alterations at gene
bodies of transcription factors, including Tbx21 and Gata3, which drive differentiation into
Th1 and Th2 subtypes and their expression levels, respectively [93-95]. Similarly, another
study suggested similar Th1/2-specific 5hmC alterations during differentiation of human
CD4" T cells [93]. In addition, a Tet2 knock-out (KO) mouse model was reported to have
Th1 and Th17 cells producing low IFNy and IL-17, respectively [94]. Overall, these studies
suggest that not only DNA methyltransferases (DNMT1 and DNMT3A /B) are required for
regulating differentiation of CD4" T cells into various subtypes but also DNA readers and
DNA demethylases such as MBD2 and TET proteins, respectively [22,93-95].

Regulatory T Cells (Tregs)

Tregs can be natural (nTreg), i.e., derived from the thymus, or Ag-induced (ilreg), i.e., differ-
entiated from naive T cells by TGF-f3 and IL-2 in the periphery (Figure 3) [31,36,37]. Tregs typi-
cally act as pro-tumor, are immunosuppressive, and are associated with poorer prognosis in
several cancer types [35,96]. Tregs block the activation of CD8* T cells through expressing
cytotoxic T lymphocyte antigen 4 (CTLA4), which is an inhibitory molecule for CD8" T
cells [31,96]. In addition, inflammation enhances Treg function because prostaglandin E2
(PGE2) causes differentiation of Tregs. Tregs were also reported to block killing by NK cells,
and thus downregulate both adaptive and innate anti-tumor immunity [31,97].

A master regulator switch for Tregs is FOXP3, which is required for its functions
(Figure 3). DNA methylation of FOXP3 together with intergenic CD3G/CD3D regions
were utilized as a biomarker for TILs and Treg quantification in several tumor tissues [98].
This DNA methylation-based quantification of immune cells was even comparable to flow
cell cytometry and outperformed IHC techniques. Using differential methylation analysis
between nTreg, naive CD4" T cells, activated CD4" T cells, and iTreg, Lal et al. found a
unique CpG site at the enhancer of Foxp3 that was unmethylated in nTreg compared to
other Tregs that were heavily methylated at this locus [99]. Demethylation by DNMTi (Aza)
promoted acetylation of histone 3, and interaction with TIEG1 and Sp1, which ultimately
led to upregulation of Foxp3. To study Tregs in non-small-cell lung cancer (NSCLC) using
a co-culture system, Ke et al. showed demethylation of FOXP3 in the promoter region
increased FOXP3 expression in Tregs, which led to downregulation of immune response in
the TME (Figure 3) [100].

Treg-specific demethylated region (TSDR) is a CpG dinucleotide dense region which is
within the conserved non-coding sequences 2 (CNS2) located in the first intron of the FOXP3
gene [101]. DNA demethylation at the TSDR region can discriminate between Tregs and
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other cell types [102]. Interestingly, using ChIP analysis, Wang et al. showed that MBD2
binds to the TSDR site of the FOXP3 locus in Tregs [103]. Knocking down Mbd2, in vitro
and in vivo, reduced the number of Tregs and impaired Treg-suppressive function (Figure 3).
Surprisingly, this was due to increased methylation (>75%) of the TSDR in the Mbd2-/-
Tregs because: (i) WT Tregs had a complete TSDR demethylation; and (ii) expressing Mbd2
in Mbd2-/- Tregs rescued the TSDR demethylation. TET proteins are essential for stable
Foxp3 expression because they were shown to demethylate the CNS2 region as well as
another non-coding sequence, CNS 1, in the Foxp3 gene (Figure 3) [104,105]. Deletion of
Tet2/3 in CD4* T cells of mice led to hypermethylation of CNS1 and 2 in Tregs. Moreover,
deletion of Tet1/2 also resulted in hypermethylation of CNS2 [104,105]. Overexpression
of the TET1 catalytic domain in CD4* T cells also resulted in partial demethylation of
CNS2 and differentiation of CD4* into iTregs in vitro [106]. TET2 protein may function via
interacting with the MBD2 protein because loss of MBD2 resulted in hypermethylation of
TSDR in CNS2 [103]. In TME, higher demethylation at the TSDR FOXP3 locus in adjacent
normal tissues in colon cancer patient samples were associated with distant metastases
and worse recurrence-free survival. The poor survival rates could be due to abnormal
recruitment of nTregs in TME [101]. Collectively, these studies show a potential role of DNA
methylation in controlling the effector function of Tregs through regulating the expression
of the master switch FOXP3 of Tregs.

2.2.2. CD8" T Cells

CD8* T cells control tumor growth and kill tumor cells directly in an Ag-specific manner
within the TME [31,36,37]. The CD8* T cells, upon recognizing an Ag, can undergo activation
and clonal expansion, thereby carrying out effector functions, such as cytokine production
(IFNy, TNFw), and these processes are regulated by DNA methylation (Figure 4) [31,36,37,78].

Epigenetic mechanisms that govern these processes are largely unknown. A study
was conducted to delineate these mechanisms and compared Ag-specific naive and effector
CD8" T cells after stimulating them with an acute CMV viral infection [107]. The DNA
methylome was rewired globally upon effector differentiation of CD8" T cells, and a
negative correlation between DNA methylation at gene promoters and gene expression
was observed. The DMRs were associated with transcription binding sites and promoters
of genes that control effector CD8* T cell function. For instance, DMR at promoters of Gzmb,
which encodes a serine protease granzyme B essential for cytolytic function, and Zbtb32,
which encodes a transcription factor induced in activated lymphocytes, was demethylated
and had high expression in the effector CD8* T cells compared to naive cells. In contrast,
Ccr7, Ccr2, Ccr9, and Tcf7, essential for naive T cell development and homeostasis, were
methylated and had reduced expression. Another study examined Dnmt3a KO CD8" T
cells and found effector functions to be normal; however, Dnmt3a KO T cells developed into
fewer terminal effector cells and more memory precursors in a T-cell intrinsic manner. This
was due to ineffective repression of Tcf] expression by Dnmt3a in Dnmt3a KO T cells [108].
The role of Dnmt1 in regulating T cell activation and production of Ag-specific effector and
memory CD8* T cells after a viral infection was also investigated. Dnmt1 was knocked-out
at the time of activation and Dnmt1-/- had marked reduction (>80%) in Ag-specific clonal
expansion in effector CD8* T cells but only moderately affected memory CD8* T cells.
Even in reduced T cell expansion, the infection was effectively controlled. Thus, Dnmt1
may be required for proliferation of Ag-specific CD8" T cells but not differentiation into
effector and memory CD8* T cells [109].
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Figure 4. Role of DNA methylation in regulating differentiation and activation of naive CD8+ T cells into effector cells,
including cytotoxic and memory T cell subtypes. DNA methylation changes during differentiation and activation can lead to
formation of subtypes of CD8+ T cells. For instance, cytotoxic CD8+ T cells are formed due to whole genome remodeling and
expression, and repression of various genes in naive CD8+ T cells. The genes that are essential for activation, proliferation,
and effector functions are demethylated and highly expressed, such as IL-2, IFNG or IFN+y, and GZMB, whereas genes that
are not required are methylated and repressed (e.g., TCF7). Although methylation and gene silencing are usually positively
correlated, there are examples of genes that could be methylated and expressed, such as HAVCR2, depending upon the
precise location of the methylation. In memory CD8+ T cell differentiation, effector genes remain demethylated, whereas
methylation at naive T cell-associated genes are gained and repressed, such as in the case of TCF1. These methylation levels
are maintained by DNMT1, DNMT3A, and TET2. The green boxes indicate the cytokines released from differentiated cells.
These immune cells and released cytokines can further lead to tumor suppression and elimination. However, CD8+ T cells
can become exhausted in the TME, highly expressing exhaustive markers such as CD39, CD103, PD-1, and CTLA-4. The
exhausted CD8+ T cells are non-functional and produce low amounts of effector cytokines (e.g., [FNy).

Memory CD8" T cells, which are formed from a subset of effector CD8" T cells after
Ag/pathogen clearance, remain in the blood and lymphoid organs for a long time, giving
long-term immunity. These memory CD8* T cells also resemble naive T cells as they have
pluripotency and can travel to lymph nodes and the spleen. A study comparing memory
CD8" T cells with terminal effector cells found that memory cells formed from effector
cells gain de novo DNA methylation patterns at naive CD8" T cells-associated genes while
becoming demethylated at the loci that are effector-specific genes [110]. Dnmt3a KO in
effector T cells resulted in reduced DNA methylation and quicker re-expression of naive
T cell genes, decreasing the time for memory T cell development. Therefore, in memory
CD8" T cells, DNA methylation repression at the naive-related genes can be reversed and
effector genes remain demethylated without the need for memory cells to differentiate,
allowing them to become faster effector CD8* T cells upon Ag/pathogen re-exposure.

Long-lived memory CD8* T cells can be identified with a few markers, such as
CD127" and KLRG1°%. CD127'°% and KLRG1M are typically markers for short-lived
effector CD8* T cells. Moreover, transcription factors, including T-bet, Eomes, Blimp-1, Bcl-
6, Irf4, and Runx3, define the fate of activated CD8* T cells and these are further regulated
by DNA methylation. In a mouse model with Tet2-deficient CD8* T cells infected with
lymphocytic choriomeningitis virus (LCMV), CD8* T cells differentiated more into long-
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lived memory cells having gp33-specific memory markers, KLRG1°" CD127", and less
into effector short-lived effector cells (CD127°" and KLRG1M) [111]. These memory-like
cells had markers of central memory cells expressing CD27, CD62L, and CXCR3, and high
expression of transcription factor Eomes compared to wild-type Tet2. Furthermore, these
memory cells also had superior pathogen control upon re-challenge. Global methylation
analysis revealed several DMRs that gained 5mC/5hmC in Tet2-deficient cells versus WT
CD8* T cells. These DMRs were present in transcriptional regulator genes known to be vital
for effector and memory CD8* T cell differentiation. Pharmacological inhibition of TET2
by 2-HG also showed similar results to genetic Tet2 KO, such as a decrease in 5hmC and
an increase in Eomes and CD62L expression [112]. The role of MBD2 in the differentiation
of naive CD8* T cells into effector and memory cells was determined following LCMV
infection. In contrast to Tet2-deficient CD8" T cells, Mbd2-deficient mice had a reduced
number of Ag-specific memory CD8" T cells and an effective primary effector CD8* T cell
response leading to a rapid viral clearance. Essentially, generation of precursor memory
CD8" T cells (IL-7Roi8h) was delayed and the MBD2 KO memory cells were phenotypically
defective with altered memory cell markers (e.g., IL-7Ra, KLRG-1, CD27) and cytokine
production, and were unprotective against re-challenge (Figure 4) [113]. These studies
suggest a key role of MBD2 and TET proteins in regulating the differentiation of CD8* T
cells into memory versus effector cells. Together, the above studies show the crucial role of
DNA methylation in differentiation of naive CD8" T cells into effector cytotoxic CD8* T
cells and memory CD8" T cells (Figure 4).

3. Role of DNA Methylation in Regulating T Cell Exhaustion

If an Ag is exposed to CD8" T cells for a long time, CD8* T cells can become non-
functional or exhausted, resulting in reduced effector functions, such as decreased cytokine
production (IFNy and TNF-o) and/or loss of cytotoxicity (e.g., low granzyme B production).
Exhausted T cells generally have high surface expression of multiple inhibitory molecules,
such as PD-1, TIM3, LAG3, TIGIT, and 2B4, and transcription factors associated with high
PD-1 expression are T-bet, Eomes, and YY1 [114-116]. YY1 is a key transcription factor that
can regulate the inhibitory molecules PD-1, LAG3, and TIM3 expression, and was shown
to have downregulated IL-2 via EZH2 activation, features characteristic of exhausted T
cells [114-116]. In human patient tumors treated with immune checkpoint inhibitors (ICPi),
around 72% of TILs were found to be dysfunctional. These TILs showed different stages of
differentiation and interestingly, had higher proliferation rates compared to effector T cells,
ruling out the possibility that exhausted T cells have low proliferation rates [114-116].

CD8* TILs become exhausted and lose their effector functions in the TME due to
numerous factors, such as immunosuppressive mechanisms by tumor cells. Analyzing the
transcriptome and methylome of CD8* TILs in the TME of colorectal cancer simultaneously,
Yang et al. confirmed tumor-reactive TILs have an exhausted tissue-resident memory
signature [117]. They showed tumor-reactive markers CD39 and CD103 of CD8* TILs were
demethylated and CD8* TILs had an exhausted phenotype, including high expression of
CTLA4, HAVCR2, LAYN, and TOX [117,118]. To delineate changes in methylation from
naive to cytotoxic CD8" T cell phenotype and cytotoxic to exhausted CD8" T cell phenotype,
promoter methylation of these cells was compared. Naive CD8* T cells showed the most
promoter demethylation compared to cytotoxic and exhausted T cells; however, essential
cytotoxic CD8" T cell effector genes, including PRF1, GZMB, IFNG, CCL4, CCL3, CST7, and
NKG7, went through hypermethylation to hypomethylation from naive to cytotoxic CD8*
T cell differentiation, respectively [117]. For exhausted T cells, two inhibitory checkpoint
markers, PDCD1 (encoding PD-1) and CTLA4, were demethylated within cytotoxic CD8*
T cells. Moreover, LAG3 and LAYN were also differentially methylated from naive to
cytotoxic CD8* T cell transition [117]. Therefore, these studies determined that aberrant
DNA methylation at certain gene loci could result in T cell exhaustion (Figure 4) [116-118].

Interestingly, DNA methylation could determine if T cell exhaustion can be reversed.
In chronic LCMV infection, the PD-1 gene promoter of the effector CD8" T cells remained
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unmethylated, whereas the exhausted T cells showed complete demethylation [116,119].
Furthermore, studies analyzing the chromatin states using transposase-accessible chro-
matin using sequencing (ATAC-seq) have determined two chromatin states that define
exhaustion: one in which T cell factor 1 (TCF1) transcription sites are closed and another in
which transcription sites for eE2F, ETS, and KLF family proteins are opened (Figure 4) [120].
Low TCF1 expression is associated with the low effector function of CD8" T cells and non-
renewal of CD8" effector T cells [121]. DNA methylation can, therefore, regulate the state
of exhaustion of CD8+ T cells, which, due to the reversable nature of DNA methylation
patterns, provides new opportunities for therapeutic intervention.

4. Role of m°A RNA Methylation in Immunity

m®A has various functions, including mRNA stability, translation, splicing, and phase
separation, and also takes part in cell differentiation and development [23-30]. These
essential functions indicate that m®A RNA methylation can potentially regulate immunity.
Although the role of m® A RNA methylation in immunity has not been fully elucidated,
few studies have reported its role in both innate and adaptive immune response [122-131].

4.1. Role of m®A RNA Methylation in Innate Immune Response

Certain DNA and RNA molecules can be detected by the innate immune system as
non-self entities via PPRs, such as TLRs. For instance, a study investigated the mammalian
innate immune response of DCs through stimulation with DNA, RNA, and modified RNAs,
including m®A-modified RNA [128]. Although DNA containing methylated CpG were not
stimulatory, RNA could be stimulatory or not stimulatory depending upon modification on
RNA [123,129,130]. Modified RNA, including m® A modification exposed to DCs, did not
activate their TLR3, TLR7, and TLRS, and led to lower cytokines and activation markers,
compared to DC stimulated with unmodified RNA that activated TLRs [123]. Unmodified
RNA that is present in bacteria could trigger innate immune response to bacterial infection,
whereas highly modified RNA, such as mammalian RNA, would not, indicating a role of
RNA modifications in selectively triggering the immune system against pathogens. Indeed,
DC are activated via m®A RNA modifications and lack of METTL3 can result in lack of
DC maturation [123,128,129]. Regulators of m°A RNA, METTL14, and ALKBH5 were
reported to regulate type I IFN production triggered by dsDNA or HCMYV [125,129,130].
Depletion of METTL14 decreased viral replication and induced IFN31 mRNA production
and stability upon dsDNA and HCMYV infection, whereas ALKBHS5 depletion had an
opposing effect (with the exception of affecting IFN31 mRNA stability). This control of
IFNB1 mRNA was due to m®A modification at the coding sequence and the 3’ UTR of the
IFNB1 gene. Another study reported increased interferon-stimulated genes upon METTL3
(mPA writer) or YTHDF2 (m®A reader) deletion. Specifically, following deletion of METTL3
or YTHDF2, mRNA of IFNB was modified at m°A, increasing its stability [125,129,130].
These studies indicate that m®A can play a role in the negative regulation of anti-viral
response by dictating increased turnover of IFN mRNAs. One study established a key link
of m®A to cellular antiviral response by showing that m®A induces antiviral immunity as
it regulates crucial proteins of innate immunity [131]. Mechanistically, m®A demethylase
ALKBHS is recruited by RNA helicase DDX46 to remove m°A from 3" UTRs of genes
encoding TRAF3, TRAF6, and MAVS, thereby reducing export of their transcript out of the
nucleus and subsequently preventing production of type I IFNs.

4.2. Role of m°A RNA Methylation in Adaptive Immune Response

m®A RNA methylation has also been shown to regulate adaptive immune responses.
Similar to DNA methylation regulating differentiation of CD4" T cells into various subtypes,
m®A RNA methylation was shown to regulate differentiation of CD4* T cells [124]. The
authors utilized a conditional KO mouse model (CD4*-CRE conditional Mettl3 flox /flox)
to delete Mettl3 in CD4* T cells [124]. After validating Mettl3 deletion, they checked for
thymocyte differentiation or cellularity and found no difference compared to WT mouse.
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However, the proportion of naive T cells (CD441° CD62LM) was higher in spleens and
lymph nodes compared to WT. When the function of Mettl3-/- CD4* T cells was compared
to WT, they observed normal sensitivity to TCR signaling; however, T helper polarization
had abnormalities. For instance, the KO CD4" T cells had a significant reduction in
differentiation into Th1 and Th17 cells, but increased differentiation into Th2 cells. In-depth
analysis showed that m°®A targets the mRNA of the IL-7 protein, which regulates T cell
homeostatic proliferation and differentiation to various subtypes upon numerous external
stimuli. SOCS proteins are adaptors which bind to cytokine receptors, such as the IL-7
receptor, thereby preventing STAT5 and downstream signaling [126,129]. SOCS proteins
are produced immediately in response to acute stimuli but are degraded quickly and have
short half-lives [126,129]. The m®A modification was shown to regulate the degradation
of the Socs genes, via the IL-7-JAK1/STAT5 signaling pathway, and without m®A, Socs
mRNA persists, leading to high levels of SOCS proteins and reduced sensitivity to IL-7.
This study indicates that m®A not only regulates CD4* T cells differentiation but also T
cell homeostasis [124]. Using a similar Mettl3 conditional KO mouse model, the authors
analyzed the Tregs subset (Mettl3-/- and WT) of CD4" T cells and found that Mettl3 -/-
Tregs mice developed severe autoimmune disorders compared to WT, suggesting loss of
m®A modification can lead to loss of Treg immune suppressive functions [127]. In addition
to the writer of m®A, readers have shown potential in regulating immune response. As
such, compared to WT, a direct reader of mPA, Ythdfl KO mice showed better cross-
presentation of tumor antigens in DC and better cross-priming with CD8* T cells, leading
to high Ag-specific CD8* T cells in response to tumors [122]. Specifically, binding of Ythdf1
at the m®A of transcripts encoding lysosomal proteases lead to increased translation of
these lysosomal proteases’ (cathepsins) transcripts in DCs, whereas inhibition of Ythdf1l
led to inhibition of these cathepsins, resulting in enhanced cross-presentation by DCs
and cross-priming of CD8" T cells by DCs. Indeed, mature DCs were reported to have
higher expression of writer complex, including METTL3, than naive DCs [128]. In addition,
patient tumor samples that had low YTHDF1 expression had higher tumor-infiltrating
CD8* T cells [122]. Interestingly, mice with Ythdfl KO showed a better response to ICPi
(anti-PD-L1) therapy than the Ythdfl WT [122].

Collectively, the above studies show the essential role of m®A RNA methylation
in regulating innate and adaptive immune responses. The role of RNA methylation
in immunity is still at its infancy and requires further research for discovery of novel
therapeutic targets for its translational potential.

5. Targeting Methylation in the Treatment of Human Disease

Alterations in methylation have been strongly associated with the initiation and pro-
gression of cancer [132]. Compared to normal control tissues in tumors, DNA hypomethy-
lation occurs at global and gene-specific levels, which results in genomic instability and
activation of silenced oncogenes [133]. In contrast, DNA hypermethylation occurs at the
promoter regions of tumor suppressor genes (TSGs), which leads to their silencing [133].
With our increasing understanding of the role of methylation in cancer and immunity,
further efforts are now aimed at its translational potential to develop new therapeutic
strategies that can alter the methylation landscape. Towards these goals, both DNA hypo-
and hyper-methylation can serve as viable targets which, unlike genetic changes, are both
dynamic and reversible.

5.1. Targeting DNA Hypermethylation

Several DNA hypomethylating agents have been developed that target DNA hy-
permethylation. However, among these DNA methyltransferase inhibitors (DNMTi),
5-azacytidine (Vidaza®) and 5-aza-2’'deoxycytidine (Decitabine, Dacogen®) have been ap-
proved by the Food and Drug Administration (FDA) [16]. Because multiple hematologic
malignancies are linked to abnormal DNA methylation patterns, DNMTi were first tested
in these cancers. Among these, myelodysplastic syndromes (MDS) comprising a group of
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hematologic disorders derived from abnormal progenitor cells were the first to be evalu-
ated. Patients with MDS have hypoproliferative bone marrow and a risk of developing
different forms of acute leukemia [51]. The inhibitor 5-azacytidine was first tested on
MDS patients, where it showed improved response rates, lower transformation to acute
leukemia, and prolonged survival [134], and 5-aza-2'deoxycytidine showed similar clinical
outcomes [135]. Both 5-azacytidine and 5-aza-2'deoxycytidine have also shown success in
a clinical setting for acute myeloid leukemia (AML) and chronic myelomonocytic leukemia
(CMML) [16].

Following the clinical success of DNMTi with hematologic malignancies, DNMTi
were also tested in solid tumors [136-138]. Although DNMTi showed a good response
in patients with ovarian cancer and non-small cell lung cancer, the response was highly
variable and less effective in other solid tumors [136-138]. DNMTi has shown the greatest
potential in combination with cytotoxic agents or immunotherapies. With cytotoxic agents,
DNMTi appear to sensitize tumors and increase the efficacy of conventional cytotoxic
agents, even for patients who were previously resistant to the cytotoxic agents alone [139].
Recently, studies have established that malignant cells escape host immune recognition by
acquiring an immune evasive phenotype through epigenetically downregulating essen-
tial molecules for cancer and immune interactions [35]. For instance, these mechanisms
include suppression of tumor associated antigens (TAAs), reducing the expression of many
components of antigen processing and presentation machinery (APM), and decreasing
co-stimulatory molecules, stress-induced ligands, and death receptors [35]. DNMTi and
histone deacetylase inhibitors (HDACi) reverse the immune evasive phenotype, for ex-
ample, by upregulating the expression of TAAs and APM components on tumor cells,
which helps the immune system to recognize and eliminate tumor cells [35,140-142]. Addi-
tionally, T cell exhaustion can also be reversed using DNMTi in mouse models, resulting
in enhanced anti-cancer immunity [143,144]. DNMTi can also trigger a state of “viral
mimicry” by activating dsRNAs, thereby increasing type I interferon responses [35,145]. In
addition, DNMTi and HDAC] increased cytotoxic activity of CD8 T cells and NK cells, and
increased these anti-tumor cells” immune infiltration in the TME while reducing pro-tumor
macrophage infiltration in a murine ovarian cancer model [75]. These anti-cancer effects
were further elevated in triple combination with ICPi (anti-PD-1), which reduced the tumor
burden and provided longest overall survival. Collectively, the above studies indicate
priming of the immune system by DNMTi (and HDACi), thereby increasing the efficacy of
ICPi therapy.

5.2. Targeting DNA Hypomethylation

In cancer, promoter hypermethylation of TSGs and silencing of TSGs resulting in
tumorigenesis have been the focus of the last few decades, resulting in the discovery of
DNMTi [146-149]. By comparison, a phenomenon that is relatively underestimated is
genome-wide DNA hypomethylation, which occurs in various solid tumors [133,150].
Several studies have also demonstrated that gene-specific and global hypomethylation
play a crucial role in the initiation and progression of cancer [7,133]. However, there is
still no approved agent that targets DNA hypomethylation. Currently, the most studied
approach to target DNA hypomethylation uses SAM. SAM is a natural and universal
methyl donor of all methylation reactions [151,152]. As such, SAM donates its methyl
group to key cellular components including proteins, nucleic acids (RNA and DNA), lipids,
and secondary metabolites to modulate several physiological functions [151-153].

Although studies investigating the effect of SAM on the immune system are still lack-
ing, SAM has been shown to modulate the immune system [154-167]. SAM manipulates
methylation levels, which further modulates T cell functions by regulating the TCR signal-
ing pathway, impairing Th1/Th2 cytokines release, and decreasing T cell proliferation and
activation in autoimmunity [154]. Moreover, SAM reduces IL-1 levels in rats with cecal
ligation and puncture. In macrophages, SAM inhibited LPS-induced gene expression via
modulation of H3K4 methylation [155]. Similarly, deregulation of SAM levels can result in
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immune disorders, such as in liver inflammatory diseases. Molecular links between SAM
and innate immune functions were reported in which low levels of SAM were shown to
affect hepatic PC synthesis and may limit stress-induced protective gene expression upon
infection [156]. In addition, SAM prevented upregulation of TLR signaling by blocking
the overexpression of TLR2/4 and their downstream partners MyD88 and TRAF-6 in the
Mallory-Denk body, forming hepatocytes [157].

Interestingly, studies have shown that SAM is essential for T cell activation and
proliferation [154-167]. In activated T cells, both the SAM quantity and the rate of SAM
utilization increase dramatically via increased transcription of MAT2A, which encodes the
catalytic subunit of MATII and is vital for SAM biosynthesis [161,162,164,165]. Blockage of
SAM synthesis resulted in blocked T cell proliferation [160]. Furthermore, SAM was shown
to be indispensable for T cell proliferation and activation by decreasing both caspase-
3 activity and apoptosis in ethanol-related activation-induced cell death (AICD) [159].
Furthermore, SAM was shown to lower the suppressive capacity of Tregs (nTreg cells) by
methylating the FOXP3 gene, thereby reducing its protein and mRNA expression in a dose-
dependent manner. SAM was also found to decrease expression of an immunosuppressive
cytokine, IL-10, and increase expression of IFNy [168].

Aberrant methylome is a common consequence of a disrupted SAM cycle associated
with transformation of cells towards tumorigenesis [152,169,170]. SAM, which increases
DNA methylation, has been shown to cause significant anti-tumor effects in breast, os-
teosarcoma, prostate, hepatocellular, gastric, colon, and other cancers [151,152,169-174].
In addition, SAM levels are depleted by cancer cells through various mechanisms, such
as increased conversion of SAM to by-products, which reduces the methylation potential
of cancer cells [175,176]. A recent study has shown that an essential immune evasive
mechanism used by tumor cells is depriving the CD8+ T cells of SAM and methionine (the
pre-cursor of SAM) in the TME. This makes CD8+ T cells non-functional and unresponsive
to ICPi [175]. Indeed, we showed that SAM in combination with ICPi (anti-PD-1) signifi-
cantly reduced tumor volume and weight compared to monotherapy in a syngeneic mouse
model of advanced melanoma [177]. This effect was partially due to the elevated activation,
proliferation, and cytokine production of CD8 T cells. We also observed increased tumor
infiltration of CD8 T cells, a higher number of polyfunctional CD8 T cells, and a lower
number of exhausted CD8 T cells in the TME. The above studies show a potential of SAM,
a co-factor of methylation, in targeting aberrant DNA methylation patterns in the TME as a
novel anti-cancer approach that also enhances anti-cancer immunity. Therefore, the effect
of SAM on anti-cancer immunity should be studied comprehensively in future studies.

5.3. Targeting m® A RNA Methylation

The role of DNA methylation in regulating the immune system and cancer has been the
focus of research for more than three decades. Regulation of immunity and cancer by m®A
RNA methylation is still at its infancy. However, novel studies have shown the potential
of targeting RN A methylation in cancer. For instance, FTO inhibition through selective
inhibitors, such as Meclofenamic acid (MA), MA2, and R-2-hydroxyglutarate (R-2HG),
have shown potent anti-cancer activity in several cancers including AML, glioblastoma
multiforme (GBM), and colorectal cancer (CRC) [26,30,178]. In contrast to other RNA
demethylase inhibitors, Rhein was identified to be reversibly bound to the FTO catalytic
domain via a crystal structure approach and shown to increase m® A RNA methylation
levels [178,179]. Rhein is attractive as it is a natural compound and selective against FTO
and not ALKBHS5 [179]. Rhein has shown significant anti-cancer activity in various cancers;
however, comprehensive in vivo evidence is still lacking and would require further in-
depth studies [180]. Citrate was identified as an ALKBHS5 inhibitor via a crystal structure
approach; however, the effect of citrate on ALKBHS5 demethylase activity in reducing
cancer growth and progression is yet to be determined [181].

Although the inhibitors for RNA methylation regulators have been identified, none of
them have been tested in a clinical setting. Furthermore, the effect of these pharmacological
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inhibitors of RNA methylation on the immune system is yet to be determined. Along this
line, recently, RNA demethylase FTO was reported to promote tumorigenesis in melanoma
and knockdown of FTO-reduced resistance to ICPi (anti-PD-1) therapy [182]. FTO regulates
important immune genes (including PD-1, CXCR4, and SOX10 genes) and KD of FTO led
to increased mRNA decay of these genes through the m6A reader YTHDF2. Furthermore,
KD of FTO sensitized melanoma cells to IFNy, thereby reducing resistance to anti-PD-1
therapy. Similarly, RNA demethylase ALKBHS5 KO showed significant reduction in tumor
growth and prolonged mouse survival during ICPi therapy in B16 melanoma and CT26
colon cancer mouse models [183]. This was due to ALKBHS5 altering gene expression and
splicing that leads to changes in lactate levels in the TME. These metabolic changes result
in decreased Treg and MDSCs infiltration in the TME. Interestingly, the authors also tested
an ALKBHS5 inhibitor and showed similar phenotype to the ALKBH5 KO model. These
studies not only show the inhibition of m®A demethylases as a potential anti-cancer target
but also their potential in anti-cancer immunity within the TME.

6. Conclusions

The role of DNA and RNA methylation in regulating the differentiation and activity of
immune cells within the TME is key to determining the fate of tumor growth or suppression
(Figure 5). A pro-cancer TME has immune cells expressing pro-tumor cytokines that lead to
tumor growth and progression, whereas the reverse is seen in the anti-cancer TME. Precise
methylation patterns change gene expression, leading to specific immune cell subtypes. For
instance, DNA demethylation and high expression of IL.4 and FOXP3 genes occur in Th2
and Tregs, respectively. In contrast, DNA demethylation and high expression of I[FNy and
IL2 genes occur in both Th1 and CD8 T cells, which results in a better anti-cancer immune
response. Studies should further investigate the effect of DNA and RNA methylation on
transcriptional regulation of immune cells along with tumor cells in a time-dependent
manner in order to uncover the complexity of the TME at various stages of cancer growth
and progression. As explained earlier, the balance between pro- and anti-cancer immune
cells within the TME is key to tumor progression or suppression. However, most studies
investigating the role of methylation have focused only on one immune cell subtype. Future
studies should investigate various immune subtypes simultaneously. These comprehensive
studies will provide deeper insights into the interplay between the immune system and
cancer, and allow discovery of novel epi-therapies that can enhance the immune system
against cancer and other pathologies. Targeting methylation is a particularly attractive
anti-cancer strategy because it is dynamic and reversible. For instance, DNMTi that target
DNA hypermethylation can also enhance the efficacy of immunotherapies. Similarly,
SAM, targeting DNA hypomethylation, has shown profound effects in combination with
ICPi. Along the same line, inhibitors of m®A RNA demethylases have shown potential in
enhancing anti-cancer immunity. However, further comprehensive studies are required
to delineate the mechanism of action before these inhibitors can be tested in a clinical
setting. In addition, SAM, which donates methyl groups to RNA, has shown significant
anti-cancer activity in numerous cancer models by regulating DNA methylation. It is
yet to be determined if SAM causes inhibition of tumor growth and metastasis through
modulating m®A RNA methylation levels. Although the efficacy of epigenetic-based
therapeutic strategies targeting tumor and immune cells needs further elucidation, the
current state of knowledge provides compelling evidence to suggest that it will be effective
in blocking cancer progression and reducing cancer associated morbidity and mortality.
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Simple Summary: The kynurenine pathway (KP) is a biochemical pathway that synthesizes the vital
coenzyme, nicotinamide adenine dinucleotide (NAD*). In cancer, the KP is significantly activated,
leading to tryptophan depletion and the production of downstream metabolites, which skews the
immune response towards tumour tolerance. More specifically, advanced stage cancers that readily
metastasize evidence the most dysregulation in KP enzymes, providing a clear link between the
KP and cancer morbidity. Consequently, this provides the rationale for an attractive new drug
discovery opportunity for adjuvant therapeutics targeting KP-mediated immune tolerance, which
would greatly complement current pharmacological interventions. In this review, we summarize
recent developments in the roles of the KP and clinical trials examining KP inhibition in liver cancer.

Abstract: As the second and third leading cancer-related death in men and the world, respectively,
primary liver cancer remains a major concern to human health. Despite advances in diagnostic
technology, patients with primary liver cancer are often diagnosed at an advanced stage. Treatment
options for patients with advanced hepatocarcinoma (HCC) are limited to systemic treatment with
multikinase inhibitors and immunotherapy. Furthermore, the 5-year survival rate for these late-stage
HCC patients is approximately 12% worldwide. There is an unmet need to identify novel treatment
options and/or sensitive blood-based biomarker(s) to detect this cancer at an early stage. Given
that the liver harbours the largest proportion of immune cells in the human body, understanding
the tumour-immune microenvironment has gained increasing attention as a potential target to treat
cancer. The kynurenine pathway (KP) has been proposed to be one of the key mechanisms used by
the tumour cells to escape immune surveillance for proliferation and metastasis. In an inflammatory
environment such as cancer, the KP is elevated, suppressing local immune cell populations and
enhancing tumour growth. In this review, we collectively describe the roles of the KP in cancer and
provide information on the latest research into the KP in primary liver cancer.

Keywords: primary liver cancer; kynurenine pathway; immune evasion; indoleamine 2,3 dioxyge-
nase 1; tryptophan 2,3 dioxygenase 2; IDO inhibitor

1. Primary Liver Cancer

Primary liver cancer is the second leading cause of cancer mortality in men and the
sixth most commonly occurring cancer worldwide, with an estimated 905,677 cases and
830,180 deaths in 2020 [1]. It is a tumour that develops in the liver and is known to be
highly invasive and spread to other organs such as the lungs, bone marrow, lymph nodes,
and brain [2—4]. Hepatocellular carcinoma (HCC), accounting for more than 75% of all
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primary liver cancer cases, and intrahepatic cholangiocarcinoma (ICC), which accounts
for a lesser proportion, approximately 12-15% of all liver cancer cases, are the two main
histological types of this malignancy [5]. HCC arises from hepatocytes in the liver and is
the most common cause of death in people with a history of chronic liver disease [6] or
cirrhosis [7].

The global burden of liver cancer-related mortality is increasing worldwide, with an
estimation of >1 million diagnosed with this cancer annually by 2025 [8,9]. The highest
HCC incidence and mortality rates are observed in Africa and East Asia, although a
growing trend in incidence rates has been observed in western countries, including the
USA and parts of Europe [10]. In Australia, the incidence rate of primary liver cancer has
increased 5-fold from 2003 to 2011. According to the Australian Institute of Health and
Welfare’s burden of cancer report, this cancer is a significant health threat and a burden to
the Australian community [11]. A recent study showed that the age-adjusted incidence of
HCC increased from 1.38/100,000 persons in 1982 to 4.96/100,000 in 2014 [12]. Incidence of
HCC is up to four times higher in men compared to women and is projected to be the fifth
and sixth most common cause of cancer death in Australian men and women, respectively
in 2020. The gender discrepancy in primary liver cancer incidence can be attributed to
biological and behavioural risk factors [13].

Important risk factors are chronic hepatitis B virus (HBV) or hepatitis C virus (HCV)
infections, liver cirrhosis, chronic alcohol consumption, metabolic-associated fatty liver
disease (MAFLD), and non-alcoholic steatohepatitis (NASH) [14]. HCC predominantly
develops in the setting of cirrhosis and chronic liver diseases. Cirrhosis of the liver caused
by any liver disease is a major risk factor, and HCC is the primary cause of death in hepatic
cirrhosis patients [15]. The most common risk factor is chronic viral hepatitis [16-18],
with HBV infection accounting for approximately 50% of the HCC cases. However, HBV
vaccinations have reduced the risk associated with HBV-induced HCC [19,20]. Chronic
HCV patients with cirrhosis or chronic liver damage are at higher risk of developing
HCC [21]. However, a significant decrease in the risk of HCC attributed to HCV infections
has been observed because of effective antiviral drugs [22]. Additionally, higher prevalence
of obesity- or diabetes-related MAFLD and NASH (the most severe form of MAFLD)
is also driving the increase in HCC incidence rates [23-26]. Studies suggest that older
age is another important risk factor that increases the risk of developing primary liver
cancer [27-30]. Statistical epidemiology shows that primary liver cancer patients mostly
comprise individuals above 50 years, with mean onset age increasing from 58.2 years in
1990 to 62.5 years in 2017 [31].

HCC Stages and Its Prognosis

Overall survival for HCC patients is poor, with a 5-year relative survival rate of 34% for
patients diagnosed with localized tumour mass, 12% for patients with regional cancer that
has spread outside the liver to surrounding tissues or lymph nodes, and 3% for patients
diagnosed with distant or metastasized liver cancer [32]. The Barcelona Clinical Liver
Cancer (BCLC) staging system is widely accepted and used to identify the stage of HCC
based on tumour characteristics and burden, the Child-Pugh score of hepatic function,
and patient performance status [33]. The median survival time for HCC patients can vary
according to the stage of cancer diagnosed. Based on the BCLC staging system, these
values are more than 6 years for early stage (0 and A), 26 to 30 months for intermediate
stage (B), 12 to 19 months for advanced stage (C), and nearly 3 months for end-stage (D)
HCC after receiving treatment (Figure 1) [8].

Surgical resection or partial hepatectomy [34], laparoscopic liver resection [35], and
liver transplantation [36] are the most common treatments used for early stage HCC
patients (i.e., BCLC stage A), when the tumour mass is more than 2 cm but less than 5 cm
in size and is confined to the liver, with no evidence of vascular invasion. Radiofrequency
ablation is the primary treatment of choice for single tumours less than 2 cm in size (BCLC
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stage 0) and is also an alternative for early stage HCC patients unsuitable for surgery or liver
transplantation due to the presence of multiple tumour nodules and liver dysfunction [37].
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Figure 1. Classification of HCC and its characteristics: Based on the BCLC staging system, HCC can be classified as stages 0,
A, B, C, and D. Stage A has the highest median survival time of more than 60 months while stage D has less than 4 months.

Localised surgery and radiotherapy are the choice of treatments for stage 0 to B, while systemic treatment with palliative
care is usually recommended for stages C to D.

Unfortunately, patients with HCC are often asymptomatic in the early stages; hence,
detecting early stages of cancer in patients remains a challenge. A combined diagnostic
approach consisting of ultrasound imaging, magnetic resonance imaging, computed to-
mography, and detecting alpha-fetoprotein (AFP) levels in patient sera is used to diagnose
cancer and predict HCC prognosis [38]. AFP is a type of glycoprotein that is produced by
embryonic endoderm tissue cells and is usually in high concentrations in maternal serum
during foetal development [39,40]. This concentration of AFP drops during adulthood due
to the inability of mature hepatocytes to synthesize this glycoprotein [40]. Transformed can-
cer cells including hepatocytes can regain this ability to synthesize AFP and have therefore
been used as blood-based biomarkers for HCC diagnosis [41]. However, this biomarker
is not effective in detecting patients with a low concentration of AFP (AFP <20 ng/mL),
such as during early stage HCC, and a portion of advanced HCC, where AFP remains low
throughout disease progression [42]. A promising alternate blood biomarker is glypican-3
(GPC-3). GPC-3 is a cell-surface proteoglycan that is highly expressed in embryonic tissues
and is involved in cell proliferation and survival during foetal development [43]. In adults,
GPC-3 expression is only limited to lung, ovary, mesothelium, mammary glands, and
kidney [44,45]. However, high levels of GPC-3 expression are observed in HCC tissues
but not in healthy adult liver, and it is a commonly used immunohistochemical marker
to detect the degree of HCC tumour differentiation [46,47]. Although studies have shown
83.4% sensitivity in HCC [48], the diagnostic use of GPC-3 as an HCC biomarker remains
controversial due to conflicting results [49-51]. A delay of as little as three months in
diagnosis can result in the cancer progressing to later stages and, more importantly, it
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reduces patient survival rate. Focusing on early diagnosis is important to increase patients’
survival rate rather than treatment options. [52]. Other locoregional treatment strategies
for some early and intermediate HCC patients (BCLC stage B) who are not fit to undergo
surgery or transplantation include trans-arterial chemoembolization (TACE) [53], local
radiotherapy, or a combination approach of laparoscopy with TACE or radiotherapy is
used to prevent from further cancer progression [34].

Most HCC cases are diagnosed at advanced stages (BCLC stage C and D) when the
tumours are too aggressive for surgical resection and have metastasized to other organ sites.
Systemic treatment, which includes molecular-targeted therapy, remains a recommended
treatment for locally advanced or metastatic unresectable HCC tumours [34]. To date, the
first-line drug treatments for advanced HCC patients include sorafenib [54], lenvatinib [55],
and atezolizumab (anti-PDL1 antibody) in combination with bevacizumab (anti-VEGF
antibody) [56]. The recent IMbravel50 trial reported that patients treated with the combi-
nation regimen of atezolizumab and bevacizumab showed improved overall survival and
progression-free survival compared to sorafenib. The most common treatment-related ad-
verse events observed with combination immunotherapy are fatigue, pain, loss of appetite,
and diarrhoea [57]. On the basis of these positive findings from the trial, the Therapeutic
Goods Administration (TGA)-approved regimen has now been extensively used to treat
patients with unresectable HCC and was added to the Australian Pharmaceutical Benefits
Scheme (PBS) program in 2020 [58]. While there has been significant improvement in
treatment opportunities over the last decade, this malignancy is associated with a high
recurrence rate and poor overall survival. Clinical trials evaluating the efficacy and safety of
immune-therapeutic drugs such as pembrolizumab or nivolumab for advanced liver cancer
treatment failed to improve overall survival of patients and significant immune-related
adverse side effects were observed, resulting in failure of the clinical trials [59,60].

Although the understanding of the disease and treatment opportunities for HCC
have drastically improved over the last decade, this malignancy remains a fatal disease
worldwide. There is an urgent need to identify a specific set of biomarkers to (1) detect
early stage HCC with high accuracy in patients and (2) to effectively allow the assessment
of response to treatment to rapidly estimate whether a patient responds to treatment.
Identification of novel and specific diagnostic set of biomarkers to detect patients who may
be at risk and with early stage HCC, prognostic predictors that can effectively distinguish
between patients with favourable or unfavourable prognosis in the same tumour stage,
and more specific treatment targets are all critical. An important aspect to consider is
the unique relationship between the liver and the immune system. The liver is a critical
immunological frontline of the body, where complex immunological activity occurs to
prevent infection in the body [61,62]. Interestingly, some biochemical pathways promote
tumour tolerance by decreasing the recognition of cancer antigen, inducing immune
suppression and chronic inflammation. Notably, an interesting biochemical pathway
that mediates tumour tolerance is the kynurenine pathway (KP) of tryptophan (TRP)
metabolism. Elevation of KP activity by tumour cells suppresses the local immune response
and enhances tumour survival and invasion [63,64]. This review will examine the role of
KP in HCC progression. Understanding how HCC manipulates immune-suppressive KP
may lead to the identification of potential therapeutic targets for HCC.

2. The KP

TRP is one of the eight essential amino acids that are only obtainable through the
diet [65]. TRP and its metabolites play a critical role in various cellular growth and
maintenance processes. Up to 90% of the TRP is catabolized by the KP to produce
nicotinamide adenine dinucleotide (NAD"), an important enzyme co-factor involved in
the regulation of important cellular processes (Figure 2) [66]. KP is tightly regulated
under a healthy physiological state and produces various metabolites with immune-
suppressive and redox activity. These metabolites include kynurenine (KYN), kynurenic
acid (KYNA), 3-hydroxykynurenine (3-HK), anthranilic acid, 3-hydroxyanthranilic acid
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(8-HAA), picolinic acid, and quinolinic acid (QUIN) [67]. The pathway begins with three
rate-limiting enzymes, indoleamine 2,3-dioxygenase (IDO1) [68], indoleamine 2,3 dioxy-
genase 2 (IDO2) [69,70], and tryptophan 2,3-dioxygenase (TDO?2) [71] that catabolise the
substrate TRP to KYN.

Tryptophan

) I It )
F ’

Anthranilic acid |[«—— - Kynurenine | Kynurenic acid

s KMO;
. ) S

.

.

3-Hydroxykynurenine
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Figure 2. A simplified diagram of the KP: majority of TRP is catabolized through the KP to synthesize
the vital energy cofactor, NAD*.

Although the three rate-limiting enzymes catabolise the same substrate, TRP, they
each have different inducers and regions of expression. In normal physiological conditions,
IDO1 enzyme expression is limited to endothelial cells in the lungs and placenta, epithelial
cells scattered in the female genital tract and mature dendritic cells in secondary lymphoid
organs, and is known to be induced by interferon-gamma (IFN-v) [72]. Compared to IDO1,
IDO2 enzyme expression is restricted and confined to hepatocytes, bile duct, neuronal cells
of the cerebral cortex, and kidneys [73]. While IDO1 and IDO2 share 43% gene similarity;,
IDO1 remains the dominant enzyme [69]. Interestingly, the activity of IDO2 elevates when
the IDOL1 gene is deleted [74]. The third rate-limiting enzyme, TDO?2, is primarily expressed
in liver, and is the major enzyme to regulate systemic TRP levels in the liver [75,76]. TDO2
enzyme expression is known to be induced partly by glucocorticoids and its substrate
TRP [77]. Though these rate-limiting enzymes are cytosolic, their enzymatic activity induces
TRP metabolism and accumulation of KP metabolites in the extracellular space, which
is facilitated by specific amino-acid transporters [78]. In an inflammatory environment
such as cancer, KP is highly activated, resulting in depletion of local TRP in the tumour
micro-environment. This process facilitates tumour cells to evade immune detection by
reducing the proliferation of effector T lymphocytes and favouring the differentiation of
regulatory T (Tregs) cells [79].
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Involvement of the KP in Cancer

After the discovery that placental IDO1 was the key enzyme mediating immune sup-
pression in maternal-foetal tolerance in 1998, the research focus was expanded to examine
whether the KP was involved in immune evasion and cancer [80,81]. Indeed, the KP is
frequently dysregulated in cancer and suppresses tumour surveillance in two different
mechanisms. The first mechanism involves the overexpression of the rate-limiting enzymes
IDO1 and TDO2 to deplete TRP within the tumour microenvironment. TRP is one of the
amino acids required for the survival and proliferation of immune T-cells such as T helper
(Tn) and cytotoxic T-cells (T.). Therefore, immune surveillance will be strongly suppressed
in a TRP-deprived tumour microenvironment driven by an overactive IDO1/TDO2 tu-
mour [82]. A study by Uyttenhove et al. confirmed overexpression of IDO1 in various
human cancer tissues and cell lines, suggesting that was involved in protecting tumours
from immune detection [83]. The overexpression of IDO1 in tumours has been suggested to
be induced by the IFN-y generated by tumour-infiltrating T-cells as an adaptive resistance
mechanism [84]. Syngeneic animal studies showed that treatment of the IDO1 inhibitor
1-methyltryptophan (1-MT) limited the growth of IDO1-overexpressed tumours [83,85]. A
subsequent breast cancer animal model study by Muller et al. demonstrated that combined
treatment with 1-MT and cancer chemotherapeutic drug paclitaxel slowed down the tu-
mour growth progression by 30% [86]. Importantly, they observed that the efficacy of this
combination therapy was highly dependent on the presence of T-cells, and the inhibition
of IDO1 could potentiate the efficacy of chemotherapy.

Apart from IDO1, overexpression of TDO2 in tumour cells has been shown to facilitate
immune escape. TDO2 mRNA expression was detected in different types of tumours
including hepatocarcinoma [87], glioblastoma [88], breast cancer [89], and colorectal can-
cer [90,91]. These studies also demonstrated that TDO2 was responsible for the depletion
of TRP in IDO-negative tumours to evade immune surveillance [63,88,92]. This notion
was supported by an animal model study by Pilotte et al., who showed that treatment
using TDO2 inhibitor in an animal model reversed the TDO2-mediated immune evasion
mechanism and prevented the growth of TDO2-overexpressing tumours [92]. Conse-
quently, this led to further studies exploring new TDO2 inhibitors for use in the treatment
of TDO2-overexpressing cancer [93-95].

Though the role of the IDO2 enzyme in cancer remains less understood, studies
have shown that IDO2 expression is upregulated in certain malignancies such as colon
cancer, gastric and renal cancer [96], pancreatic cancer [97], non-small cell lung cancer [98],
and may have roles in tumour immune escape, facilitating cancer cell proliferation and
metastasis. Sorensen et al. described the immunogenic role of IDO2 by demonstrating the
presence of spontaneous T, reactivity against IDO2 in healthy and cancer patient blood
samples, and reported that IDO2 supported Tregs cells generation that was induced by
human dendritic cells [99].

The second mechanism of KP-mediated tumour evasion involves the bioactive KP
metabolites KYN, 3HK, 3-HAA, and QUIN. Studies have shown that these metabolites can
promote tumour proliferation and modulate the immune cell population. KYN, the first
metabolite of KP, can function as an endogenous ligand to activate the aryl hydrocarbon
receptor (AhR) in an autocrine/paracrine fashion, and emerging evidence points toward
the tumour-promoting role of KYN-mediated activation of the AhR [100,101]. AhR is
a ligand-activated transcription factor of the basic helix-loop-helix (bHLH) Per-Arnt-
Sim (PAS) family [102]. It is expressed in many immune cells and plays a vital role
in regulating various immune functions in a wide range of physical and pathological
processes [103—-105]. Activation of AhR may facilitate cancer cell proliferation, tissue
invasion, metastasis, and angiogenesis [106]. The KYN-AhR signalling pathway can
suppress the differentiation and activity of immune cells, resulting in an impaired immune
response against tumours, leading to tumour immune tolerance [107]. Various studies
have demonstrated the importance of KYN-AhR activation in IDO1- or TDO2-expressing
tumour cells and its role in enhancing cancer cell survival and motility. These studies
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suggested that TDO2-expressing cancer cells escape immune surveillance by activating
AhR in various immune cells including dendritic cells, macrophages, natural killer cells,
innate lymphoid cells, T, cells, and Tregs cells [108,109]. Opitz et al., found that murine
tumours in AhR-proficient mice expressing high AhR and TDO2 expression levels had
an enhanced tumour growth rate by suppressing the infiltration of antitumour immune
cells, increasing levels of inflammatory cytokines. Furthermore, the study suggested that
the TDO2-Kyn-AhR signalling pathway might also be involved in other malignancies,
including sarcoma, bladder cancer, cervix cancer, colorectal cancer, lung, and ovarian
cancer [88]. Moreover, Ulrike et al. revealed that IDO1 enzyme expression was induced
by inflammatory cytokines such as Interleukin 6 (IL-6), and could activate an autocrine-
positive inflammatory feedback loop (IDO-AhR-IL-6-STAT?3 signalling pathway) that could
promote tumour growth and survival [110].

In addition to KYN, kynurenic acid (KYNA) is also an endogenous AhR ligand [111].
In the presence of IL-13, KYNA binds to AhR and induces production of IL-6, which may
also contribute to the IDO-AhR-IL-6-STAT3 autocrine-positive inflammatory feedback loop
mentioned earlier. Interestingly, the production of KYNA may not be limited to just via KP
but rather through an alternate TRP metabolism mediated by Interleukin-4-induced gene 1
(IL4I1) in a cancer setting. Sadik et al. revealed that IL4I1 was elevated in cancers such as
melanoma. An IL4I1-driven AhR activity though KYNA increases tumour cell motility and
T-cell proliferation [112]. Given that the activity of IL4I1 is independent of the KP and can
limit antitumor immune cell response [113], inhibiting the formation of KYNA metabolite
either via the KP or through IL4I1 gene reaction may be necessary to block the activation of
AhR in cancer.

The KP metabolites downstream of KYN, including 3-HK, 3-HAA, and QUIN have
been shown to inhibit T-cell proliferation and activation. A study by Fallarino et al. showed
that 3-3-HAA and QUIN could induce selective apoptosis in Ty, 1 cells and thymocytes of
effector T-cell population in vitro by the activation of caspase-8 activity and the release of
cytochrome c from mitochondria [114]. The 3-HAA also significantly inhibits CD8" T-cell
proliferation stimulated through cytokines by driving the T-cells to a proliferative arrest
and directly inhibiting the phosphorylation of phosphoinositide-dependent kinase 1 and
preventing the activation of nuclear factors after T-cell receptor stimulation [115]. A study
by Favre et al. showed that 3HAA also disturbed the balance between T}, and Treg cell
populations, driving them towards an immunosuppressive Treg pathway in vitro [116].
Furthermore, a later study by Zaher et al. confirmed that 3HK and 3HAA suppressed CD4*
T-cell proliferation along with significant T-cell death [117].

3. Involvement of the KP in Chronic Liver Disease and HCC

The role of KP in liver diseases has been gaining interest in the recent years. A number
of studies have measured high KP activity in chronic liver diseases such as primary biliary
cirrhosis, HCV-associated chronic hepatitis, and liver cirrhosis [118,119]. Claria et al. [120]
reported that KP activity was elevated in patients with acute decompensation and acute-
on-chronic liver failure, and was associated with pathogenesis and mortality in cirrhotic
patients. The study concluded that elevated KP activity may be used as an independent
prognostic predictor of poor clinical outcomes in cirrhotic patients. In contrast, elevated
IDOL1 activity during early stages of the HBV infection in hepatocytes was reported to
significantly reduce viral replication and enhance the protective immune response [121].

Although the liver is a site of robust immunological activity, liver cancer cells can
remain undetected and proliferate. This suggests that these cancer cells can evade local
immune surveillance, possibly by using the KP, as observed in various malignancies.
Although the research on KP and HCC is limited, the activity of the three upstream
enzymes of the pathway, including IDO1, TDO2, and KMO enzymes, has been extensively
studied in HCC cells and tissue specimens. These study findings revealed that IDO1, TDO2,
and KMO enzyme activity was upregulated in HCC (Table 1).
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Table 1. Summary of all KP research carried out on HCC.

Author

Enzyme/Metabolite

(Year) [Ref] Sample Type Sample Size Studied Technique Used Finding
. Cell lines . . . .
Ishio et al. 4 HCC cell lines RT-PCR IDO1 expression may play a role in antitumour
(2004) [122] Hcc tumour 21 HCC IDO1 THC immune response.
specimens
HCC cancer cells and surrounding
Cell lines 6 HCC and human noncancerous tissue express high IDO1
Pan et al. T d distant | hepatocyt DO1 RT-PCR expression.
(2008) [123] umour and distan norma: aepatocytes THC High IDO1 expression is confined to the
normal liver tissue 138 HCC . . .
tumour creating an immune suppressive
microenvironment.
IDO1 is expressed in HCC cells on
RT-PCR stimulation by IFN-y via the
Lietal Cell lines 2 HCC cell lines IDO1 WB JAK2-STAT1 signalling pathway.
(2018) [124] Tumour tissue 112 HCC (HBV) * High IDO1 expression indicates
IHC and IF X .
antitumour immune response.
IDO1 is a favourable prognostic indicator.
Brown et al IDO1 inhibitors in combination with
(2018) [125]' Cell lines 2 HCC cell lines IDO1 RT-PCR immune checkpoint inhibitors might be an
effective treatment option for HCC patients.
. High TDO2 expression observed in HCC
Hoffman et al. Cell lines 1 HCC cell line RT-PCR tumour cells.
Tumour and normal . . TDO2 WB, HPLC . .
(2020) [126] . 171 tissue specimens TDO2 may be a novel immunotherapeutic
tissue IHC and IF
target for HCC.
Cell lines . RT-PCR TDO2 is overexpressed in HCC and may be
Lietal. Paired tumour and 5nHr(rjr$ lc il‘l] hrnesua lrll: ! TDO2 WB facilitating HCC progression and invasion.
(2020) [127] adjacent normal © a93 Hecée ¢ RT-PCR TDO2 enzyme can be a novel prognostic
tissues WB, IHC biomarker for HCC patients.
RT-PCR
Lei et al Cell lines 6 HCC cell lines and 1 Knock dWB . TDO2 supports EMT of HCC cells via the
cretal Paired tumour and normal liver cell TDO2 nockaown using KYN-AhR pathway, facilitating HCC
(2021) [87] . . shRNAs . . .
adjacent normal tissue 23 HCC HPLC metastasis and invasion.
IHC and IF
Bekki et al. 604 HCC * (HCV) A high level of serum KYN correlated with
(2020) [128] Serum 288 Control ** KYN ELISA poor prognosis of HCC.
High KMO expression correlated with HCC
. 120 matched HCC THC tumour aggression, recurrence, and shorter
Tumour and adjacent d adi . ival
Jin et al noncancerous liver and adjacent tissue RT-PCR survival rate.
. . 205 HCC KMO WB KMO knockdown suppressed HCC
(2015) [129] tissue 5HCC and 2 b Knockd . Lo
Cell lines and 2 human ockdown using progression in vitro.
normal liver cells siRNAs KMO overexpression enhanced HCC cell

proliferation, migration, and invasion.

* HCC patients with chronic hepatitis B (HBV) or hepatitis C (HCV) virus infection. ** Patients with chronic hepatitis C virus infection with-
out HCC. RT-PCR: reverse transcription-polymerase chain reaction, WB: Western blot, IHC: immunohistochemistry, IF: immunofluorescence,
HPLC: high-performance liquid chromatography, shRNA: short hairpin or small hairpin RNA, siRNA: small interfering RNA.

3.1. IDO1

The immunological and prognostic roles of IDO1 in HCC were first investigated by
Ishio et al. in 2004 [122]. The results showed that IDO1 mRNA expression was strongly in-
duced in tumour-infiltrating cells of the HCC tumour, which might facilitate an antitumour
immune reaction and the expression of IDO in tissue specimens of HCC patients signifi-
cantly correlated with better recurrence-free survival rates. A later study by Ke Pan et al.
observed elevated IDO1 enzyme mRNA and protein expressions in liver tumour and its
adjacent normal tissues compared to distant non-involved normal tissues, suggesting that
IDO1 overexpression was confined to the tumour microenvironment [123]. A potential
explanation for the confined IDO1 expression could be due to the presence of inflammatory
cytokine(s) in the tumour microenvironment that activate IDO1 activity. Indeed, a later
study by Li et al. demonstrated that IDO1 enzyme expression was observed only in IFN-
v-stimulated HCC cells through the IFN-y-JAK2-STAT1-signalling pathway. Moreover,
high IDO1 expression in HCC positively correlated with abundance of CD8+ T-cells, thus
reflecting an antitumour immune response and suggesting that IDO1 could be used as a
favourable prognostic indicator for HCC patients [124]. Lastly, Brown et al. suggested that
IDO1 enzyme inhibitors in combination with immune checkpoint inhibitors could be a
novel treatment approach for liver cancer treatment [125].
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3.2. TDO2

A recent study conducted by Hoffman et al., showed that the majority of the tu-
mour cells in HCC tissues expressed TDO2 in HCC [126]. This study demonstrated the
immune-regulatory role of the TDO2 enzyme in HCC tumour cells, and suggested that the
TDO2 enzyme was a promising immunotherapy treatment target for HCC. Another study
by Li et al. characterized the overexpression of TDO2 enzyme in HCC cancer cells and
suggested that it might play a vital role in promoting HCC cancer cell growth, migration,
and invasion in vitro and in vivo [127]. Additionally, TDO2 expression was correlated with
the development of the tumour, such as size, tumour differentiation, and vascular invasion.
Based on these strong correlation data, the authors suggested that TDO2 expression could
be used as an effective biomarker to predict overall or disease-free survival of HCC patients.
Activation of AhR is associated with the loss of cell contact inhibition and changes to the
extracellular matrix, and extensive studies have demonstrated that this activation induces
epithelial to mesenchymal transition (EMT) in various cancers [130-132]. Overexpression
of AhR in HCC has been shown to be associated with its tumour proliferation and in-
vasion [133,134]. A recent study by Lei Li et al. showed that upregulated expression of
the TDO2 enzyme promotes the migration and invasion capabilities of HCC cells by the
KYN-AhR-mediated induction of epithelial to mesenchymal transition, a process that is
vital for cancer metastasis [87].

3.3. KYN Levels in Patient Sera

A recent retrospective study on a cohort of HCC patients with chronic HCV infection
revealed that KYN levels were elevated in HCV-mediated HCC patient sera in comparison
to healthy controls (non-HCC patients). Bekki et al. observed that KYN production
gradually increased when chronic HCV progressed to HCC, and suggested the potential
of using serum KYN levels as a biomarker for predicting survival and prognosis in early
stage HCV-mediated HCC patients [128].

3.4. KMO

Kynurenine 3-monooxygenase (KMO) is the immediate KP enzyme after the rate-
limiting step, and it is widely distributed in the peripheral tissues of the liver and kidney,
astrocytes and microglial cells situated in the brain, central nervous system [135,136], and
phagocytes, including macrophages and monocytes [137]. KMO localizes to the outer mem-
brane of mitochondria and catabolizes KYN to 3-HK. The role of KMO enzyme expression
in cancer has rarely been studied in comparison to IDO and TDO2 enzymes. Liu et al.
identified the oncogenic role of KMO in triple-negative breast cancer progression [138].
Moreover, high surface expression of KMO was detected in cytosol and on the cell mem-
branes of breast cancer tissue specimens, indicating its potential as a treatment target for
TNBC [139]. A recent study investigated the correlation between upregulated KMO activity
and poor clinical outcomes in colorectal cancer (CRC) patients and demonstrated that KMO
inhibition suppressed CRC cell proliferation in vitro [140]. On analysing KMO enzyme
expression in 120 matched HCC tissue samples, Jin et al. showed that the expression of the
KMO enzyme is significantly elevated in HCC tumour tissue compared to adjacent normal
liver tissue. High KMO expression correlated with poor patient outcomes, which indi-
cates that the KMO enzyme may be a significant prognostic marker in HCC patients [129].
Results from the in vitro experiment comparing KMO enzyme levels in human normal
liver cells and HCC cell lines showed that KMO enzyme was upregulated in HCC cells
and might play a role in promoting tumour proliferation, metastasis, and invasion. The
study also demonstrated that KMO knockdown in HCC cell lines by small interfering RNA
(siRNA) transfection decreased cancer cell proliferation, thus suggesting that KMO could
be a novel target for HCC treatment.
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3.5. Clinical Trials: IDO1 Inhibitors as HCC Treatment

IDO1 inhibitors are small molecule drugs that competitively block the activity of
the IDO1 enzyme without inhibiting IDO2 or TDO2 [141]; several of these drugs are
in clinical development. The safety and efficacy of many IDOL1 inhibitors, including
Indoximod, Epacadostat, Navoximod, BMS-986205, and others, have been tested in combi-
nation with other immunotherapy drugs such as pembrolizumab and nivolumab for the
treatment of various metastatic cancers. Currently, two small molecule IDO1 inhibitors,
BMS-986205/NCT03695250 and INCB024360 (Epacadostat)/NCT02178722, are in phase
I/1I clinical trial to evaluate their safety and efficacy in HCC patients [142,143]. The clinical
trial NCT03695250 is a single-group assignment that examines the safety, tolerability, and
efficacy of BMS-986205 with nivolumab in unresectable/metastatic HCC. It is still active
but not recruiting patients; hence, the results have not been published yet. The expected
treatment-related adverse events of BMS-986205 would be at grade 1-2 such as fatigue
and nausea, as reported in the other trials examining the efficacy of BMS-986205 in cancer
patients. Clinical trial NCT02178722 evaluated the safety, tolerability, and efficacy of Epaca-
dostat in combination with pembrolizumab. This trial concluded that the combination
regime has an acceptable safety profile in patients with advanced cancers, achieving an
objective response rate in 12 of 22 cancer patients [144,145]. Treatment-related adverse
events observed in 84% of the patients enrolled were of grade 1-2. The most common
events were fatigue, rash, arthralgia pruritus, and nausea. This result supports additional
phase 3 studies in other malignancies but not in HCC.

4. Conclusions

HCC is one of the few malignancies for which the risk factors have been well-
established. Although patients with early stage HCC have the best median survival time
and can usually be cured by resection, liver transplant, or ablation, they are often asymp-
tomatic. Hence, most patients present with late-stage HCC and have a poor prognosis. The
approved first-line treatment of late-stage HCC is multikinase inhibitors such as sorafenib,
which confers a slightly longer survival time. However, this treatment is associated with
substantial side effects that have a negative impact on quality of life. This therefore changes
the treatment focus by combining current antitumoral drugs with immunotherapy, and this
approach has significantly benefited HCC patients. A recently concluded trial examining
combination therapy of atezolizumab with bevacizumab showed a significant improve-
ment in overall survival and progression-free survival as compared to sorafenib. Since
this study, it has been adopted as the first-line treatment for late-stage HCC. Considering
the strong evidence of its ability to mediate immune suppression, the KP might be an
alternative immunotherapy target and play a role in the progression of liver cancer, as
summarized in Figure 3.

This notion is supported by clinical studies that showed an elevated KP enzyme
profile in HCC cells and tumour tissue specimens, with elevated expressions associated
with disease aggressiveness. Although current IDO1 inhibitor clinical trials are still in
phase I/1I evaluation, it is possible to suggest that the use of KP inhibitors in combination
regimens may improve the survival mark of early and advanced HCC.
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Figure 3. The KP-mediated immune tolerance and cancer invasion: KP promotes immune tolerance by two different
mechanisms. Firstly, elevated IDO1/TDO2 enzyme activity in either tumour or immune cell depletes TRP concentration in
its local tumour environment. A TRP-stripped environment induces cell arrest in T-cells while inducing differentiation
and proliferation of Treg cells. Secondly, downstream KP metabolites induce cell arrest in T-cells and Treg proliferation by
either interaction with AhR or by direct interaction with immune cells themselves. In addition to KP-mediated immune
tolerance, elevated KP promotes cancer cell motility and proliferation by either overproduction of NAD™ for cellular repair
or byactivation of AhR.
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Abbreviations

1-MT 1-methyltryptophan

3-HAA  3-hydroxyanthranilic acid

3HAO 3-hydroxyanthranilate 3,4-dioxygenase

3-HK 3-hydroxykynurenine

ACMSD  2-amino-3-carboxymuconate semialdehyde decarboxylase

AFP Alpha-fetoprotein

AhR Aryl hydrocarbon receptor
BCLC Barcelona clinic liver cancer
bHLH basic helix-loop—-helix

CRC Colorectal cancer

GPC-3 Glypican-3

HCC Hepatocarcinoma

HBV Hepatitis B virus

HCV Hepatitis C virus

ICC Intrahepatic cholangiocarcinoma

IDO1 Indoleamine 2,3 dioxygenase 1
IDO2 Indoleamine 2,3 dioxygenase 2

IL411 Interleukin-4 induced gene 1
IL-6 Interleukin 6

KMO Kynurenine-3-monooxygenase
KP Kynurenine pathway

KYN Kynurenine

KYNA Kynurenic acid

KYNU Kynureninase

NAD* Nicotinamide adenine dinucleotide
NAFLD  Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis

QPRT Quinolate phosphoribosyltransferase
QUIN Quinolinic acid

PAS Per—-Arnt-Sim
TACE Trans-arterial chemoembolization
Tc Cytotoxic T-cells
TDO2 Tryptophan 2,3 dioxygenase 2
Th T helper cells
Tregs CD4+CD25+Foxp3+ Regulatory T-cells
TRP Tryptophan
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Simple Summary: The tumor microenvironment (TME) is a complicated network composed of
various cells, signaling molecules, and extra cellular matrix. TME plays a crucial role in triple
negative breast cancer (TNBC) immunomodulation and tumor progression, paradoxically, acting as
an immunosuppressive as well as immunoreactive factor. Research regarding tumor immune
microenvironment has contributed to a better understanding of TNBC subtype classification. Shall we
treat patients precisely according to specific subtype classification? Moving beyond traditional
chemotherapy, multiple clinical trials have recently implied the potential benefits of immunotherapy
combined with chemotherapy. In this review, we aimed to elucidate the paradoxical role of TME in
TNBC immunomodulation, summarize the subtype classification methods for TNBC, and explore
the synergistic mechanism of chemotherapy plus immunotherapy. Our study may provide a new
direction for the development of combined treatment strategies for TNBC.

Abstract: Triple negative breast cancer (TNBC) is a heterogeneous disease and is highly related
to immunomodulation. As we know, the most effective approach to treat TNBC so far is still
chemotherapy. Chemotherapy can induce immunogenic cell death, release of damage-associated
molecular patterns (DAMPs), and tumor microenvironment (TME) remodeling; therefore, it will
be interesting to investigate the relationship between chemotherapy-induced TME changes and
TNBC immunomodulation. In this review, we focus on the immunosuppressive and immunoreactive
role of TME in TNBC immunomodulation and the contribution of TME constituents to TNBC
subtype classification. Further, we also discuss the role of chemotherapy-induced TME remodeling
in modulating TNBC immune response and tumor progression with emphasis on DAMPs-associated
molecules including high mobility group box1 (HMGB1), exosomes, and sphingosine-1-phosphate
receptor 1 (S1PR1), which may provide us with new clues to explore effective combined treatment
options for TNBC.

Keywords: triple negative breast cancer; tumor microenvironment; immunomodulation

1. Introduction

Triple negative breast cancer (TNBC), characterized by the absence of estrogen recep-
tor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)
expression, comprises 10-20% of all breast cancers [1]. Owing to the lack of ER/PR/Her2
protein expression/amplification, TNBCs do not respond to existing endocrine and Her2-
targeted therapies and exhibit poor prognosis [2]. It has been proposed that TNBCs with a
higher involvement of immune cells termed as ‘hot tumors” have better prognosis and a
greater response to immunotherapy while TNBCs with a lower involvement of immune
cells termed as ‘cold tumors’ are marked with poor prognosis and poor response to im-
munotherapy [3]. From this point of view, TNBC patients have been further segregated
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into different subgroups [4-8]. The tumor microenvironment (TME) is an ensemble of
endothelial cells, cells of the immune system, adipocytes, and fibroblasts, in addition to
the soluble factors released from all the cellular components (including cancer cells) [9,10].
TME can be classified from different perspectives such as host and non-host origin, cellu-
lar origin and constituents [9,11-13]. TME presents a complex network that plays a crucial
role in TNBC immunomodulation and tumor progression.

Cancer initiation and development is not just a biological process triggered by cancer
cells in isolation; in fact, it has to be evaluated along with the complicated TME with
an emphasis on the interaction between cancer cells and their surrounding extra-cellular
matrix. Indeed, considering alterations in microenvironment as active players during
cancer progression brings another dimension of complexity [14]. During TNBC progres-
sion, tumor immune microenvironment remodeling including the change of the ratio
of immune cells and release of multiple immune inhibitory and reactive cytokines is a
critical feature [15,16]. Based on the constituents of TME, TNBCs have been stratified
into ‘tumor immune microenvironment (TIME) subtypes’ aiding in predicting outcomes
and proposing potential treatments guided by the distinct phenotypes of TNBC [16,17].
Chemotherapy, the foremost treatment for TNBC, could induce immunogenic cell death
(ICD) and promote the release of damage-associated molecular patterns (DAMPs) [18]
including high mobility group box1 (HMGBL1), exosomes and sphingosine-1-phosphate
receptor 1 (S1PR1) by damaged or activated cells via the activation of TLR4 signal path-
way [19] and stimulate the release of various immune molecules such as TGF-3, IK12p?7,
and IFN-y [20].

In this review, we focus on immune TME and summarize its immunosuppressive and
immunoreactive roles, discuss constituent immune cells involved in TNBC immunomod-
ulation, and the contribution of TIME in stratification of TNBC. Further, we discuss the
role of chemotherapy-induced TME changes in modulating TNBC immune response and
tumor progression, with a focus on HMGBI, exosomes, and sphingosine-1-phosphate
(S1P)/sphingosine kinase 1 (SPHK1)/S1PR1, an axis whose therapeutic modulation may
result in neoteric combination therapy for TNBC patients.

2. Two Roles of TME in TNBC Immunomodulation

According to the contribution to immune response, the tumor microenvironment
(TME) can be classified as immunosuppressive and immunoreactive. Tumor infiltrating
lymphocytes (TILs), the major cell types in the microenvironment, are heterogeneous and
mainly composed of lymphocytes in tumor nests and tumor stroma. TILs can be classified
into several different subtypes, mainly CD3" T cells and CD20* B cells in solid tumors,
though CD20* B cell infiltration is relatively less. CD3* T cells include CD8* cytotoxic
T lymphocytes (CD8" TILs), CD4* helping T lymphocytes, and Foxp3* regulatory T lym-
phocytes (Foxp3* Tregs) [21,22]. Different subtypes of TILs take part in immunomodulation
with distinct mechanisms and play various roles in breast cancer immunomodulation [22].
Figure 1 pictorially represents immunosuppressive and immunoreactive TMEs (Figure 1).

2.1. Immunosuppressive TME in TNBC
2.1.1. PD-1/PD-L1 Axis

Programmed death-ligand 1 (PD-L1) and programmed cell death protein-1 (PD-1) are
important negative co-stimulating signaling molecules in immunoglobulin superfamily
(IgSF) and play an important role in host immunomodulation [23]. PD-L1 is expressed in
many solid tumors including breast cancer and is a negative prognosis indicator [24,25].
PD-1 is expressed in TILs [26]. Theoretically, PD-L1 expression on tumor cells combined
with PD-1 expression on TILs play a negative role in immunomodulation, which inhibits
the activation of TILs, causing the tumor cell to survive through immune escape.
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Figure 1. Inmunosuppressive and immunoreactive TME. Immunosuppressive tumor microenvironment (TME) is mainly
constituted of M2 macrophages, forkhead box P3* (Foxp3*) regulatory T lymphocytes (Tregs), myeloid-derived suppressor
cells (MDSCs), and PD-1/PD-L1 axis. Immunoreactive TME is mainly constituted of CD8" T cells, natural killer (NK)
cells, and M1 macrophages. PD-1/PD-L1 axis becomes immunoreactive in response to anti-PD1 or anti-PD-L1 monoclonal
antibody (aPD-1/PD-L1 mADb) owing to the activation of CD8* T cells. (Foxp3, forkhead box P3; Tregs, regulatory
T lymphocytes; MDSC, myeloid-derived suppressor cell; NK, natural killer; PD-1, programmed cell death protein-1;
PD-L1, programmed death-ligand 1; aPD-1 mAb, anti-PD-1 monoclonal antibody; ECM, extra cellular matrix; TME,
tumor microenvironment).

The TME involves immune suppressing factors to support the progression of tumors
which have escaped host immune surveillance [27-31]. Various immune check-point
inhibitors have been developed that have shown efficacy in TNBC patients [32,33]. Clin-
ical studies have shown a paradoxical role of PD-L1 regarding its prognostic value in
patients with TNBC owing to the heterogeneity of PD-L1 expression in different tumor
sites, non-standard detection methods, and distinct antibodies [31,34—41]. In the impas-
sion 130 clinical trial, compared to TNBC patients receiving nab-paclitaxel plus placebo,
a better median overall survival (OS) was observed in patients receiving atezolizumab
(PD-L1 inhibitor) combined with nab-paclitaxel and most benefit was observed in PD-L1
positive subgroup [42]. However, in a phase 1b clinical trial (ClinicalTrials.gov Identi-
fier: NCT01848834) which evaluated the safety and effectiveness of PD-1 inhibitor (pem-
brolizumab) in PD-L1 positive TNBC patients, the overall response rate was only 18.5%
and the expression level of PD-L1 was not significantly related to the clinical response [43].
These disparate results might be related to multiple TME-related factors that can modulate
the therapeutic effects of PD-1/PD-L1 inhibitors in TNBC. Preclinical studies have shown
that PD-L1 expression is modulated by multiple signaling pathways including microRNA-
200/ZEB1 axis, WNT, loss of PTEN, PI3K, and MUC1-C/MYC/NF-«kB axis [31,44-46].
Voorwerk and colleagues reported that doxorubicin and cisplatin treatment caused an
upregulation of inflammation-related genes JAK-STAT and TNF-« signaling, immune-
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related genes associated with PD-1/PD-L1, and T cell cytotoxicity pathways. Short-term
and low-dose doxorubicin and cisplatin may create an immunoreactive TME and increase
the response to PD-1 inhibitor in TNBC [47]. In conclusion, specifically designed clinical
trials are needed to interrogate the involvement of various TME-related factors in order to
enhance the efficacy of PD-1/PD-L1 inhibitors in TNBC.

2.1.2. Foxp3™ Tregs

In TME, different classes of TILs exist, which have shown great prognostic value in pa-
tients with TNBC. Regulatory T lymphocytes (Tregs) are a lineage of lymphocytes involved
in immunosuppression that are characterized by the expression of the forkhead box P3
(Foxp3) transcription factor [48,49]. Foxp3* Tregs are the major constituent of the TILs in
claudin-low TNBC tumors and it has been speculated that the recruitment of Foxp3* Tregs
to the TME inhibits an effective anti-tumor immune response of checkpoint inhibitors [50].
Jamiyan and colleagues detected the expression of stromal Foxp3™ Tregs in 107 TNBC sam-
ples using IHC and found that a low stromal Foxp3* Tregs level was significantly associated
with favorable recurrence free survival (RFS) and OS [51]. In contrast, high Foxp3* TILs
expression in 43 TNBC tissues by IHC and Foxp3*/CD25" TILs were positively correlated
with better OS [52]. High densities of intra-tumoral Tregs and CD20* B cells represented a
good prognostic panel in TNBCs [53]. However, mRNA expression of Foxp3 by qRT-PCR
in 826 breast tumor tissue samples including 84 TNBC samples, was not significantly
related to disease free survival (DFS), while none of the markers studied including CD3,
CD8, and Foxp3 were of prognostic value for OS [54]. This phenomenon is somewhat
explained by a study showing that activation of tumor antigen-specific Tregs in the bone
marrow caused the accumulation of Tregs in breast cancer tissue leading to both antitumor
immunity and local immune suppression in breast cancer [55]. The mechanisms underly-
ing pro-tumor role of Foxp3* Tregs included (i) down-regulation of Notch pathway [56];
(ii) direct suppression via cell-cell contact and indirect suppression via secretion of anti-
inflammatory mediators such as interleukins (IL-4, IL-5 and IL-10) [57-59]; (iii) decreased
secretion of cytokine IFN-y and IL-17 and activation of STAT1/STAT3 [59]. The prognostic
significance of Tregs in TNBCs, therefore, remains controversial and warrants more careful
investigations.

2.1.3. M2 Macrophages

M2 macrophages, the main tumor-associated macrophages, (TAMs), can promote
breast cancer initiation, angiogenesis, invasion, and metastasis by generating an immuno-
suppressive TME via releasing cytokines, chemokines, and growth factors [60]. TAMs ex-
pressing CD163" (marker of M2 macrophages) positively correlate with tumor associated
fibroblasts and epithelial-mesenchymal transition, which in turn are associated with aggres-
sive behaviors and short DFS in 278 patients with histologically confirmed TNBC [61,62].
Another clinical study showed that high CD68* (marker of M2 macrophage) TAMs ex-
pression associates with poor distant metastasis free survival (DMFS), DES and OS in
287 patients with TNBC [63]. Mechanistically, in vivo and in vitro studies showed that
the presence of CD11b*F4/80*CD206" TAMs significantly associate with proliferating
tumor cells in a TNBC mouse model. RNA sequencing analysis revealed that TAMs pro-
mote MAPK pathway activation in 4T1 cells [64]. Reactive oxygen species (ROS)-induced
macrophages produce an immunosuppressive subtype (M2) and increase the expression of
PD-L1 via activating NF-kB signaling, as well as release immunosuppressive chemokines
such as interleukin-10 (IL-10), IL-17, IL-4, IL-1§3, insulin-like growth factor-binding protein
3 (IGFBP-3), and chemokine (C-X-C motif) ligand 1 (CXCL1) [65]. The JAK2/STAT3 signal-
ing pathway can up-regulate the expression of PD-L1 in CD169" macrophages, but cannot
up-regulate the expression of PD-L1 in breast cancer cells, thus avoiding immune surveil-
lance [66]. Metastasis- and inflammation-associated microenvironmental factor S100A4
activates the basal-like subtype of breast cancer cells to trigger monocyte-to-macrophage
(M2) differentiation and polarization, and elevates secretion of pro-inflammatory cytokines
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such as IL-8, IL-6, CXCL10, CCL2 and CCLS5 [67]. Further, macrophage colony-stimulating
factor (M-CSF), the main stimulator of macrophage migration, caused aggregation of M2
macrophages through an increased elongation of pseudopodia [68]. Inhibitors of differenti-
ation (ID) 4 significantly associates with M2 macrophage marker CD68 protein expression
in a series of TNBC tissues. ID4 activates an angiogenic procedure at the molecular level
in the macrophages through paracrine signaling including the decrease of constituents
of the anti-angiogenic miR-15b/107 group and an increase of angiogenesis-associated
mRNAs [69,70]. GM-CSF BRCA1-IRIS overexpressing TNBC cells secrete high quantities
of GM-CSF in an NF-kB and a HIF-1x-dependent manner to induce macrophages to IRIS
overexpressing cells and polarize them to pro-tumor TAMs (M2). GM-CSF triggers TGF-31
expression on TAMs through activating STAT5, NF-kB and /or ERK signaling [71].

2.1.4. MDSCs

Myeloid-derived suppressor cells (MDSCs) are an important part of immunosuppres-
sive network [72]. CD33" MDSCs are a risk factor for progressive disease (PD) plus stable
disease (SD) in breast cancer tissues prior to neoadjuvant chemotherapy [73]. Higher ex-
pression of MDSCs has been noted in TNBCs in comparison to non-TNBCs with their
recruitment to the primary cancer and metastasis occurring via ANp63-dependent acti-
vation of the chemokines CCL22 and CXCL2 [74]. Glycolysis restriction reduces MDSCs
through inhibiting cancer granulocyte G-CSF and GM-CSF expression [75] while hypoxia
enhances the expansion of MDSCs and upregulates the expression of PD-L1 in the hy-
poxic TME of 4T1 tumor-bearing mice [76]. Studies have shown that the monoclonal
antibody that neutralizes IL-8 (HuMax-IL8) and the traditional Chinese medicine Prim-
O-glucosylcimifugin (POG) can inhibit the recruitment, proliferation, metabolism and
immunosuppressive ability of MDSCs [77,78]. The 4T1 TNBC model effectively exhibits in-
duction of immunosuppressive MDSCs accumulation by releasing inflammatory cytokines
that produce permissive pro-metastatic TME [79]. Monocytic MDSCs (M-MDSC) and
granulocytic MDSCs (G-MDSC) are two types of MDSCs in circulating peripheral blood.
G-MDSC levels increase sharply and M-MDSCs decrease significantly after doxorubicin
and cyclophosphamide treatment [80]. Investigations have shown that CCL5 is a key
modulator of Rb1 activation and is associated with the immunosuppressive activity of
MDSCs, especially the G-MDSC subset [81,82].

2.2. Immunoreactive TME in TNBC
2.2.1. NK Cells

Natural killer (NK) cells, a type of cytotoxic lymphocytes, are crucial constituents
of the innate immune system whose function in enhancing the anti-tumor immunity in
TNBC has been studied extensively. NK cells are abundant in early cancer tissue in human
solid tumors; however, they dwindle in metastatic human cancers [83]. These findings
show that NK cells play a key role in immune surveillance, but once tumorigenesis occurs,
TME is suppressive for NK cells. Evasion of active immune suppression in the TME is
an important consideration for enhancing the anti-tumor ability of tumor-infiltrating NK
cells. Zhang and colleagues detected the expression of NKp46, Foxp3, CD8, CD163 or
Gasb6 in 278 TNBC tissues using IHC with an aim to develop a prognostic risk model
for TNBC. Multivariate analysis showed that TNM stage, Foxp3 positive lymphocytes
along with prognostic risk scores can be used as independent indicators of OS and DFS in
TNBC [84]. Tumor-derived IL-18 upregulates PD-1 expression on CD564™CD16%™/~ NK
cells and relates to the bad/ prognosis of TNBC [85]. McArdle and colleagues examined
the abundance of NK cells, MDSCs, monocyte subsets and Foxp3* Tregs in the peripheral
blood of 85 breast cancer patients and they found that chemotherapy had no effect on
the percentage of these immune cells, but peripheral blood cells could distinguish TNBC
patients that are at high risk of relapse after chemotherapy [86]. Tissue-infiltrating NK
cells in solid tumors appear to have a less robust activity compared with circulating NK
cells [87-90]. NK cells isolated from either breast cancer patients or healthy donors show
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high cytotoxicity against patient-derived tumor cells in vitro and prevent tumor initiation
and growth in immunocompromised mice in vivo [91]. Expanded cord blood-NK cells
show cytotoxicity towards primary breast tumor cells derived from TNBC and estrogen
receptor-positive/progesterone receptor-positive breast cancer [92]. Baseline circulating
tumor cells (CTCs) status is positively associated with peripheral NK cells among those
receiving first-line treatment in 75 patients with TNBC. Baseline CTCs combined with pe-
ripheral NK enumeration (CTC-NK) can predict PFS of TNBC patients more precisely [93].
NK cells are the major effectors of antibody (Ab)-dependent cell-mediated cytotoxicity
(ADCC) and thus play an important role in Ab-based therapies. In vivo and in vitro studies
revealed that tissue factor (TF)-targeting antibody-like immunoconjugate (called L-ICON)-
CAR-NK cells have direct killing effects against TNBC cells and also mediate L-ICON
ADCC to acquire a stronger effect [94]. Avelumab, a human IgG anti-PD-L1 mAb, triggers
ADCC against a panel of TNBC cells and enhances NK-cell mediated cytotoxicity, which is
independent of the blockade of the PD-1/PD-L1 pathway but is involved with IL-2 and IL-
15 [95]. CD85j, an inhibitory receptor which can recognize both classical and non-classical
HLA-I molecules, is highly expressed in TNBC, and can impair the function of cetuximab
through NK-cell functional deficiency even when stimulatory cytokines IL-2 or IL-15 are
abundantly present [96]. More interestingly, NK cell infiltration and recruitment can be
mediated by a bispecific Ab (MesobsFab) whose anti-tumor activity depend on mesothelin
expression on the target cells and it can be a potential antibody-based immunotherapeutic
for TNBC patients [97]. NK cell function is regulated by molecules from promoting and
suppressing receptors interacting with ligands on target cells. Lectin-like Transcript-1
(OCIL, CLEC2D, LLT1) is a ligand that interacts with NK cell receptor NKRP1A and pre-
vents NK cell activation. Inhibiting LLT1 on TNBCs with antibodies hinders the interaction
with NKRP1A and increases lysis of TNBCs by primary NK cells [98].

2.2.2. CD8* TILs

CD8" TILs are the main kind of cytolytic lymphocytes in tumors. Kronqvist and
group detected the expression of stromal TILs and CD8* TILs in 179 patients with TNBC
using THC and observed that the prognostic value of CD8* TILs and TILs varied when
detected in various cancer compartments [99]. Presence of CD8" TILs in a large cohort
of 12,439 breast cancer patients correlated with a significant decrease in the relative haz-
ard of death in both the ER- positive and the ER- negative HER2-positive subtypes [100].
Ishida and colleagues assessed the CD8* TILs and Foxp3™ Tregs status of the residual
tumors in 131 patients with TNBC who received neoadjuvant chemotherapy (NAC) at
three institutions and the rates of their changes before and after NAC were evaluated.
They found that TNBC patients with a high CD8" TILs level or high CD8/Foxp3 ratio in
residual tumors exhibit significantly favorable recurrence-free survival (RFS) and breast
cancer-specific survival (BCSS) [101]. Another study also showed that CD8* TILs were
related to favorable DMFS, DFS, and BCSS in the entire 207 breast cancer group and
in 56 TNBC group [102]. BRCA1-IRIS overexpressing (IRISOE) TNBC carcinomas had
more CD25* /Foxp3* Tregs and few CD8*/PD-1" cytotoxic T-cells, which showed that
the interaction between macrophages and IRISOE cells initiated an immunosuppressive
TME within TNBC tumors [71]. TOPOIlx and CD4* TILs were significantly positively
associated with CD8* TILs and they exhibited a significantly good 5-year DFS but only a
high infiltration of CD8* TILs showed significantly better 5-year OS in 52 TNBC patients
that received taxane-anthracycline-based NAC [103,104]. Calcium/calmodulin-dependent
kinase (CaMKXK?2), expressed in tumor-related stromal cells, could promote tumor growth.
The inhibition of CaMKK2 within myeloid cells suppresses tumor growth by increasing
immune-stimulatory myeloid subsets and intra-tumoral accumulation of CD8" T cells
in TNBC [105]. PARP inhibitor Olaparib induced CD8" T cell activation and infiltration
via activation of the cGAS/STING pathway, which provided rationale for combining the
PARP inhibitors with immunotherapies for TNBC [106]. A recent study reported that CD8*
TILs were crucial for infected cell vaccine (ICV) efficacy, which was composed of autolo-
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gous tumor cells infected with an oncolytic Maraba MG1 virus in vitro in the BALB/c-4T1
model. Increased migration and proliferation ability of human CD8" TILs were observed
following exposure to ICV [107]. A series of studies illuminated the mechanisms of dif-
ferent infiltration levels of CD8* TILs in immunomodulation and anti-tumor response
of TNBC. By spatially modulating the diffusion/chemotactic coefficients of T cells via
partial differential equations, Almohanad et al. found that a type of chemorepellent inside
cancer cell clusters but not dense collagen fibers, prevents the infiltration of CD8" TILs
into cancers and cancer cell clusters, which may imply a poor prognosis in TNBC [108].
Intra tumoral CD8" TILs enhance the efficacy of treatment through triple combined inhibi-
tion of PDGFR[3/ MEK1/2/JAK2 signal pathway in vivo in TNBC [109]. Gruosso et al.,
found that there were many different kinds of CD8* TILs localization profiles with distinct
meta-signatures, which were prognostic indicators in a cohort of TNBC [17]. Dong et al.
investigated the genome-scale CD8* TILs CRISPR screen in the context of immunother-
apy in vivo and in vitro and found that DHX37 interacts with PDCD11 and affects NF-«B
activity to modulate CD8" TILs activation, cytokine production, and cytotoxicity [110].

2.2.3. M1 Macrophages

M1 phenotype macrophages, also called classical macrophages, are pro-inflammatory,
and can activate the immune response and oppose tumorigenesis [111]. In vitro and in vivo
studies have shown that M1 macrophage polarization decreases the expression of nuclear
REST corepressor 1 (CoREST), LSD1 and the zinc finger protein SNAIL, and LSD1 inhibitors
can target both CoREST and flavin adenine dinucleotide (FAD) binding domains of LSD1
to initiate macrophages toward M1 phenotype in TNBC successfully [112]. Another study
revealed that exposure to infected cell vaccine (ICV) could induce the polarization of
monocytes to M1 subtype [107].

Using the 4T1 TNBC murine model, Meyer and colleagues showed that in the early
stages of disease, higher M1-related cytokines are released and decreased M2 macrophages
infiltrate in the TME, while upon metastasis a dramatic enhancement in M2-related cy-
tokine expression levels are detected and more immunosuppressive cells such as M2
macrophages infiltrate in the TME [113]. High level of CCL5 is related to recruitment of M1
macrophages, CD8* TILs, CD4 activated T lymphocytes, and NK activated cells in TNBC
using CIBERSORT analysis [114]. The clinical significance and involved mechanisms of
each constituent in TNBC microenvironment are included in Table 1.

Table 1. Clinical significance and involved mechanisms of immune cells and markers.

Items

Clinical Significance Involved Mechanisms References

PD-1/PD-L1

Foxp3+ Tregs

M2 macrophages

MDSCs

NK cells

Risk factor for PD plus SD

microRNA-200/ZEB1 axis, WNT signaling,

Paradoxical role in prognosis loss of PTEN, PI3K signaling, and [31,34-41,44-46]

MUC1-C/MYC/NF-kB pathway
Notch pathway, IL-35/STAT1/STAT3,

Paradoxical role in prognosis secretion of anti-inflammatory mediators such ~ [50-54,56-59,115]

as interleukin
MAPK pathway, NF-«B/PD-L1, release of
immunosuppressive chemokines, JAK2/STAT3

Adverse prognostic indicator signaling pathway, SI00A4 activation, [61-64,116]

angiogenic program, HIF-1«, STAT5, NF-«B
and ERK signaling

ANp63-dependent activation of the
chemokines CXCL2 and CCL22, Glycolysis,
hypoxia, secretion of inflammatory cytokines,
Rb1 activation

ADCC, Lectin-like Transcript-1 activation,

[73-76,81,82]

Positive prognostic indicator bispecific antibody (MesobsFab) modulating [84,85,92,94-98,117]

chemorepellent inside tumor cell clusters
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Table 1. Cont.

Items Clinical Significance Involved Mechanisms References
Inhibition of PDGFR/MEK1/2/JAK2 signal
CD8" TILs Favorable prognostic indicator ~ pathway, distinct metasignatures of CD8+ TILs, [17,99-101,108-110]

M1 macrophages

Favorable prognostic indicator

DHX37/PDCD11/NF-«B
M1 polarization by FAD, CoREST and

exposure to cell vaccine (ICV), release of CCL5 [112-114]

3. The Composition of TME Contributes to TNBC Subtype Classification

During TNBC progression, TME reconstruction including the ratio of immune cells
and release of various immune cytokines play crucial roles, and the research focusing on
stromal and immune composition of TME has contributed significantly to different subtype
classification of TNBC [17]. Lehmann and colleagues distinguished six TNBC subtypes
showing unique gene expression profiles and ontologies, comprised of two basal-like
(BL1 and BL2), a mesenchymal stem-like (MSL), a mesenchymal (M), an immunomod-
ulatory (IM), and a luminal androgen receptor (LAR) subtype. Interestingly, immune
genes in IM subtype overlap with gene signatures in medullary breast cancer which is
correlated with good prognosis despite its high-grade scores [118]. Park and colleagues
distinguished four stromal axes abundant for T cells, B cells, epithelial markers and desmo-
plasia and assigned a score along with each marker and associated it with different TNBC
subtypes. This classification method better depicted tumor heterogeneity and led to a
superior evaluation of benefit from therapeutics and prognosis [119].

In addition, three subtypes of TNBC have been identified: an apocrine cluster (C1),
which is more related to luminal, PIK3CA-mutated hallmarks and shows intermediate
biological aggressiveness; and two basal-like clusters (C2 and C3), which show a major
biological discrepancy related to immune response and are sensitive to drugs combating
immunosuppression or stimulate adaptive immune response respectively [120]. Shao and
colleagues analyzed genomic, clinical, and transcriptomic data of 465 primary TNBC pa-
tients, and also identified four subtypes of TNBC, including basal-like immune-suppressed
(BLIS), immunomodulatory (IM), luminal androgen receptor (LAR) and mesenchymal-
like (MES). They also showed that IM subtype is related to immune response and there
are elevated immune cell signaling, TILs, high mRNA expression quantities of immune
checkpoint blocking genes such as PD-L1, PD-1, CTLA4, and IDO1 [121]. Using the data
of 465 Taiwanese with breast cancer, five TNBC subtypes were classified, namely, basal-
like (BL), mesenchymal stem like (MSL), immunomodulatory (IM), mesenchymal (M),
and luminal androgen receptor (LAR), and they observed the interaction between IM
subtype and MSL subtype, which also implied the involvement of TME in TNBC sub-
type classification [122]. Distinguishing a four-gene decision tree signature (ITP53BP2,
EXO1, RSUI and FOXM1) using transcriptomic and genomic data analysis established
six subtypes of TNBC, named MC1 to MC6, comprised by five of varying sizes (MC1-
MCS5) and one large subtype MC6. Further study showed high level of CD8" and CD4*
immune signatures and decreased expression of MAPK pathway related genes in MC6
subtype [123]. Another group identified three TNBC subtypes including Immunity High
(Immunity H), Inmunity Medium (Immunity M), and Immunity Low (Immunity L) based
on the immunogenomic profiling of 29 immune signatures. In Immunity H subtype,
greater anti-tumor immune response and immune cell infiltration, as well as favorable
prognosis were detected compared to the other subtypes, which showed the close relation-
ship between tumor immune microenvironment and TNBC classification [124]. TNBC tu-
mors were classified into four subgroups (luminal-androgen receptor expressing, basal,
claudin-high and claudin-low), in addition to two subgroups associated with immune
activity using gene expression and clinical data and the latter two immune subgroups
were defined as correlated to immune activity closely. Meanwhile, claudin-high subgroup
had low response to neoadjuvant chemotherapy, and luminal immune-positive subgroup
had favorable survival prognoses [125]. A recent study identified four TNBC epitopes,
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named as Epi-CL-A, Epi-CL-B, Epi-CLC, and Epi-CL-D using genome-wide DNA methy-
lation properties and clinical and demographic variables, as well as gene mutation and
gene expression data. Intriguingly, subtype Epi-CL-D showed a positive regulation of T
lymphocyte-mediated cytotoxicity and associated molecules such as IL15RA and CCL18,
which partially explained the favorable outcome and a positive immune response in this
subtype [126]. Furthermore, a research group classified TNBC tumors into immune subtype
A and B by the density of monocytes, yd T cells, stromal CD4" T cells, M1 macrophages
and M2 macrophages using CIBERSORT or IHC method and they proved that enriched
immune-related pathways and higher levels of immune checkpoint cytokines such as
PD-1, PD-L1 and CTLA-4 could be detected in phenotype A [127]. Romero-Cordoba et al.
also identified three immuno-clusters in TNBC tumors using clustering analysis based on
immune-related gene expression signatures and found that platelet to lymphocyte ratio
(PLR) was associated with tumor immune infiltration [128].

We have included all the classification methods and the clinical significance (Table 2).
Classification of TNBC has been developed extensively implying that a precision-treatment
era has come in TNBC. Chemotherapy still remains the key treatment for TNBC but other
targeted therapies including immunotherapy can be combined for better tailored treatments
and are the focus of ongoing research efforts.

Table 2. TNBC subtype classification.

Subtype of TNBC Subtype Basis of Classification Clinical Significance References
Number
BL1,BL2,IM, M, . . IM subtype was associated with
MSL, LAR Gene expression profiles favorable prognosis. [118]
4 stroma axes (T,B,E,D) Transcriptome of stroma Better eva}uated patient benefit from [119]
therapeutics.
C2 and C3 subtypes were sensitive
C1,C2,C3 Gene expression profiling to drugs combating [120]
immunosuppression.
Clinical, genomic, Elevated immune cells and signaling
LAR, IM, BLIS, MES and transcriptomic data in IM subtype. [121]
Interaction between IM and MSL
BL,IM, M, MSL, LAR Gene expression profiles subtype suggested involvement of [122]
TME.
MC1, MC2, MC3, M4, Transcriptomic and High level of CD8* and CD4* [123]
MC5, MCé6 genomic data immune signatures in MC6 subtype.

Immunity_H,
Immunity_M,
Immunity_L

LAR, basal,
claudin-low,
claudin-high and two
immune subtypes

Epi-CL-A, Epi-CL-B,
Epi-CLC, Epi-CL-D

Immune phenotype
AandB

ImA, ImB and ImC

Immunity_H subtype was correlated

with immune cell expression and [124]
good prognosis

Claudin-h and immune-positive
subtype was associated with low
PCR and favorable prognosis
separately.

Positive regulation of T lymphocyte
cytotoxicity and associated genesin  [126]
Epi-CL-D subtype.

Density of five prognosis-related ~ Enriched immune-related pathways
immune cells and molecules in phenotype A.
Platelet to lymphocyte ratio (PLR)
was associated with tumor immune  [128]
infiltration in TNBC.

Immunogenomic profiling

Clinical and gene

expression data [125]

Genome-wide DNA
methylation profiles
[127]

Immune-related gene
expression signatures

4. Chemotherapy-Induced TME Remodeling Modulates TNBC Immune Response

It has been reported that cytotoxic drugs such as anthracycline and platinum agents,
could induce immunogenic cell death (ICD), and stimulate anti-tumor immune response
of T lymphocytes [18,129]. Damage-associated molecular patterns (DAMPs) are cytokines
that are released by damaged or activated cells; have great immune stimulating response,
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and cause ICD [18]. ICD involves the cell surface exposure of calreticulin (CRT), release of
DAMPs-related high mobility group box1 (HMGB1) and autophagy-dependent ATP re-
lease, which together, leads to the antigen uptake and presentation of DC cell, and then
activates the CD8* TILs to play the anti-tumor role [130,131]. Carboplatin or paclitaxel
combined with radiation generates both chemotherapeutic enhancement of ICD and a
dose-dependent induction of ICD in TSA mammary carcinoma cells [132]. Doxorubicin
and paclitaxel treatment results in the recruitment of innate immune cells and CSF1R-
dependent macrophages infiltration in PyMT-MMTV mammary carcinoma through an
increase of CCL2, CXCL2, CSF-1, interleukin-34 and vascular permeability [133,134]. Doc-
etaxel polarizes MDSCs toward M1-like phenotype and upregulates macrophages markers
(CD86, MHC class II, and CD11c) in vivo and in vitro partly through an inhibition of
STAT-3 in 4T1-Neu mammary cancer implants [135]. All these studies emphasize that
chemotherapy can induce TME remodeling through distinct signaling pathways. In this
part, we have focused on three crucial factors related to chemotherapy-induced TME re-
modeling, which are HMGB1, exosomes and S1PR1. The clinical significance of HMGBI,
exosomes and S1P/SPHK1/S1PR1 as well as their involvement in TNBC immunomodula-
tion and tumor progression is shown in Figure 2.

Chemotherapy-induced Block or reverse

Chemicals i- : .
:'n'\fniil f:::onnizs ditiimon immunosuppressive TME
® ® o~
HMGB1 HMGB1 is related with ¢ & :
high recurrence risk and siole B "Wz
progressive disease '_- Wfﬁ D MDSC
) Chemo = 2345 ‘.
=) = _ %“ Foxp3t—\N\
® ® @  SIPISPHKISTPRY isassociated | | NPV -
— ( with TNBC tumor progression
e ® © > o 0}
r : . ) S1P/SPHK1/S1PR1 is
@ - S1P/SPHK1/S1PRT assnciated with TME change ® " 2
Ve @ PN Ay
Tumor cells T e =8 cng K
: emotherapy-induced exosomes
ICD and DAMPs associated Py V A
are released to TME ® < Mi
molecules release 3
Exosomes are related to
Exosome TNBC tumor progression Promote
and provide therapy options ~ — immunoreactive TME

Figure 2. Chemotherapy-induced immunogenic cell death and immunomodulation in TNBC. Chemotherapy induces
immunogenic cell death (ICD), and then promotes the release of damage-associated molecular patterns (DAMPs) including
high mobility group box1 (HMGB1), exosomes and sphingosine-1-phosphate receptor 1 (§51PR1) by damaged or activated
cells. Chemotherapy combined with targeted therapy could enhance anti-tumor immunity through promoting function of
immunoreactive lymphocytes and blocking or reversing function of immunosuppressive cells. (ICD, immunogenic cell
death; DAMPs, damage-associated molecular patterns; HMGBI1, high mobility group box1; S1P, sphingosine-1-phosphate;
SPHK1, sphingosine kinase 1; SIPR1, sphingosine-1-phosphate receptor 1; TNBC, triple negative breast cancer; TME,

tumor microenvironment).

4.1. Chemotherapy-Induced HMGB1 Release Participates in TNBC Immunomodulation
4.1.1. Chemotherapy-Induced HMGB1 Enhances Anti-Tumor Immune Response

High mobility group box1 (HMGB1) is a highly conserved DNA-binding nuclear
protein, involved in many kinds of diseases, including cancer, arthritis, and sepsis [136].
Extracellular HMGBI in response to inflammation activates the host immune system.
HMGBI can combine with TLR-2, TLR-4, and TLR-9, and recruit the inflammatory cells to
microenvironment. This activates the DCs, enhances the antigen presentation ability and
anti-tumor immune response [137].
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4.1.2. HMGBI Is Related to High Recurrence Risk and Progressive Disease after
Neoadjuvant Chemotherapy

A study indicated that the nuclear expression of HMGB1 in breast cancer cells neg-
atively correlates with Tregs and TAMSs [138], and could predict the recurrence risk of
residual tumor [139]. HMGBI expression in cytoplasm is higher in HER2-positive and
TNBCs tumors than in hormone receptor (HR)-positive tumors. High cytoplasmic HMGB1
significantly correlates with advanced histologic grade, abundant TILs, and high expression
of CD8" TILs but shows no prognostic significance in TNBC [140]. Intracellular HMGB1
expression has been detected in fibroblasts conditioned medium (CM) treated breast cancer
cells and in doxorubicin-treated cells. Extracellular HMGBI1 is upregulated in CM after
doxorubicin-induced MDA-MB-231 cell death, which show the potential of fibroblasts in
stroma to contribute to chemo-resistance partly by fibroblast-induced HMGB1 produc-
tion [141]. It has been shown that low cytoplasmic HMGB1-positive breast tumor cells
and high ASMA-positive fibroblasts predict adverse prognosis in TNBC [142]. Tanabe and
colleagues reported that positive HMGB1 expressions are higher in the clinical progres-
sive disease (cPD) than in control group during neoadjuvant chemotherapy in TNBC pa-
tients [143]. Some of HMGB1 single nucleotide polymorphisms (SNPs) have been related to
tumor progression in T2 tumor, pathologic grade 3 disease, and distant metastasis in TNBC
and HER2-enriched tumors compared with luminal tumors [144]. By targeting HMGB1-
RAGE signaling pathway, miR-205 impairs the viability and epithelial-to-mesenchymal
transition in TNBC cells [145]. HMGBI1 released by breast cancer cells is N-glycosylated
at Asn37, which promotes the transition from monocytes to MDSC-like cells and con-
tributes to M-MDSC differentiation from bone marrow through the p38/NF«B/Erk1/2
signaling pathway [146].

4.2. Chemotherapy-Induced Exosomes Secretion Interconnects TME and TNBC Immune Response
4.2.1. Chemotherapy-Induced Exosomes Are Released to TME

Exosomes are tiny membrane vesicles (30-100 nm in diameter) synthesized in late
endosomes and secreted into the extracellular milieu by various cells. They contain func-
tional molecules (lipids, proteins, DNA, and RNA) that can be transferred to recipient
cells, playing a key role in intercellular communication [147]. Apoptosis exosome vesicles
(AEVs) are special exosomes overexpressing SIPR1 and S1PR3 released by the tumor
cells in response to certain chemicals. These AEVs induce the expression of inflammatory
chemokines and cytokines which participate in the pathological and physiological process
of DAMPs [147].

4.2.2. Exosomes Are Related to TNBC Tumor Progression and Provide Therapy Options

Some investigations have explored connections between exosomes and TNBCs [148].
Hypoxia induces the production of exosomes and microvesicles (MVs) in breast cancer
cells through HIF-dependent RAB22A expression, which can stimulate ECM invasion,
focal adhesion formation, lung colonization and is associated with decreased OS and MFS
in the mouse models [149]. Stevic and colleagues determined miRNA expression profiles
of exosomes originated from the plasma of TNBC and HER2-positive breast cancer patients
before neoadjuvant therapy. They found that exosomal miRNAs (miR-155 and miR-301)
correlate with the risk factors and clinicopathological factors significantly and can predict
PCR rate [150]. Extracellular vesicles (EVs) from HCC1806 but not from MDA-MB-231 cells
exhibit enhanced drug resistance and alter the levels of genes involved in cell apoptosis
and proliferation pathways in MCF10A cells [151]. Ni and colleagues quantified the levels
of miRNAs expression in exosomes from plasma of 8 ductal carcinoma in situ (DCIS)
patients, 32 breast cancer (BC) patients and 8 healthy women; they found that different
levels of exosomal miRNAs had distinct prognostic value in different subtypes of BC
and the expression of miR-16 was lower in TNBC than HR-positive counterparts [152].
Exosomes from TNBC tissues regulate cell apoptosis and TME changes. MiR-770 played
its multi-functional role in TNBC by down-regulating gene STMNT1 as follows: (i) was
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associated with favorable prognosis of TNBC, (ii) increased the sensitivity of TNBC cells to
doxorubicin through induction of apoptosis, (iii) regulated TAMs-induced chemotherapy
resistance, and (iv) inhibited invasion and migration ability of TNBC cells via EMT path-
way [153]. Intriguingly, chemotherapy-induced senescent cells secreted more extracellular
vesicles than non-senescent cells in TNBC [154]. Exosomes could facilitate co-delivery of
cholesterol-modified miR-159 and therapeutic quantities of doxorubicin to TNBC cells both
in vitro and in vivo [155]. A formulation of erastin (a low molecular weight chemother-
apy drug that induces ferroptosis)-loaded exosome was labeled with special chemicals
to target TNBC cells, which enhanced the uptake efficiency of drugs into MDA-MB-231
cells and had a better preventing effect on the migration and proliferation, revealing that
the exosome-based therapy might serve as a novel and powerful delivery method for
anti-cancer therapy [156].

4.3. S1P/SPHK1/S1PR1 Link TME Changes to TNBC Immunomodulation
4.3.1. S1P/SPHK1/51PR1 Is Associated with TME Changes

Sphingosine-1-phosphate (S1P), a novel lipid signaling mediator with both intracellu-
lar and extracellular functions, is generated by sphingosine kinase 1 (SPHK1), an enzyme
catalyzing phosphorylation of sphingosine. S1P/SPHK1 interacts with constituents in
TME and modulate the progression and metastasis of breast cancer. Binding of S1P to
sphingosine-1-phosphate receptor (51PRs) on cell surface activates cytokines in the cyto-
plasm and gene activation in the nucleus in an autocrine and paracrine manner [157,158].
S1P, S1PRs, and SPHK1 expression are related to metastatic progression in breast cancers
in vivo [159]. An investigation in melanoma suggested that S1PR1 causes immune func-
tional change of T lymphocytes via PPARY signal pathway [160]. A recent investigation in
breast cancer showed that SIPR1 causes the change of TAMs phenotype, promotes neo-
lymph vascularization, and the change of TME via activating inflammatory factors such
as Nlrp3 and IL-1f3 [161]. Another team also showed that SIPR1 phosphorylates the com-
plex of vasculogenic mimicry (VM), and the inhibition of S1IPR1 decreases endothelium-
dependent vessel (EDV), but causes the production of VM, invasion, and metastasis in vitro
and in vivo [162]. Kim and colleagues showed that IL-22 induces SIPR1 and IL22R1 ex-
pression in myeloid cells and macrophages, and induce MCP1 expression in myeloid stem
cells (MSCs), and then facilitate macrophage infiltration, implying a potential effect of
IL-22 on promoting bone metastasis of breast cancers via IL22R1/S1PR1 pathway [158].
S1P1 is expressed in tumor antigen-specific bone marrow (BM) Tregs selectively in breast
cancer, and can be induced by BM-resident antigen-presenting cells in conjunction with
T cell receptor stimulation [163].

4.3.2. S1P/SPHK1/S1PR1 Is Associated with TNBC Tumor Progression

A preclinical study detected the function of S1PR1-antibody on the growth of breast
cancer cell lines MDA-MB-231 and SK-BR-3. They found that SIPR1-antibody not only
increases the cytotoxicity of carboplatin on MDA-MB-231 cells but also enhances the anti-
proliferative outcome of S1P on SK-BR-3 cells [164]. It has been reported that apoptotic
tumor cells release S1P, and then stimulate the generation of lipocalin 2 (LCN2) in TAMs
and is associated with breast cancer metastasis [165]. As the key kinase of S1P combination,
SPHKT1 has been found to be overexpressed in TNBC compared with other breast cancer
subtypes, and promotes tumor metastasis. By targeting SPHK1 or its downstream signal-
ing pathway (NF-«B pathway) with available inhibitors, TNBC metastasis is effectively
inhibited [166]. Maiti and colleagues found that SPHKs/S1P axis is a crucial constituent
of survival and growth of LM2-4 cells compared to parental MDA-MB-231 cells, and nu-
clear SPHK?2 (in MDA-MB-231 cells) is also indispensable for LM2-4 cells survival and
growth [167]. Obesity and high-fat diet are the main cause for increased expression of
the S1P and SPHK1, and targeting the SPHK1/S1P/S1PR1 decreases key proinflamma-
tory cytokines, macrophage infiltration, and tumor progression [168]. However, Lei and
colleagues found that S1PRs expression inhibits tumor progression in breast cancer pa-
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tients [169]. The clinical significance of DAMPs-associated molecules (HMGB1, exosomes,
and S1P/SPHK1/S1PR1) and the mechanisms involved in TNBC immunomodulation and
tumor progression are included in Table 3.

Table 3. Clinical significance and involved mechanisms of DAMPs-associated molecules.

Items Clinical Significance Involved Mechanisms References

HMGB1 residual tumor after

S1P/SPHK1/S1PR1

TLR4 signal pathway, immune
molecules such as TGF-3, IK12p7,
and IFN-y, p38/NF«kB/Erk1/2
pathway, RAGE/IRF3/NF-«B

Predict recurrence risk of
[19,20,139,140,142,144-146,170]
neoadjuvant chemotherapy

PCR prediction and distinct

Exosome prognosis value in different HMGB1/TLR4/NF-«B signaling  [150,152,171,172]

subtype of breast cancer
Paradoxical role in tumor PPARY signal pathway,
progression of TNBC STAT3/1IL-6, IL-22, TCR activation [158,160,163,169,173-175]

5. Conclusions

The role of the tumor microenvironment (TME) in triple negative breast cancer (TNBC)
immunomodulation is vitally important. The deeper understanding of immunosuppres-
sive and immunoreactive TME has contributed to specific subtype classification of TNBC.
In future, we may be able to treat TNBC patients with more precision according to their
subtype. Agents that remodel TME, promote function of immunoreactive lymphocytes,
block function of immunosuppressive cells, and prevent inhibitory signaling pathways
can all be considered. Furthermore, therapies targeting HMGB1, exosomal microRNAs,
and S1P/SPHK1/S1PR1, can also be considered in combination with chemotherapy. In con-
clusion, immunosuppressive and immunoreactive role of TME, the contribution of TME in
TNBC subtype classification, chemotherapy-induced TME changes and its role in TNBC
immunomodulation are crucial for TNBC management. TME has provided a new direction
to explore novel and effective combination regimens for precision treatment of TNBC.
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Simple Summary: Despite improvements in the early identification and successful control of primary
uveal melanoma, 50% of patients will develop metastatic disease with only marginal improvements in
survival. This review focuses on the tumor microenvironment and the cross-talk between tumor and
immune cells in a tumor characterized by low mutational load, the induction of immune-suppressive
cells, and the expression of alternative immune checkpoint molecules. The choice of combining
different strategies of immunotherapy remains a feasible and promising option on selected patients.

Abstract: Uveal melanoma (UM), though a rare form of melanoma, is the most common intraocular
tumor in adults. Conventional therapies of primary tumors lead to an excellent local control, but
50% of patients develop metastases, in most cases with lethal outcome. Somatic driver mutations
that act on the MAP-kinase pathway have been identified, yet targeted therapies show little efficacy
in the clinics. No drugs are currently available for the G protein alpha subunits GNAQ and GNA11,
which are the most frequent driver mutations in UM. Drugs targeting the YAP-TAZ pathway that is
also activated in UM, the tumor-suppressor gene BRCA1 Associated Protein 1 (BAP1) and the Splicing
Factor 3b Subunit 1 gene (SF3B1) whose mutations are associated with metastatic risk, have not been
developed yet. Immunotherapy is highly effective in cutaneous melanoma but yields only poor
results in the treatment of UM: anti-PD-1 and anti-CTLA-4 blocking antibodies did not meet the
expectations except for isolated cases. Here, we discuss how the improved knowledge of the tumor
microenvironment and of the cross-talk between tumor and immune cells could help to reshape
anti-tumor immune responses to overcome the intrinsic resistance to immune checkpoint blockers of
UM. We critically review the dogma of low mutational load, the induction of immune-suppressive
cells, and the expression of alternative immune checkpoint molecules. We argue that immunotherapy
might still be an option for the treatment of UM.

Keywords: uveal;, immunotherapy; BAP1; tumor microenvironment; anti-PD-1; anti-CTLA-4; TIL

1. Introduction

Uveal melanoma (UM) is the most common intraocular malignancy of adulthood.
UM originates from melanocytes of the uvea, including the iris, ciliary body, and retinal
choroid. Despite improvements in early identification and successful control of the primary
tumor, approximately 20-30% of the patients develop metastatic disease within 5 years
from diagnosis, while at 15 years, the percentage rises to 45%. UM metastatic sites are
the liver, lung, soft tissue, and bone [1,2]. Most frequently, metastases involve the liver as
the first or only target tissue, and untreated patients have a mean survival time of about
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2 months that rises to close to 6 months upon treatment [1,3,4]. Distinct UM subtypes
with different clinical outcomes and prognoses have been defined on the basis of various
pathological parameters, with the contribution of different genetic abnormalities, through
studies of gene expression profiles and The Cancer Genome Atlas (TCGA). Several driver
mutations have been found, involving mainly G protein alpha subunits GNAQ and GNA11
or, in a minor fraction of UM cases, the Cysteinyl Leukotriene Receptor 2 (CYSLTR?Z) [5], and
the Phospholipase C Beta 4 (PLCB4) [6] genes. Mutations in GNAQ and GNA11 are present
in 75-95% of cases and occur early in the development of UM [2,7]. These mutations are
mutually exclusive and lead to the constitutive activation of G alpha protein, which in
turn leads to the activation of several downstream effectors, thus promoting cell growth
and proliferation [8]. GNAQ and GNA11 activate the Phospholipase C/Protein Kinase C
(PLC/PKC) pathway and several downstream signaling pathways, including the Rapidly
Accelerated Fibrosarcoma/mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase (RAF/MEK/ERK), Phosphoinositide 3-kinase/AKT Serine/Threonine
Kinase/Mechanistic Target Of Rapamycin Kinase (PI3K/AKT/MTOR), and Trio Rho
Guanine Nucleotide Exchange Factor/Ras homologue family member/Rac family small
GTPase 1/ Yes associated protein 1 (Trio/Rho/Rac/YAP1) pathways [2]. Several molecules,
such as CXCR4, c-MET, Hypoxia Inducible Factor 1 (HIF-1), and insulin-like-growth
factor-1 (IGF-1) are involved in UM metastatic progression and thus considered as a target
for new treatments [2]. Additional mutations in the calcium-signaling pathway, to which
also GNAQ and GNA11 belong, might also influence tumorigenesis [9].

The monosomy of chromosome 3 [10,11], loss of chromosome 3 heterozygosity [12], and
inactivating mutations of the BRCA1-associated protein 1 (BAP1) oncosuppressor gene [13]
are strongly associated with metastatic risk. On the contrary, somatic mutations in Eu-
karyotic Translation Initiation Factor 1A X-Linked (EIF1AX) and Splicing Factor 3b subunit 1
(SF3B1) genes prevalently occur in UM with disomy 3 [14,15]. According to data from
whole-genome sequencing (WGS) and Sanger sequencing, SF3B1, EIF1AX, and BAP1 mu-
tations classify UM patients in different categories with different survival and metastatic
risk. EIF1AX mutations are not associated with risk of metastasis and show, similar to
tumors without BAP1 and SF3B1 mutations, prolonged survival. UM-bearing mutated
SF3B1 undergoes metastatic progression later, and tumors with mutated BAPI metastasize
early and rapidly progress with poor survival rates [16]. BAP1 is a tumor-suppressor gene
located on chromosome 3; it encodes a deubiquitinating enzyme with tumor-suppressive
activity [17,18]. Inactivating mutations of BAP1 occur in nearly half of UM patients and
approximately 84% of metastatic cases [13]. BAP1 loss-of-function mutations correlate with
a distinct DNA methylation profile [19]. Finally, germline BAPI mutations are associated
with an early and increased incidence of UM [20] but also with an increased incidence of
other malignancies [21]. Many secondary mutations were found by next-generation se-
quencing to occur in UM patients in the same G-protein-related pathways known as drivers,
in particular in the calcium-signaling pathway [9]. These secondary driver mutations are
likely to affect tumor development and progression.

Amplifications of the long arm of chromosome 8 confer an increased risk of metastasis
in UM. Several genes such as V-Myc Avian Myelocytomatosis Viral Oncogene Homolog (MYC)
and Ankyrin Repeat and PH Domain 1 (ASAP1), located on the long arm of chromosome
8 have been proposed as mediators of the effects of 8q amplification [22]. Chromosome 6p
amplifications exert a protective effect yet the molecular basis thereof has not been fully
elucidated [22].

It is widely accepted that tumor mutational burden is an important biomarker to
predict response to immune checkpoint blockers (ICB) in tumors. In UM, both primary
tumor and metastases carry one of the lowest mutation burdens in adult solid tumors [23].
UM displays a mean mutation rate of 0.5 mutations per megabase (Mb) [6], as opposed to
49.2 in cutaneous melanoma (CM) [24]. The role of UV light has been proposed as the major
cause for the differences in UM and CM mutational burden and a UV-associated mutational
signature is expressed in CM [9,24,25]. Metastases from iris-UM, though rare, display a
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higher mutation load than the average of UM [24,26], and they are also connected to a UV
signature [24]. The presence of germline mutations of methyl-CpG-binding domain protein 4
(MBD4) was detected in a group of UM patients who experienced a disease stabilization
and prolonged survival after ICB immunotherapy [27,28], thus suggesting a role for MBD4
as a new predictor of response to immunotherapy in UM [29]. MBD4 is thought to act
as a tumor suppressor gene; it is located on chromosome 3, and mutations have recently
been identified in approximately 2% of UM characterized by a high mutational burden and
hypermutated tumors [27,29].

Treatment of primary UM (P-UM) consists in surgery or radiation. It has a low local
recurrence rate, but almost 50% of the patients develop metastatic disease, prevalently to
the liver [1]. At present, there are no effective therapies for metastatic UM (M-UM), and
most patients survive less than 12 months after diagnosis of metastases [30,31]. Different
therapeutic strategies, including targeted, immunotherapeutic, chemotherapeutic, and
epigenetic, have been or are currently being investigated. Among different strategies
pursued in clinical trials for UM, immunotherapy was the most promising, given the
striking impact it had on CM patients’ survival [32]. We refer to other recent reviews [33]
for deeper insights into UM classification, epidemiology, genetic, and epigenetic [2,22,34],
because this is beyond the purpose of this review.

In this paper, we review recent advances in innovative immune therapy options for
UM in adjuvant and metastatic settings and develop perspectives for translating them in
clinical practice. Special issues concerning an immune-suppressive tumor microenviron-
ment (TME), poor mutational load and antigen expression, and signatures defining patients’
responses will be addressed to define new immune therapeutic strategies for M-UM.

2. Immunobiology of Uveal Melanoma

The Melanoma Antigen Gene (MAGE) family proteins, tyrosinase, and gp100 are UM
tumor-associated antigens (TAA) that are recognized by cells of the immune system [35].
Indeed, peripheral CD8+ cells from UM patients and tumor-infiltrating lymphocytes (TILs)
can lysate UM cells in vitro [36,37]. Nevertheless, the immune privilege of the eye allows
UM cells to escape the control of the immune system.

The most frequent site of UM metastases is the liver, but the mechanism that guides
the liver tropism of UM remains elusive. The immunomodulatory nature of the liver is
determined by its exposure to food antigens, allergens, and low levels of endotoxins,
deriving from the gut. The liver microenvironment is composed of resident non-immune
and immune cells, such as hepatocytes, liver sinusoidal endothelial cells (LSECs), Kupffer
cells (KCs), T, NK, and NKT cells that strictly regulate the balance between tolerance
and the defense against pathogens. UM cells that have escaped from the eye find further
protection in the immune-modulatory microenvironment of the liver. Detailed mechanisms
of immunosuppression in the eye and the liver will be described below.

2.1. Immunosuppressive Mechanisms in the Eye

Different mechanisms may contribute to immune suppression in UM, among which
the site in which UM arises. The eye is a physiologically immune-privileged organ in order
to protect it from destructive inflammation that may impair vision. This immune-privilege
is maintained through different mechanisms, among which physical barriers such as the
blood-retina barrier and the absence of efferent lymphatics [38,39].

Anterior chamber-associated immune deviation (ACAID), though difficult to be stud-
ied in humans, has been shown in different animal models, and it is responsible for the
induction of complex immunoregulatory mechanisms and cells [33,40]. Characteristic
of ACAID are the inhibition of Th1l differentiation and delayed-type hypersensitivity
(DTH) [41].

A general immunosuppressive milieu in the eye avoids non-specific inflammatory re-
actions and immune responses. It is caused by the release of soluble factors (i.e., transform-
ing growth factor-beta, TGF-f3 [42]), low MHC expression, the presence of neuropeptides,
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and expression of FAS ligand [43]. Primed T cells, activated in vitro in the presence of the
aqueous humor, were reprogrammed to TGF-3 producing regulatory T cells (Treg) and
acquired immunosuppressive skills [42]. The aqueous humor also contains the pleiotropic
cytokine Macrophage Migration Inhibitory Factor (MIF), which promotes immune priv-
ilege by inhibiting NK cell activity [44]. Finally, iris and ciliary body epithelial cells can
prevent T cell activation and proliferation via direct cell-to-cell contact [45]. Specifically, in
P-UM, soluble HLA class I (sSHLA-I) has been detected in the anterior chamber aqueous
humor and has been considered a prognostically unfavorable sign that may influence local
immune responses. Indeed, sHLA-I was detected in monosomy 3 tumors, with gain of 8q
and loss of BAP1 protein expression known to have a poor prognosis [46]. The immune-
suppressive microenvironment of the eye is assumed to generate a niche in which UM can
grow and proliferate without the pressure of both innate and adaptive immune cells until
it breaks the blood-retina barrier and disseminates. Innate cells, especially NK cells, are
believed to be able to prevent metastases or to kill tumor cells in the blood before they
could reach the liver [47]. However, after leaving the eye, the ability of UM cells to express
pro-oncogenic molecules such as indoleamine dioxygenase-1 (IDO-1, [48]), MIF [49], and
PD-L1 [50] enhance their metastatic potential.

2.2. Immunosuppressive Mechanisms in the Liver

Considering that metastatic disease in UM patients may be diagnosed many years
after the primary tumor, it has been proposed that UM cells that leave the eye and reach
the liver remain stable for years until proliferation occurs. This characteristic has been
called “UM cell dormancy” and implies that the disease was already disseminated at the
time of diagnosis [51]. Dormant UM cells are quiescent cells blocked in the cell cycle that
only occasionally undergo cell division, which is an adaptive mechanism used by cells in a
hostile microenvironment. Dormancy consists in the regulation of cellular proliferation
and includes autophagy, interaction with the extracellular matrix, hypoxia, impaired angio-
genesis, inflammation, and immunity [51,52]. Liver UM metastases have been described,
based on their growth pattern, as either infiltrative or nodular. The infiltrative pattern is
characterized by UM cells lacking vascular endothelial growth factor (VEGF) expression,
invading liver sinusoidal space, and creating pseudo-sinusoidal spaces for oxygen and nu-
trient supply. Differently, the nodular growth pattern arises in the peri-portal area, involves
portal veins and, as the lesion becomes hypoxic, cells express Matrix Metallopeptidase 9
(MMP9) and VEGF, thus developing angiogenetic properties [53].

UM cells become resistant to NK cell-mediated cytolysis in the metastatic niche in the
liver by producing TGF-f upregulating MHC-I molecules [54] and downregulating NK
activating ligands for NKG2D [55]. Hepatic stellate cells are supposed to contribute to UM
niche in the liver; they are recruited by UM cells and secrete pro-inflammatory factors and
collagen [56].

2.3. Tumor-Infiltrating Lymphocytes

The presence of TILs is a marker of good prognosis for many cancers but not in UM
where it is associated with a poor prognosis [57,58]. Why this is so is not fully understood,
as there are contradictory reports on the immune cell subtypes populating liver metastases
in UM [59-63]. It is of note that most studies that tried to characterize the immunosup-
pressive environment in UM metastases have been performed at the transcriptomic level
on only very few immune cells. Robertson et al. [19] proposed a stratification based on
CD8+ T-cell immune infiltrates and an altered transcriptional immune profile for P-UM
bearing monosomy 3 and BAP1 loss of function mutations. Using RN A-seq analysis, they
showed an upregulation of CD8+ T cell-related genes in almost 30% of monosomic UM
that was not observed in disomic cases. In addition, genes involved in interferon-y (IFN-y)
signaling, T cell invasion, cytotoxicity, and immunosuppression were co-expressed with
CD8A, as well as with HLA genes [19].
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Chromosome 8q amplification is related to macrophage infiltration, and the loss of
BAP1 expression is associated with T cell infiltration in UM [64]. TILs do not seem to be
cytotoxic CD8+ but mostly regulatory CD8+ T lymphocytes [65]. Moreover, BAPI loss
correlated with the upregulation of several genes associated with a suppressive immune
response, including HLA-DRA, CD38, and CD74, both in primary and metastatic tumors.
Digital spatial profiling, a genomic analysis that maintains the spatial information of UM
metastases, showed tumor-associated macrophages (TAMs) and TILs entrapped within per-
itumoral fibrotic areas expressing IDO1, PD-L1, and B-catenin (CTNNB1) [65]. Qin et al. [60]
confirmed the more immunosuppressive TME in M-UM and found intra-tumoral rather
than peripheral CD8+ infiltrates. However, a study considering 35 archival formalin-
fixed, paraffin-embedded M-UM specimens described a tumor microenvironment in which
M2-macrophages were the dominant subtype, CD4+ TILs were perivascular, and CD8+
lymphocytes were mainly peritumoral [59], suggesting that immune cells cannot invade
the tumor to attack tumor cells. Recently, Coupland and coworkers classified UM hepatic
metastases in four different groups: “absent/cold’ metastases with no TILs or TAMs in
the tumor or at the tumor-normal liver interface, ‘altered immunosuppressive” with a
low scattered pattern of inflammatory cell infiltrate, ‘altered excluded” where infiltrates of
TILs or TAMs were low at the tumor center but high at the margin, and ‘high/hot” where
high infiltration of TILs or TAMs was present throughout the metastatic tissue [63]. The
authors concluded that the predominant cell types present in M-UM and responsible for the
immunosuppressed environment were M2-type TAMs and exhausted CD8+ TILs. More-
over, the absence of PD-L1 expression on UM tumors may explain the failure of anti-PD-1
monotherapy [60,63]. Indeed, several reports [26,59,62,65] and our unpublished observa-
tions find an elevated infiltration of CD8+ TIM-3+ and LAG-3+, but PD-1 negative cells
suggesting that immune resistance in UM may occur via alternative immune checkpoints.

MART-1 and/or gp100 antigen-specific T cells were expanded in vitro from biopsy-
derived TILs with IL-2. T cells displayed exhausted phenotype (PD-1+, CD39+, TIM-
3+, TIGIT+, and LAG-3+) [26]. Similar results were obtained using single-cell (sc)RNA-
sequencing by Durante et al. [62], who detected clonally expanded T cells and/or plasma
cells in UM samples. Altogether, these data indicate that TILs may have mounted a
response, despite the low tumor mutational burden.

TILs from a subset of a total of 13 UM patients have been identified and showed
robust anti-tumor reactivity, similar to that frequently observed in TILs from CM patients.
Interestingly, the number of TILs recovered from UM and CM were similar, but after two
weeks of culture in the presence of IL-2, UM-derived TIL cultures were mainly CD4+T
cells and produced IFN-y in response to parental tumor cells [66]. In another setting, TILs
from UM metastases from 5 patients were successfully expanded in vitro applying an
agonistic anti-4-1BB and OKT3 antibodies (anti-CD3) with high dose IL-2 in a small device
to produce immune cells for clinical use. The authors report that this method allows the
proliferation of TILs in a short time frame, and TILs obtained after such expansion were
mostly CD8+, not overly differentiated. The ability of these TILs to recognize and respond
to autologous tumor cells was successfully pursued by the authors only in one case where
TILs produced a discrete amount of IFN-y [67].

The efficacy of in vitro expanded autologous TILs from UM metastasis in patients was
addressed in a phase II clinical trial (ClinicalTrials.gov Identifier: NCT01814046) enrolling
a total of 20 patients. Reinfusion of TILs after a non-myeloablative lymphodepleting condi-
tioning regimen could induce objective tumor regression in 7/20 (35%) M-UM patients.
Among the responders, one highly pre-treated patient demonstrated a durable complete
regression of numerous hepatic metastases for two years (Table 1) [68]. Johansson et al. [69]
found a direct correlation between the high infiltration of CD8+ T cells and macrophages
with longer overall survival in patients before treatment with hyperthermic isolated hep-
atic perfusion (IHP). This is the only report indicating a positive correlation between the
presence of immune cells and survival, although this may be related to the low numbers of
metastatic biopsies studied.
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Table 1. Immunotherapy in UM: published studies.

Targeted No Patients . .
Study Type of Study Patients (UM Patients) ORR Median OS Median PFS Rate 1-Year Surv 6 Months PFS PR CR SD
Khoia [70] Meta-analysis (2000-2016) metastatic uveal (912) - 102 33 43% 27% - - -
melanoma
Phase II Metastatic
ClinicalTrials.gov Identifier: Ocular o o
Chandran [68] NCTO1814046 Melanoma (21) NE NE NE NE NE 30% 5% NE
(autologous TILs) Metastatic Uveal
Melanoma
Klemen [71] Retrospective(Ipilimumab+Nivolumab) metastatic 428 (30) - 12.2 - - - - - -
melanoma
, (126)
Bol [72] (Ipﬂimli‘;tr;’lffifg‘gfumab) metastatic UM Ipilimumab,/Nivolumab - 189 37 57.6% 3.7 21.1% 0 10.5%
n=191
Heppt [73] Retrospective Tresectable (64) 156 161 3 - - - - -
PPt/ (Ipilimumab+Nivolumab) UM Ipi+nivo55 ’ ’
. ) Real world metastatic o
Kirchberg [74] (Ipilimumab+Nivolumab) melanoma 330) . 184 B . } 0 0 56%
Phase II ClinicalTrials.gov Identifier: Metastatic uvela
Piulats [75] NCT02626962 melanoma (52) - 12.7 3 51.9% - 9.6% 1.9% -
(Ipilimumab+Nivolumab)
Phase II ClinicalTrials.gov Identifier: Metastatic uveal
Pelster [76] NCT01585194 € asla Ccuvea (35) 18% 19.1 5.5 56% - 15% 3% 33%
(Ipilimumab+Nivolumab) melanoma
Phase I/1I Advanced
Middleton [77] ClinicalTrials.gov Identifier:NCT01211262 84 (19) - - - 65% - 16.6% 0 44.4%
melanoma

(Tebentafusp)

Abbreviations: NE: not evaluated; ORR: overall response rate; PFS: progression free survival; surv: survival; OS: overall survival; PR: partial response; CR: complete response; SD: stable disease.
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In summary, both P- and M-UM TILs display a phenotype mostly immunosuppressive
or exhausted, and subsets of M-UM patients possess TILs that are antigen-specific and
thus may potentially be responsive to immunotherapy. The use of antibodies/inhibitors of
appropriate immune checkpoint expressed by M-UM may be the therapeutic option to be
pursued, at least in a subset of UM patients.

2.4. Alternative Immune Checkpoint

The PD-1/PD-L1 immune checkpoint seems not to be as frequently upregulated in
UM as in CM metastases; therefore, criticism on the strength of the rationale for this
checkpoint blockade in UM has been raised [61]. Consistently, results from clinical trials
with anti-PD-1 ICB are not so brilliant for M-UM patients [72]. This stimulated the search
for new immune checkpoints, exhaustion markers, or immunosuppressive molecules
that may become potential targets to be studied in clinical trials. The expression of the
immunosuppressive molecule, IDO, and multiple immune checkpoint molecules, such as
Vista, TIGIT, and LAG-3 on TILs in UM metastases has been shown [26,65]. TILs isolated
from metastases and expanded in vitro, analyzed by flow cytometry, displayed in several
cases tumor-reactive subsets of immune cells expressing the checkpoint receptors PD-1,
TIM-3, LAG-3, and, to some extent, TIGIT [26]. The dominant exhaustion marker identified
in UM was LAG-3 as analyzed by scRNA-seq and immunohistochemistry (IHC). This
explains at least in part the failure of checkpoint blockade targeting CTLA-4 and PD-1.
LAG-3 was found expressed mainly on CD8+ T cells but was also detected on some CD4+
T cells, FOXP3+ regulatory T cells, NK cells, and macrophages/monocytes [62]. Fusion
protein and inhibitors of LAG-3 are in development or already tested in clinical trials either
as a single agent or in association with anti-PD-L1, in different cancers, including UM
(ClinicalTrials.gov Identifier: NCT02519322) (Table 2) [78].
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Table 2. Ongoing clinical trials with adjuvant and not adjuvant therapies in UM.

ClinicalTrials.gov Actual Enrollment

Principal

First Submitted

Last Update Posted

Identifier: Trial (Adjuvant) Status Phase Targeted Patients (Estimated Investigator Date Date
NCT Number Enrollment) 8
A Randomized Phase II Study of Ciliary Body and Choroid
NCT02068586 Adjuvant Sunitinib or Valproic Acid Recruitin Phase IT Melanoma (150) Takami Sato 19 February 2014 7 January 2021
in High-Risk Patients With & Iris Melanoma Y y
Uveal Melanoma Intraocular Melanoma
Phase II Trial of Adjuvant Crizotinib Active, not 34
NCT02223819 in High-Risk Uveal Melanoma recruiéin Phase I Uveal Melanoma 30) Richard Carvajal 20 August 2014 18 December 2019
Following Definitive Therapy &
A non-commercial, multicenter,
randomized, two-armed, open-label
phase III study to evaluate the
NCT01983748 ljﬁ:ﬁ%‘égﬁﬁg‘;’;ﬁ;ﬁ‘;ﬁ?& Recruiting Phase Il Uveal Melanoma (200) Schu]t:-t?}:zrner 17 September 2013 6 January 2020
cells versus observation of patients
with resected monosomy 3
uveal melanoma
Adjuvant Therapy for Patients With
NCT0110052 Primary Uveal Melanoma With Iris, Ciliary Body or Choroidal Yogen .
C ([’79]005 8 ée[r{efic etanom, Completed Phase 1T s, C 7o n{)r‘;ac oro 38(36) Sauntﬁgfarajah 7 April 2010 26 February 2019
(Dacarbazine+IFNa-2B)
NCT02519322 Neoadjuvant and Adjuvant Cutaneous Melanoma
78] Checkpoint Blockade Recruiting Phase I Mucosal Melanoma (53) Rodabe N Amaria 4 August 2015 30 December 2020
(Ipi+Nivo+Relatlimab) Ocular Melanoma
Study of the Modulatory Activity of
an LHRH-Agonist (Leuprolide) on
NCT00254397 Melanoma Peptide Vaccines as Completed Phase I Melanoma 98 Patrick Hwu 14 November 2005 16 October 2019
Adjuvant Therapy in
Melanoma Patients
A Randomized, Placebo-Controlled
Phase III Trial of Yeast Derived
GM-CSF Versus Peptide Vaccination Ocular melanoma
NCT01989572 Versus GM-CSF Plus Peptide Cut
Vaccination Versus Placebo in Completed Phase III utaneous 815 David H Lawson 18 November 2013 7 July 2020
[80] P Melanoma Y

Patients With “No Evidence of
Disease” After Complete Surgical
Resection of “Locally Advanced”

and/or Stage IV Melanoma

Mucosal melanoma
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Table 2. Cont.

ClinicalTrials.gov . . L. . .
Identifier: .Tnal (otiler.nolt ild]uv?nt Status Phase Targeted Patients A.ctual gnrollllrllent Prmc_lpal First Submitted Last Update Posted
NCT number immunological therapies) (Estimated enrollment) Investigator Date Date
A Phase II Randomized, Open-label,
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Anti-CD3 scFv Fusion Protein in
Patients With Advanced
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NCT02743611 PRAME T-Cell Receptor Therapy, in recrui;ing I Myelodysplastic Syndrome 36) Pharmaceuticals 11 April 2016 27 April 2020

HLA-A2+ Subjects With AML,
Previously Treated MDS, or
Metastatic Uveal Melanoma

Uveal Melanoma
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Table 2. Cont.

ClinicalTrials.gov

Identifier: .Tnal (other.not ad]uvgnt Status Phase Targeted Patients A.ctual enrollment Prmc_lpal First Submitted Last Update Posted
immunological therapies) (Estimated enrollment) Investigator Date Date
NCT number
A Multicenter Phase II Open-Label
Study to Evaluate Efficacy of .
NCT?:,? ]9 7630 Concomitant Use of Pembrolizumab ?Ctiveiii?lm Phase II Metastatic Uveal Melanoma (29) Not Provided 22 February 2016 16 October 2019
and Entinostat in Adult Patients With ecruiting
Metastatic Uveal Melanoma
Lymphodepletion Plus Adoptive Cell (189)
NCT00338377 Transfer Wlt.h or Wl'thout'Dendrl'tlc Recruiting Phase I Melanoma 5 MU(primary site Rodabe N. Amaria 10 February 2006 9 December 2020
[82] Cell Immunization in Patients With horoid)
Metastatic Melanoma choro
Phise IStudy of Autologous T Relapsed Neuroblastoma
ymphocytes Expressing
Lo N . Refractory Neuroblastoma
GD2-specific Chimeric Antigen and
Constitutively Active IL-7 Receptors Relapsed Osteosarcoma
NCT03635632 . . Recruiting Phase I Relapsed Ewing Sarcoma (94) Bilal Omer 13 August 2018 9 December 2020
for the Treatment of Patients With
Relapsed Rhabdomyosarcoma
Relapsed or Refractory
Uveal Melanoma
Neuroblastoma and Other GD2 Phyllodes Breast Tumor
Positive Solid Cancers(GAIL-N) Y
Clinical Stage III Cutaneous
Melanoma AJCC v8
Clinical Stage IV Cutaneous
Melanoma AJCC v8
Metastatic Choroid Melanoma
. Metastatic Melanoma
Phase I Trlal to Evaluate the Safety Metastatic Mucosal Melanoma
and Efficacy of Intratumoral and .
Lo X Metastatic Uveal Melanoma
Intravenous Injection of Vesicular .
P . Pathologic Stage III Cutaneous
Stomatitis Virus Expressing Human
Interferon Beta and Tyrosinase Melanoma AJCC v8
NCT03865212 y Recruiting Phase I Pathologic Stage IIIA Cutaneous (72) Roxana S Dronca 6 March 2019 18 November 2020

Related Protein 1 (VSV-IFNb-TYRP1)
in Patients With Metastatic Ocular

Melanoma and Previously Treated
Patients With Unresectable Stage

III/IV Cutaneous Melanoma

Melanoma AJCC v8
Pathologic Stage IIIB Cutaneous
Melanoma AJCC v8
Pathologic Stage IIIC Cutaneous
Melanoma AJCC v8
Pathologic Stage IIID Cutaneous
Melanoma AJCC v8
Pathologic Stage IV Cutaneous
Melanoma AJCC v8
Unresectable Melanoma
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3. Immune Checkpoint Inhibitors: Retrospective, Real-World Studies, and Clinical
Trials

There is no consensus on the standard treatment of UM, and the correct management
of this disease remains a matter of discussion. To determine progression-free and overall
survival benchmarks, Khoia et al. reported in 2019 [70] a meta-analysis of 912 M-UM
patients from 29 trials published from 2000 to 2016. Among the selected trials, five studies
used immunotherapy and only three of them used anti-CTLA-4. Considering the whole
population, the median progression-free survival (PFS) was 3.3 months, the median overall
survival (OS) was 10.2 months, and the 1-year OS rate was 43%. Liver-directed therapies
appeared in this study as the best treatments.

UM is genetically and biologically different from CM [22,33] and is barely immuno-
genic due to its low number of mutations [6]. Surprisingly, a phase II trial (ClinicalTrials.gov
Identifier: NCT01814046) with 21 M-UM patients treated with lymph-depleting chemother-
apy (cyclophosphamide followed by fludarabine) and a single intravenous infusion of
autologous TILs with high-dose IL-2, showed exciting results (Table 1) [68]. In this study,
7 (35%) patients demonstrated tumor regression, with 6 (30%) achieving a partial response
(PR) and 1 achieving complete response (CR) (5%), justifying further investigations of
other immunological approaches. A subsequent clinical trial with autologous TILs and
IL-2 therapy in M-UM (ClinicalTrials.gov Identifier: NCT03467516) and another one in
metastatic CM and UM (ClinicalTrials.gov Identifier: NCT00338377) are ongoing (Table 2).

An interesting approach is the use of dendritic cell (DC) vaccination in an adjuvant
setting. The immunologic responses after adjuvant DC vaccination were studied in an
open-label phase II clinical trial with high-risk UM. An increase in OS was observed in
patients with a tumor antigen-specific immune response [83]. In addition, a multicenter,
randomized, two-armed, open-label phase III study is currently ongoing to evaluate the
adjuvant vaccination with tumor RNA-loaded autologous DC in patients with resected
monosomy 3 UM (ClinicalTrials.gov Identifier: NCT01983748) (Table 2). A phase I trial is
studying the side effects and best dose of a modified virus called Vesicular Stomatitis Virus,
VSV-IFNbetaTYRP1 in patients with stage III-IV melanoma including M-UM (ClinicalTri-
als.gov Identifier: NCT03865212) (Table 2). The VSV has been modified to express two
extra genes: IFN-beta and TYRPI. IFN- may protect normal healthy cells from becoming
infected with the virus and improve the antitumor efficacy due to its intrinsic antipro-
liferative effects and tyrosinase-related protein 1 (TYRP1) is a tumor-associated antigen
expressed both in CM and UM.

Single ICB, anti-CTLA-4, or anti-PD-1 therapy gave only limited results in terms of
efficacy in patients with M-UM with an overall response rate (ORR) that ranged from 0.5 to
6% [84]. Better results were expected from the combination of the two monoclonal antibod-
ies. A real-world study [74] analyzed retrospectively 9 UM patients treated with low-dose
anti-CTLA-4 (Ipilimumab, ipi) (1 mg/kg) and standard-dose anti-PD-1 (Pembrolizumab)
(2 mg/kg). Median OS was 18.4 months with neither CR nor PR (0/9). No deaths for
treatment-related adverse events occurred; however, 18% of patients had at least one grade
3 or 4 toxicity (Table 1).

A retrospective analysis by Klemen et al. [71] reported a single institutional experience
using antibodies against CTLA-4, PD-1, and/or PD-L1 to treat 428 patients with metastatic
melanoma histologically diagnosed as cutaneous, unknown, acral, mucosal, or uveal.
For the 30 patients with M-UM, median OS was 12.2 months, and 5-year OS was 22%.
Most of the longer survivors received both anti-CTLA-4 and anti-PD-1 or anti-PD-L1
either sequentially or in combination (Table 1). Clinical retrospective data of 126 patients
diagnosed with M-UM in Denmark were analyzed before (pre-ICB, n = 32) and after
(post-ICB, n = 94) the approval of first-line treatment with ICB [72]. The study shows
a significant improvement of survival in patients post-ICB therapy: the combined ICB
treatment (19 patients) achieved 18.9 months median OS and 57.6% of 1-year OS rate
(Table 1). A multi-center retrospective study [73] analyzed 64 M-UM patients, 50 of which
received combined checkpoint blockade as first-line systemic therapy. The median PFS
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was 3.0 months and the median OS was estimated to 16.1 months with an ORR of 15.6%.
Severe treatment-related adverse events were experienced by 39.1% of patients (Table 1).

These retrospective studies showed better results than those obtained with Ipilimumab
or anti-PD-1 (Nivolumab) monotherapy and established the basis for prospective clinical
trials. At present, March 2021, there are 7 clinical trials involving combination immunother-
apy listed by www.clinicaltrials.gov (Table 3).

A phase I pilot study (ClinicalTrials.gov Identifier: NCT03922880) plans to combine
arginine depletion and ICB. Four phase I/1I trials combine local liver therapy or immu-
noembolization with systemic administration of Ipilimumab and Nivolumab (Table 3). An
open-label phase I basket study (ClinicalTrials.gov Identifier: NCT00986661, Table 2) is
evaluating the safety and preliminary efficacy of intra-lesion PV-10 in patients with solid
tumors of the liver including UM metastases. PV-10, a small molecule that accumulates
in lysosomes inducing autolysis, can produce immunogenic cell death and therefore a
T cell-mediated immune response against immunologically cold tumors, providing a ratio-
nale for the association with ICBs. Preliminary results were presented for 13 patients with
stable disease (SD) in 62.5% and PR in 37.5% of patients [85]. Results from combination
therapy with PV-10 and ICBs are awaited with interest. Complete results of the Spanish
GEM-1402 study (ClinicalTrials.gov Identifier: NCT02626962) were recently published [75]
(Tables 1 and 3). This phase II trial tested the efficacy of the combination of Nivolumab and
Ipilimumab as first-line therapy in 52 patients with M-UM. Median OS was 12.7 months
with a median PFS of 3 months. The outcome seems quite modest compared to benchmarks
of UM responses. The authors claim that the short PFS may be related to the high levels
of LDH, a serum marker of progression, at baseline. GNAQ, GNA11, and SF3B1 gene
mutational analysis and Multiplex Ligation Probe Amplification (MLPA) analysis to detect
deletions and duplications in chromosomes 3 and 8 were performed in 25 patients (50% of
total patients). Mutations and chromosomal aberrations did not appear to be related to
ORR, although the number of patients analyzed was too small to obtain conclusive results.
Treatment-related adverse events occurred in 49 of 52 patients with 1 death in a patient
with thyroiditis and 1with Guillain-Barre syndrome. Pelster et al. [76] (ClinicalTrials.gov
Identifier: NCT01585194, PROSPER), reported on a phase II study of Nivolumab plus
Ipilimumab an ORR of 18%, a median PFS of 5.5 months, and a median OS of 19.1 months
in 33 patients, which is longer than the 6.8 to 9.6 months reported with monotherapy. Grade
3—4 treatment-related adverse events occurred in 40% of patients (Tables 1 and 3).

The influence of BAP1 mutation or chromosome 3 monosomy has been considered only
in a small fraction of patients. Patients at high risk of metastasis with monosomy 3 and/or
BAP1 mutation should be included in clinical trials of adjuvant therapy. Considering only
clinical trials (www.clinicaltrials.gov) with updates starting in 2019 to March 2021, we found
7 clinical trials using adjuvant therapy in high-risk UM patients. One uses ICBs, and 4 other
immunological approaches, whereas 2 exploit targeted therapies (Table 2). Interestingly, a
randomized phase II study enrolling resectable metastatic melanoma including UM, uses
Ipilimumab, Nivolumab, and Relatlimab, the latter blocking LAG-3 (ClinicalTrials.gov
Identifier: NCT02519322, Table 2).

In summary, an increase in ORR was observed in combined ICB treatment compared
to monotherapy although not comparable with the improvement obtained in CM.
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Table 3. Combination immunotherapies in UM.

ClinicalTrials.gov
Identifier:
NCT Number

Trial

Status

Phase

Targeted Patients

Actual Enrollment
(Estimated
Enrollment)

Principal Investigator

First Submitted Date

Last Update Posted
Date

NCT01585194
[76]

Phase II Study of Nivolumab
in Combination With
Ipilimumab for Uveal

Melanoma

Active, not recruiting

Phase IT

Metastatic Uveal
Melanoma
Stage IV Uveal
Melanoma AJCC v7

67
(141)

Sapna Patel

23 April 2012

10 December 2020

NCT02626962
[75]

Phase II Multicenter,
Non-Randomized,
Open-Label Trial of
Nivolumab in Combination
With Ipilimumab in Subjects
With Previously Untreated
Metastatic Uveal Melanoma

Active, not recruiting

Phase I

Uveal Melanoma

48
(48)

Josep Maria Piulats

1 December 2015

19 October 2020

NCT03922880

Pilot Study Combining
Arginine Depletion and
Checkpoint Inhibition in

Uveal Melanomas

Active, not recruiting

Phase 1

Uveal Melanoma

Alexander Shoushtari

18 April 2019

11 January 2021

NCT02913417

A Feasibility Study of
Sequential Hepatic Internal
Radiation and Systemic
Ipilimumab and Nivolumab in
Patients With Uveal
Melanoma Metastatic to Liver

Recruiting

Phase IPhase II

Uveal Melanoma
Hepatic Metastases

(26)

David R. Minor

21 September 2016

25 August 2020

NCT04463368

SCANDIUM II Trial—A Phase
I Randomized Controlled
Multicentre Trial of Isolated
Hepatic Perfusion in
Combination With
Ipilimumab and Nivolumab in
Patients With Uveal
Melanoma Metastases

Not yet recruiting

Phase I

Uveal Melanoma
Liver Metastases

(18)

Roger Olofsson Bagge

5 July 2020

1 September 2020

NCT04283890

Phase Ib/2 Study Combining
Hepatic Percutaneous
Perfusion With Ipilimumab
Plus Nivolumab in Advanced
Uveal Melanoma

Recruiting

Phase IPhase 1T

Uveal Melanoma,
Metastatic

(88)

Ellen W. Kapiteijn

21 February 2020

25 February 2020

NCT03472586

Ipilimumab and Nivolumab in
Combination With
Immunoembolization for the
Treatment of Metastatic Uveal
Melanoma

Recruiting

Phase I

Metastatic Uveal
Melanoma

(35)

Marlana Orloff

14 March 2018

28 May 2020
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A new approach is based on the bispecific soluble molecule Tebentafusp. This fusion
molecule binds with high affinity the GP100 peptide presented by HLA-A*02:01 on tumor
cells and, with the anti-CD3 effector domain, induces a polyclonal activation of naive T cells.
Tebentafusp activates T cells independently of their natural TCR specificity. The phase I/1I
trial of Tebentafusp in metastatic melanoma (ClinicalTrials.gov Identifier: NCT01211262,
Tables 1 and 2) enrolling previously treated cutaneous (1 = 61) and M-UM patients (1 = 18)
recently reported a one-year OS rate of 65%, 16.6% PR, and 44.4% SD [77]. IFN-vy related
markers (CXCL10, CXCL11, IL6, IL10, IL15, and IFN-y) were measured in the serum at
baseline and on treatment, and an increase was found in 11/18 UM patients analyzed. At
present, March 2021, 2 additional clinical trials studying Tebentafusp are listed in www.
clinicaltrials.gov (https:/ /clinicaltrials.gov/ct2 /results?term=Tebentafusp+and+uveal+
melanomaé&Search=Search): 1 phase II randomized, open-label, multicenter study in
untreated, advanced UM (ClinicalTrials.gov Identifier: NCT03070392) and 1 phase I/1I
(ClinicalTrials.gov Identifier: NCT02570308) intra-patient escalation dosing in advanced
UM (Table 2). Preliminary results were presented at the ESMO Immuno-Oncology Virtual
Congress 2020. Following Tebentafusp, the ORR was 5% with only PRs. Stable disease
was achieved by 45% of patients. The median duration of response was 8.7 months.
With a median follow-up of 19.6 months, the median OS was 16.8 months. Patients (64%)
developing rash within 7 days of Tebentafusp initiation demonstrated a superior median
OS of 22.5 months compared to 10.3 months in patients with no rash, suggesting an
immune-related effect. Further results need to clarify a real improvement in survival by
bispecific molecules, although the U.S. Food and Drug Administration (FDA) has granted
breakthrough therapy designation to Tebentafusp (IMCgp100 for HLA-A*02:01-positive
patients) in UM [86].

The expression of Preferentially expressed Antigen in Melanoma (PRAME) correlates
with high metastatic risk in UM [87] and is presently under investigation in several clinical
trials as an immunotherapeutic target antigen of M-UM (ClinicalTrials.gov Identifier:
NCT04262466 and NCT02743611, Table 2). In ClinicalTrials.gov Identifier: NCT04262466,
a bispecific molecule consisting of a TCR targeting HLA-A*02:01 plus PRAME and anti-
CD3 scFv will be used in association with anti-PD-L1 to treat PRAME positive patients.
ClinicalTrials.gov Identifier: NCT02743611 exploits participants T cells that are modified to
recognize and target PRAME on cancer cells.

The identification of an immunotherapy response signature would be of great advan-
tage to spare potential non-responders from elevated toxicity. A recent attempt to identify
molecular markers of immunotherapy resistance of metastatic CM was reported by Beck
et al. using a clinical proteomic approach [88].

4. Immune Signatures

Several studies have characterized the immune infiltrate in metastatic UM, given
the crucial prognostic role of TME in various types of metastatic cancers. Immune prog-
nostic signatures have been proposed to identify those patients who could benefit from
immunotherapy in an attempt to reduce the 5-year mortality rate. These signatures have
been developed by digital cytometry working on retrospective, public datasets and re-
quire experimental validation to verify diagnostic reliability and clinical usefulness [89-92]
(Table 4).

120



Cancers 2021, 13, 2043

Table 4. Summary of the principal published immune signature.

Ref. Signature Aim of the Study
Development of an immune-related
Immune-related gene ’ prognostlc and predlctlve signature to'
. identify those patients who could benefit
. signature based on two : - -
Li [91] immune-related senes for from immunotherapy. The signature is
redictin Survivil in UM built on the TCGA-UM dataset and is
P & ' significantly associated with tumor T stage
and tumor basal diameter.
Analysis of the immune and stromal
infiltrate on gene expression data of the
Adaptive Immune Resistance =~ TCGA-UM and TCGA-CM datasets using
Signature based on fifteen different digital cytometry algorithms for
Wang [90] . . . . .
markers, to predict prognosis significant prognostic marker selection.
in UM. This signature could identify UM
subgroups with a characteristic
tumor microenvironment.
Immune cell-based proenosis Tumor microenvironment landscape
. . Pros analysis by the CYBERSORT algorithm to
signature to predict overall : . o
R . classify the immune cell type profiles in the
survival in UM. The signature . S
Zhang [89] . 22 TCGA-UM patients. This signature
is based on the contribution of Lo . . .
highlights the impact of immune infiltrate
CD8+, CD4+ T cells, .
components in the development
monocytes, and Mast cells.
of metastases.
Immune and stromal Tumor microenvironment analysis by
prognostic signature based on  ESTIMATE algorithm for the identification
published datasets. The of a four-cell model as a biomarker of
Gong [92]

signature is developed on a
four-cell model (cytotoxic,

overall survival in UM. This prognostic
signature can stratify subgroups of patients

Th1, Th2 cells, and myocytes). with different classes of risk.

Patel’s group recently proposed a study on a dataset of 47 P- and M-UM demon-
strating, by IHC, that metastatic patients show significantly higher levels of immune
infiltrate (CD3+, CD8+, FoxP3+, and CD68+ cells) compared to primary tumors [60]. They
developed an IFN-y signature using Nanostring technology between 2 responder and
4 non-responder patients to immunotherapy. Their data indicated that pre-treatment tu-
mors of non-responders display a gene expression profile consistent with pro-inflammatory
signaling, while responders have significantly elevated levels of Suppressor Of Cytokine
Signaling 1 (SOCS1) and HLA molecules. Two sets of genes that are differentially expressed
between responders and non-responders were identified. Twelve genes were upregulated
in responders at baseline before treatment and 13 showed significantly higher expression
at baseline in non-responders. The authors identify, for the first time, a baseline tumor
immune signature predicting response and resistance to immunotherapy in UM, that can
be used to select those patients that are likely to respond to immunotherapy. A limit of
this signature is the small number of patients (n = 6) analyzed. However, results from
validation studies of this signature in larger cohorts of patients (GEM1402 and CA184-
187) will provide more information on the resistance and response mechanisms of M-UM
to immunotherapy, and prospective testing will establish clinical value. Figure 1 shows
the application of this signature to the TCGA dataset of P-UM. The hierarchical cluster-
ing of this signature highlights three main clusters: high-risk with an immunotherapy
responder profile (light blue), low-risk (pink), and high-risk non-responders (yellow).
Among the high-risk UM, mostly metastatic cases with BAP1 mutations, chromosome 3
monosomy, and chromosome 8q gain, 1 group (light blue) contains potential responders
to immunotherapy.
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Qin et al. Immuno signature

Metastases

Risk Classitication by Qin et al. Inmuno signature

- Class Low Risk UM
D Class High Risk Responders UM
D Class High Risk Non-Responders UM

D No Metastases
. Metastases

Chromosome Alterations

. Chr3 Disomic

. Chr3 Monosomic D Chrép Disomic D Chr8q Disomic
. Chr3 >Disomic . Chrép Gain . Chr8q Gain

Mutations
[] BAP1 Wild Type [I] EIFtAXWild Type [] SF3B1WildType [Hl] GNA11WildType  [I] GNAqWild Type
M sapiMutated [l EIF1AX Mutated [l SF3B1Mutated [l GNAL1Mutated [l GNAG Mutated

Figure 1. Application of the prognostic adaptive immune response signature developed by Qin et al. [60] to the TCGA-UM
dataset. Euclidean hierarchical cluster Heatmap for 80 P-UM, highlighting mRNA expression levels of Qin et al. [60]
immune signature genes. Responder genes are labeled in green, non-responder genes are labeled in blue. The expression
values are reported by a color scale (blue = expression below the mean, red = expression above the mean, white = expression
at the mean; the intensity is related to the distance from the mean). This signature shows three main clusters defined by
differentially expressed profiles between responders versus non-responders genes.

5. Conclusions

Despite the considerable advancement in the diagnosis and classification of patients
at low /high-risk of progression, UM still represents a challenge for oncologists. Indeed,
still 50% of patients will develop metastatic disease with only marginal improvements
in survival in decades. The origin from an immune-privileged site and the development
of metastases in the liver, an immune-modulating organ, the low mutational burden, the
few neoantigens, and the low expression of PD-L1 on tumor cells contribute to the poor
response of UM to immunotherapy, compared to CM.

An increase in ORR was observed in patients receiving combined Ipilimumab and
Nivolumab compared to monotherapy. The results achieved in UM are far from being
comparable with the improvement obtained in CM, yet they are equal in terms of side
effects. One of the reasons for this result is certainly the low expression of PD-1/PD-L1
in UM. Targeting LAG-3 that is expressed in UM at higher levels than PD-1 might yield
better results. Immunotherapy is not only ICB treatment, and many different approaches
are in development or already in clinical trials. Among these, Tebentafusp seems promis-
ing, since also the FDA has granted breakthrough therapy designation in UM. Yet, this
treatment will be available for a small portion of patients because the drug is designed
only for HLA-A*02:01-positive patients. This is a big issue, but it is strictly connected with
immunotherapies that may require personalized drugs.
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Single-cell omics studies and high-throughput data analysis are necessary and need
to be improved to understand the mechanisms underlying the cross-talk between tumor
and immune cells. This approach will provide new insights and identify new potentially
actionable targets for immunotherapy. UM express few neo-antigens but high levels of TAA,
such as MART1, GD2, Tyrosinasel, TRP1, gp100, and MAGE. Cell-based immunotherapies
that are being developed exploit some of these TAA as targets. A phase I study using
GD2-directed Chimeric Antigen Receptor T cells (CAR-T cells) is ongoing in patients
of different cancers, including UM (ClinicalTrials.gov Identifier: NCT03635632, Table 2).
Another antigen that has been successfully targeted by immunotherapy is PRAME either
with bispecific TCR/anti-CD3 molecules (ClinicalTrials.gov Identifier: NCT04262466) or
with autologous T cells engineered with PRAME-specific TCR (ClinicalTrials.gov Identifier:
NCT02743611). Local liver chemotherapy and radiotherapy may release neoantigens and
soluble mediators attracting cells from the immune system, into the tumor. The association
of selective internal hepatic radiation (microspheres containing radioactive yttrium-90)
with the combination of Ipilimumab and Nivolumab is exploited in an interventional
open-label phase I/1I clinical trial (ClinicalTrials.gov Identifier: NCT02913417, Table 2).

Recent observations highlight the expression of alternative immune-checkpoints: LAG-
3 and TIM-3 should preferentially be targeted instead of PD-1/PD-L1, which are barely
expressed by UM metastases. The clinical trial ClinicalTrials.gov Identifier: NCT02519322
that uses the association of anti-LAG-3 with Ipilimumab and Nivolumab and is, at present,
enrolling patients will eventually show the advantage of LAG-3 targeting (Table 2).

Most studies exploiting new possibilities for ICB associations could be done in vitro
in an autologous setting if lymphocytes and cells from the same patient were available.
Syngeneic murine models are so far inappropriate, since many of them are obtained using
melanoma cell lines to generate liver metastasis, thus resembling neither the biology nor
the genetics of UM. Patient-Derived Xenografts (PDX), injected either subcutaneously or
orthotopically, are also challenging to develop for M-UM, and they may be useful to test
the tumor response to pharmacological or targeted therapy rather than to immunotherapy,
since PDX cannot maintain immune cells alive. Humanized mice may be used to overcome
this issue. Finally, the use of organoids, in vitro 3D culture systems, that keep the biological
characteristics of the original tumor to simulate the in vivo tumor growth may be a useful
method to study the effects of drugs before they come to the clinic.
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Simple Summary: Our study demonstrated that Atypical Chemokine Receptor 4 (ACKR4) was
downregulated in human colorectal cancer (CRC) compared with normal colon tissues. Loss of
ACKR4 in human CRC was associated with a weak anti-tumor immune response. Knockdown of
ACKR4 in tumor cells impairs the dendritic cell migration from the tumor to the tumor-draining
lymph nodes (TdLNs), causing inadequate tumor-specific T-cell expansion and insensitivity to
immune checkpoint blockades. However, loss of ACKR4 in stromal cells does not significantly affect
anti-tumor immunity. In human CRC, high expression of microRNA-552 was a mechanism leading
to ACKR4 downregulation. Our study revealed a novel mechanism that leads to the poor immune
response in a subset of CRC and will contribute to the framework for identifying new therapies
against this deadly cancer.

Abstract: Colorectal cancer (CRC) is one of the most common malignancies in both morbidity and
mortality. Immune checkpoint blockade (ICB) treatments have been successful in a portion of mis-
match repair-deficient (dMMR) CRC patients but have failed in mismatch repair-proficient (pMMR)
CRC patients. Atypical Chemokine Receptor 4 (ACKR4) is implicated in regulating dendritic cell (DC)
migration. However, the roles of ACKR4 in CRC development and anti-tumor immunoregulation
are not known. By analyzing human CRC tissues, transgenic animals, and genetically modified
CRC cells lines, our study revealed an important function of ACKR4 in maintaining CRC immune
response. Loss of ACKR4 in CRC is associated with poor immune infiltration in the tumor mi-
croenvironment. More importantly, loss of ACKR4 in CRC tumor cells, rather than stromal cells,
restrains the DC migration and antigen presentation to the tumor-draining lymph nodes (TdALNS).
Moreover, tumors with ACKR4 knockdown become less sensitive to immune checkpoint blockade.
Finally, we identified that microRNA miR-552 negatively regulates ACKR4 expression in human
CRC. Taken together, our studies identified a novel and crucial mechanism for the maintenance of
the DC-mediated T-cell priming in the TdLNs. These new findings demonstrate a novel mechanism
leading to immunosuppression and ICB treatment resistance in CRC.

Keywords: colorectal cancer; immune checkpoints; dendritic cells; Atypical Chemokine Receptor
4 (ACKR4); T-cell priming; immune checkpoint blockade

1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the
third leading cause of cancer-related deaths in the United States [1]. By 2030, the global CRC
burden is expected to increase by 60% and surpass 2.2 million new cases and 1.1 million
deaths [2]. The paradigm shift in cancer treatment brought by immunotherapy has been
a major scientific and clinical breakthrough. Since the first immune checkpoint blockade
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(ICB) therapy approval for melanoma, ICB is considered the standard of care for multiple
types of cancer types, including the mismatch repair-deficient (AMMR)/microsatellite
instability-high (MSI-H) CRC tumors [3]. However, not all AIMMR /MSI-H CRC tumors
are sensitive to ICB, and all of the mismatch repair-proficient (pMMR)/microsatellite
instability-low (MSI-L)/microsatellite stability (MSS) CRC tumors are resistant to ICB [4].
Therefore, understanding the mechanisms of immunosuppression and immune therapy
resistance is critical for designing novel treatments for CRC patients.

The immunogenicity of tumors is fundamental for ICB treatment. Low immunogenic
tumors present a hallmark feature of sparse tumor T-cell infiltration. One of the key
mechanisms involved in poor T-cell infiltration has been attributed to defects in the antigen
presentation process, which significantly weakens the tumor-specific T-cell priming and
precludes the T-cell mediated killing of cancer cells [5]. Dendritic cells (DCs) are the most
potent antigen-presenting cells necessary to prime and activate tumor-antigen specific
T-cells to induce an effective anti-tumor immune response [6-8]. Previous studies have
shown that dysfunction of DCs caused defective antigen presentation and T-cell priming,
leading to uncontrolled tumor development and ICB resistance in multiple cancers [9-11].

Successful antigen presentation by the DCs involves efficient migration of DCs from
the tumor tissue to the regional lymph nodes. DC migration heavily depends on CCR?7, a
G-protein coupled receptor for two chemokines: CCL19 and CCL21 [12-14]. CCL21 has
an extended positively charged C terminus that limits its interstitial diffusion, causing a
stable gradient of CCL21 that directs the CCR7 expressing DCs from the tissue interstitium
into lymphatic vessels [12,15]. On the other hand, both CCL19 and CCL21 are ligands
for the atypical chemokine receptor 4 (ACKR4), a scavenging and decoy receptor that
internalizes and mediates lysosomal degradation of CCL19/21 [15]. It is established
that ACKR4 controls the bioavailability of CCL19/21, creating a CCL19/21 chemokine
gradient that facilitates the directional migration of DCs from the non-lymphatic tissue
to the draining lymph node [12-16]. However, the effects of ACKR4 in CRC progression
and immunoregulation are largely unknown. Here, we examined the function of ACKR4
in CRC progression and anti-tumor immunity, emphasizing its role in the DC-mediated
antigen presentation process and subsequent T-cell activation. Our study provides deeper
insights into the immunoregulation in CRC and potentially leads to novel approaches for
maximizing CRC response to ICB.

2. Material and Methods
2.1. Cell Lines and Organoids

Murine CRC cell lines MC38 and CT26 were used in the study. The source and detailed
methods of cell culture are described in our previous publication [17].

2.2. Immunofluorescence and Histology

Human CRC tissues were fixed in 10% formalin before paraffin embedding. Sections
of formalin-fixed paraffin-embedded (FFPE) tissues were deparaffinized with xylene and
rehydrated with ethanol (twice in 100%, 90%, 80%, and 70%). The sections were heated in a
boiling water bath with citric buffer for 12 min to retrieve antigens. Next, the sections were
blocked by incubating for 30 min in 5% bovine serum albumin buffer. Tissues were incu-
bated overnight at 4 °C with primary antibodies: anti-ACKR4 antibody (Novus, Centennial,
CO, USA), anti-CD3 (Abcam, Cambridge, United Kingdom), and anti-CD11c (Abcam). The
next day, the sections were washed and incubated with fluorescence-conjugated secondary
antibodies (1:1000 dilution, ThermoFisher, Waltham, MA, USA) at room temperature for
1 h. After washing, the slides were mounted with ProLong Gold antifade mountant with
DAPI and imaged. The researchers were blind to the ACKR4 expression level when evalu-
ating the tumor immune infiltration. The information of primary antibodies is included in
Table S1.
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2.3. Western Blotting of ACKR4

Total protein of 40 ug was prepared from each sample and quantified by the Pierce™
BCA Protein Assay Kit (ThermoFisher). We ran the protein in sodium dodecyl sulfate—-
polyacrylamide (SDS) gel electrophoresis. The proteins from the gel were transferred
to polyvinylidene difluoride membranes (ThermoFisher), blocked with 5% BSA, and
incubated in primary antibodies overnight at 4 °C. The primary antibodies were anti-
ACKR4 (Abcam) and anti-f3-actin (Cell Signaling Technology, Danvers, MA, USA). The
next day, the membranes were washed and incubated in peroxidase-linked anti-rabbit IgG
and peroxidase-linked anti-mouse IgG for 1 h at room temperature. Pierce™ ECL Western
blotting substrate (ThermoFisher) was used to image the membranes.

2.4. Cell Line Transfection and Transduction

We used the ACKR4 shRNA expressing lentiviral vectors to knock down ACKR4
expression in the MC38 cell line. Briefly, 5 ug of DNA (2.5 ug of mixed shRNA expressing
plasmids and 2.5 pg of pPACKH1-XL packaging vector) was mixed with 10 uL P3000™
reagent in 250 uL Opti-MEM medium. The pGIPZ vector was used as the backbone of
ACKR4 shRNA expression. Then the diluted DNA was added to 250 puL Lipofectamine™
3000 Transfection Reagent and incubated for 15 min at room temperature. The mixture was
added to 5 x 10° HEK293TN cells in one well of a 6-well plate. Another 500 uL. Opti-MEM
medium was added to make the final volume of 1000 pL. Then 24 h after the transfection,
we changed the Opti-MEM medium to normal cell growth media and cultured the cells
for another 24 h. Then the virus-containing media were collected and added to wild-type
MC38 at different titrations. Empty shRNA vectors served as the negative control. Three
days after the transduction, the transduced MC38 cells were subjected to antibiotic selection.
After one week of antibiotic selection, we performed a Western blotting analysis of ACKR4
to validate the knockdown.

2.5. Dendritic Cell Isolation

A Dynabeads Untouched Mouse DC Enrichment Kit (ThermoFisher) was used, and
the manufacturer’s instructions were followed. Briefly, murine PBMCs were isolated from
spleen, bilateral inguinal, brachial, and axillary lymph nodes by gradient centrifugation.
The cells were incubated in antibody mix for 20 mins at 2 °C to 8 °C, washed, and then
incubated with Depletion MyOne SA Dynabeads magnetic beads for 15 mins at 2 °C to 8 °C.
The tube was placed on a magnet, and the untouched DCs in the supernatant were cultured
in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 2000 IU/mL IL4,
2000 IU/mL granulocyte-macrophage colony-stimulating factor, and 2000 IU/mL tumor
necrosis factor. All cytokines were purchased from R&D Systems (Minneapolis, MN, USA,
Cat #: CDKO008).

2.6. In Vivo DC Migration Assay

We resuspended 3 x 10° freshly enriched CD45.1* DCs in 50 uL PBS. We then injected
them into multiple sites of MC38 subcutaneous tumors growing in C57BL/6 mouse with
different ACKR4 expression (~500 mm?, 3 x 10°/tumor) by a syringe with a 30 G needle.
Thirty-six hours after the injection, we sampled the tumor-draining lymph nodes (the
unilateral inguinal and axillary lymph nodes). Then we isolated single cells from the
tumor-draining lymph nodes (TdLNs) for detecting CD45.1* DCs by FACS analysis.

2.7. Flow Cytometry

Mouse tumor tissues were minced into small pieces (2 x 2 x 2 mm?) and digested
with collagenase IV (0.5 mg/mL) and deoxyribonuclease (50 units/mL) for 1 h at 37 °C.
The digested tumor tissues and lymphatic tissues (TdLNs and spleens) were meshed and
flushed through 70 uM and 40 uM strainers, respectively. Red blood cells were lysed
by incubating the cells with red blood cell lysis buffer for 15 min and neutralizing with
PBS. The cells were counted using a hemacytometer. Zombie Green fixable viability dye
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(BioLegend, San Diego, CA, USA) was used to count live and dead cells. All the cells were
stained with primary antibody cocktails for cell surface markers. For cytoplasmic staining,
cells were treated with the Cyto-Fast Fix-Perm Buffer set (BioLegend). All samples were
fixed after staining. The samples were immediately analyzed in a BD FACSCanto (BD
Biosciences, Franklin Lakes, NJ, USA) cytometry to prevent signal deterioration. All the
data were analyzed with the Flow]Jo (Version 10.7.2, BD Biosciences, Franklin Lakes, NJ,
USA). The information of primary antibodies is included in Table S1.

2.8. In Vivo T-Cell Priming Assay

We cultured 3 x 10° freshly enriched DCs in 2 mL Dendritic Cell Base Media (R&D
Systems) plus 10% FBS. A total of 40 ug of ovalbumin (OVA) peptides (257264, AnaSpec)
was supplied to the DC culture for a final concentration of 20 pug/mL. We also pulsed the
DCs with lipopolysaccharide (LPS) (1 pg/mL) as a positive control of the DC maturation
test. After 18 h of DC pulsing, we collected the DCs and injected them into multiple sites of
M(C38 subcutaneous tumors growing in C57BL/6 mouse with different ACKR4 expression
(~300 mm?, 3 x 10° million/tumor) by a syringe with a 30 G needle. Two weeks later, we
collected the TdLNs for OVA-specific T-cell analysis.

Single cells were isolated from the TALNs by mechanical tissue dissociation. Then,
3 x 10° single cells were resuspended in 100 uL PBS with 0.1 uL. Zombie Green Fixable
Viability dye and incubated at room temperature for 15 min. After washing, the cells were
blocked with TruStain FeX™ PLUS (0.25 pg, Biolegend) and stained with Tetramer/BV421-
H-2 Kb OVA (5 uL, MBL International, Woburn, MA, USA) for 40 min at room temperature.
According to the manufacture’s instruction and our preliminary experiment optimization,
we used an anti-CD8 (clone KT15) antibody (MBL International) to minimize the false-
positive rate of the tetramer staining. Lymphatic cells from naive mice were used as a
negative control.

2.9. Mouse Subcutaneous Models

The subcutaneous model was established by resuspending 5 x 10° MC38 cells in

100 pL Matrigel (BD Biosciences) and injecting the tumor cell suspension into the right

flank of naive C57BL/6 mice. Following injection, using an electronic caliper, tumor

growth was monitored and measured 1-2 times a week. Tumor volume was calculated
using the formula

(length*width?)/2. 1)

2.10. Mouse Treatment

Mice were treated with either IgG (5 mg/kg as an anti-4-1BB control, 10 mg/kg as an
anti-PD-1 control, BioXcell, Lebanon, NH, USA), anti-4-1BB agonist (5 mg/kg, clone: 3H3,
BioXcell), or anti-PD-1 (10 mg/kg, clone: RMP1-14, BioXcell) on day 10, 14, and 18. All
treatments were given intraperitoneally (i.p.).

2.11. Quantitative PCR (gPCR) Analysis

The mirVana microRNA (miRNA) Isolation Kit (ThermoFisher Scientific) was used
to extract total RNA from tumor cell lines and tissues. A total of 500 ng of total RNA was
used for establishing the cDNA library with the miScript II RT Kit (Qiagen, Hilden, Ger-
many). qRT-PCR was performed with the SYBR Green I Master kit (Roche Applied Science,
Penzberg, Germany) in a LightCycler 480. The following forward primers were used: miR-
552: GTTTAACCTTTTGCCTGTTGG and U6 snRNA: AAGGATGACACGCAAATTCG.
The RT kit provides the universal reverse primer.

2.12. Enzyme-Linked Immunosorbent Assay (ELISA) for CCL21

CCL21 was quantified in tumor tissues and tumor-draining lymph nodes using an
ELISA kit (Abcam). Briefly, tissue lysate samples were prepared by homogenizing tu-
mor tissues and tumor-draining lymph nodes. We normalized the protein concentration
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between different samples before loading them to the experiment. The manufacturer’s
instructions were followed every step.

2.13. Statistical Analysis

We performed all statistical analyses and graphing using GraphPad Prism software
(Version 8, San Diego, CA, USA). Data were displayed as means = SEMs. For comparison
of two groups’ quantitative data, paired or unpaired Student’s {-tests were used. For
multiple group comparison, one-way analysis of variance (ANOVA) was used followed
by Bonferroni correction. Kaplan—Meier curves and log-rank tests were used to compare
survival outcomes between groups. We used the chi-square test to compare two variables
in a contingency table to see if they were related. A two-tail p-value of less than 0.05 was
considered statistically significant.

3. Results
3.1. ACKR4 Is Downregulated in CRC Compared with Normal Colon

To investigate the immunoregulatory role of ACKR4 in CRC, we first evaluated the
ACKR4 expression in CRC and normal colon tissues. Analysis of the CRC dataset in
the The Cancer Genome Atlas (TCGA) and another independent dataset reported by
Vasaikar et al. [18] showed that ACKR4 expression was lower in CRC than in normal
colon tissues (Figure 1A,B). Further stratification of the CRC cases based on the MSI/MSS
statuses indicated that ACKR4 expression was lower in MSS/MSI-L tumors than the MSI-H
tumors (Figure 1A,B). The immunofluorescence staining on sections of 68 human CRC and
17 normal colon tissues revealed that 88% of normal colon tissues and 78% of MSI-CRC
tissues have abundant ACKR4 expression. In contrast, only 45% of MSS-CRC tissues have a
similar ACKR4 level. These data confirmed the downregulation of ACKR4 in CRC tissues,
especially in the MSS subtype (Figure 1C). Next, we evaluated the prognostic significance
of ACKR4 in the TCGA cohort (Figure 1D). Although not statistically significant, patients
with higher ACKR4 expression are more likely to have a longer median survival time than
patients with lower ACKR4 expression (Figure 1D). To control the influence of MSS/MSI
status on the survival benefit, we removed the MSI-H cases and performed a subgroup
analysis with the MSS and MSI-L samples. Again, the ACKR4 high cases are more likely to
have a better prognosis (Figure 1D). Finally, we determined the ACKR4 level in the mouse
CRC cell lines, which are widely used in immunological studies. Notably, the mouse CRC
cell line MC38 (MSI phenotype) had significantly higher ACKR4 expression than the CT26
cell line (MSS phenotype) (Figure 1E).

3.2. Knockdown of ACKR4 in Tumor Cells but Not the Host Tissues Accelerate Tumor Growth

Next, we sought to determine the impact of ACKR4 downregulation in CRC devel-
opment. Using the vector-based short hairpin RNA (shRNA) interference technology, we
knocked down ACKR4 expression in the MC38 cell line, which has relatively high en-
dogenous ACKR4 expression ((Figure 1E and (Figure 2A). Knockdown of ACKR4 did not
significantly influence the MC38 cell proliferation in vitro (Figure 2A). We then injected the
MC38 cells subcutaneously into naive C57BL/6 mice. Notably, the knockdown of ACKR4
in the tumor cells accelerated tumor growth in vivo (Figure 2B). To see whether the ACKR4
level in the host tissue also affects tumor development, we established a conditional ACKR4
knockdown mouse model (Figure 2C). We knocked down ACKR4 expression in the host
mice by doxycycline treatment before MC38 tumor cell injection. However, the knockdown
of ACKR4 in host tissue did not significantly alter the tumor development (Figure 2D). Our
results indicated that ACKR4 of tumor cells is more competent in regulating tumor growth
than the host ACKR4.
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Figure 1. ACKR4 expression in human CRC tissue sample and cell lines. (A) ACKR4 mRNA expression in the TCGA CRC
dataset. The normal colon tissues had a higher ACKR4 expression level than the CRC tissues. The MSI-H subtype tumors
had an elevated ACKR4 expression level compared to the MSI-L and MSS subtype tumors. (B) The ACKR4 transcript levels
in another independent Vasaikar et al. [18] dataset. (C) Immunofluorescence staining of ACKR4 in human normal colon
tissues (n = 17) and CRC tumor tissues (1 = 23 for MSI tumors and 7 = 45 for MSS tumors). The representative micrographs
showed the low and high ACKR4 expression cases (The white dot line indicates the border of epithelium and stroma.
The star indicates tumor stroma. The triangle indicates epithelium). (D) The overall survival curve of CRC patients with
high or low ACKR4 expression (for the TCGA dataset, the median value of ACKR4 expression was used as the cut-off
point). The comparisons were made in all CRC cases (left panel) or MSS and MSI-L cases (right panel; undefined means
more than 50% of patients survive at the follow-up). (E) Western blotting analysis of ACKR4 expression in mouse CRC
cell lines (1 = 3). The ACKR4 expression level was normalized to the 3-actin levels. (For more than two group statistical
analyses, the uppermost p-value indicates the ANOVA-analysis, and other p-values indicate the posthoc analysis between
two specific groups. TCGA: The Cancer Genome Atlas, MSS: Microsatellite stability, MSI-L: Microsatellite instability-low,
MSI-H: Microsatellite instability-high, ACKR4: Atypical Chemokine Receptor 4, CRC: Colrectal cancer, ANOVA: Analysis
of variance). Detailed information about the Western blotting can be found in Figure S3.
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Figure 2. ACKR4 expression and tumor development. (A) Western blot analysis of ACKR4 knockdown in MC38 cell
line (The grey area defines the data distribution. The dot lines in the violin plots indicate quartiles). (B) Knockdown of
ACKR4 accelerated MC38 tumor growth in naive C57BL/6] mice (n = 5 for tumor growth analysis and n = 10 for survival
analysis). (C) The induction and confirmation of ACKR4 knockdown in transgenic mice. Doxycycline treatment for 3 weeks
significantly reduced ACKR4 expression in the mouse skin and subcutaneous connective tissue. (D) Knockdown of ACKR4
in the host mice did not significantly affect MC38 tumor growth (1 = 5). (For more than two group statistical analyses, the
uppermost p-value indicates the ANOVA-analysis, and other p-values indicate the posthoc analysis between two specific
groups. WT: Wild type, Ctrl: Control, shRNA: Short hairpin RNA, Dox: Doxycycline, Collal: Collagen, type I, alpha 1, GFP:
Green fluorescent protein, HygroR: Hygromycin resistance, PGK: Phosphoglycerate kinase, TRE: Tetracycline response
element, ns: No significance, ANOVA: Analysis of variance). Detailed information about the Western blotting can be found
in Figures S4 and S5.

3.3. Loss of ACKR4 Reduces Tumor T-Cell Infiltration

To study whether the tumor growth caused by ACKR4 knockdown was associated
with anti-tumor immunity, we analyzed the tumor immune infiltration in the TCGA CRC
dataset by the CIBERSORT algorithm (Figures 3A,B and S1). Tumors with higher ACKR4
expression had elevated immune cell infiltration, including the total T-cells, CD8* T-cells,
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CD4* T-cells, regulatory T-cells (Treg), and total DCs, compared to tumors with lower
ACKR4 expression (Figures 3B and S1A-C). Higher ACKR4 expression was also associated
with more total NK cells, B-cells, and polarized macrophages in the tumor microenviron-
ment (Figure S1D-H). Histological analysis on human CRC tissues confirmed that ACKR4
high-expressing tumors are associated with a higher number of tumor-infiltrating T-cells
(Figure 3C). However, there was no difference in DC infiltration between the ACKR4-high
and -low groups (Figure 3C). Next, we investigated the immune infiltration in ACKR4
knockdown tumor models (Figure S2A,B). Our results show that ACKR4 knockdown
tumors have fewer CD4* T-cells but a higher proportion of exhausted CD4" T-cells in
their tumor microenvironment than the control group (Figure 3D). However, the frequen-
cies of tumor-infiltrating CD8* T-cells and DCs are not influenced by ACKR4 expres-
sion (Figures 3D and 52C). The ACKR4 level in tumor cells also does not systemically
change the frequency and function of immune cells in the tumor-draining lymph nodes
(Figure S2D).

3.4. Loss of ACKR4 Impairs DC Migration to Tumor-Draining Lymph Nodes and Tumor-Specific
T-Cell Expansion

Since ACKR4 regulates the CCL21 chemokine gradient [12], we hypothesized that loss
of ACKR4 in tumor tissue would increase the CCL21 levels in the tumor microenvironment.
An increase of CCL21 in the tumor tissue will potentially impede DC migration, mediated
by the CCL21 chemokine gradient between the tumor tissue and the tumor-draining lymph
nodes (TdLNSs). To validate this hypothesis, we injected the CD45.1* DCs into tumors with
wild-type or knocked-down ACKR4 expression. We then analyzed the amount of CD45.1*
DCs in the TdLNs. Notably, DCs in the wild-type and control tumors are more likely to
migrate to the TALNs than the DCs in the ACKR4 knockdown tumors (Figure 4A). To
observe whether the reduction of DC migration would cause the impaired tumor-specific
T-cell priming in the TdLNs, we tested for the antigen-specific T-cells in the TdLNs. We
first pulsed the DCs with the ovalbumin (OVA) antigen and then injected them into the
tumors. We confirmed the DCs we used expressing DC maturation markers, CD80 and
CD86 (Figure 4B). We analyzed the OVA-specific CD8* T-cells in the TdLNs and found
that AKCR4 knockdown in the tumor significantly reduced the DC mediated antigen-
specific T-cell priming in the TALNs (Figure 4B). We also confirmed the finding with the
endogenous tumor antigen (Figure 4C). Finally, we determined that the CCL21 level in
the ACKR4 knockdown tumor tissues was significantly higher than in the wild-type and
control groups (Figure 4D).

3.5. Loss of ACKR4 Weakens Tumor Response to Immune Checkpoint Blockade

Because ACKR4 knockdown reduces the tumor infiltrating T-cells and DC mediated
tumor-specific T-cell expansion in the TdLNs (Figures 3 and 4), we next evaluated whether
ACKR4 knockdown affects the tumor response to immune checkpoint blockade. We
treated the wild-type, control, and ACKR4 knockdown tumors with anti-PD-1 or anti-
4-1BB antibodies. The ACKR4 knockdown tumors were less sensitive to anti-PD-1 or
anti-4-1BB treatments than wild-type and control tumors (Figure 5). This result suggested
that loss of ACKR4 could be implicated in the immune checkpoint blockade resistance
in CRC.

3.6. MicroRNA miR-552 Downregulates ACKR4 in CRC

Our previous microRNA (miRNA) expression profiling analysis had shown that miR-552
is highly expressed in MSS-CRC, which does not respond to immune checkpoint block-
ade [19]. Further sequence match analysis showed that miR-552 potentially binds to human
ACKR4 transcript and subsequently downregulates ACKR4 expression (Figure 6A). Our dual
luciferase assay and flow cytometry analysis confirmed the effects of miR-552 on ACKR4
downregulation in human CRC cell lines (Figure 6A,B). Analysis of the TCGA-CRC dataset
further confirmed the negative correlation between miR-552 and ACKR4 (Figure 6C).
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Figure 3. ACKR4 expression and tumor immune cell infiltration. (A,B) The immune profiles of CRC cases in the TCGA
dataset generated by the CIBERSORT. Elevated ACKR4 expression is associated with higher total immune cells, T-cells,
and DC infiltration (The dot lines in the violin plots indicate quartiles). (C) Immunofluorescence analysis of CD3 and
CD11c on human CRC tissues. High ACKR4 expression was associated with high T-cell (CD3") but not dendritic cell
(CD11c") infiltration (n = 68, the triangles indicate positive staining, the dot lines in the violin plots indicate quartiles).
(D) FACS analysis on tumor-infiltrating T-cells on MC38 tumor models. ACKR4 knockdown MC38 tumors had fewer CD4*
T-cells in their tumor microenvironment. The percentage of exhausted CD4" T-cells was higher in the ACKR4 knockdown
tumors than in the controls (1 = 5-6). (For more than two group statistical analyses, the uppermost p-value indicates the
ANOVA-analysis, and other p-values indicate the posthoc analysis between two specific groups. DCs: Dendritic cells,
CDS8: Cluster of differentiation 8, CD4: Cluster of differentiation 4, CD3: Cluster of differentiation 3, CD11c: Cluster of
differentiation 11c, WT: Wild type, Ctrl: Control, shRNA: Short hairpin RNA, TCGA: The Cancer Genome Atlas, CRC:
Colrectal cancer, Treg: Regulatory T-cell, TIM3: T-cell immunoglobulin domain and mucin domain 3, PD1: Programmed cell
death protein 1, MSS: Microsatellite stability, DAPL: 4’ ,6-diamidino-2-phenylindole, ANOVA: Analysis of variance, ns: No
significance).
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Figure 4. ACKR4 expression and DC migration and T-cell priming. (A) Enriched CD45.1" DCs were injected into the MC38
tumor and analyzed in TdLNs 1 day post-injection. ACKR4 knockdown in MC38 tumor cells impaired DC migration from
the tumor to the TALNSs (# = 4). (B) DCs loaded with OVA antigens were injected into the MC38 tumor microenvironment,
and the OVA-specific CD8* T-cells were analyzed in the TdLNs. ACKR4 knockdown in MC38 tumor cells impaired DC
mediated T-cell priming (n = 4-5). The histogram shows CD80 and CD86 expression on DCs used in the study. (C) P15E
(a tumor-associated antigen in MC38 cells)-specific CD8" T-cell counts in TdLNs of MC38 tumors with various ACKR4
expression levels (n = 4-5). (D) CCL21 quantification in MC38 tumors with different ACKR4 expression levels (n = 3—4).
(For more than two group statistical analyses, the uppermost p-value indicates the ANOVA-analysis, and other p-values
indicate the posthoc analysis between two specific groups. DCs: Dendritic cells, OVA: Ovalbumin, CD8: Cluster of
differentiation 8, CD3: Cluster of differentiation 3, CD80: Cluster of differentiation 80, CD86: Cluster of differentiation 86,
CCL21: Chemokine (C-C motif) ligand 21, FACS: Fluorescence-activated cell sorting, TdALNs: Tumor-draining lymph nodes,
P15E: Murine leukemia virus envelope protein P15E, FSC-W: Forward light scatter width, CD45.1: Cluster of differentiation
45.1, CD45: Cluster of differentiation 45, WT: Wild type, Ctrl: Control, shRNA: Short hairpin RNA, IL4: Interleukin 4,
GM-CSF: Granulocyte-macrophage colony-stimulating factor, TNF: Tumor necrosis factor, LPS: Lipopolysaccharides, Spe:
Specific, ANOVA: Analysis of variance).
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Figure 5. Inmunotherapy response on MC38 tumors with different ACKR4 expression levels. (A) The mice were treated
by anti-PD-1 on days 10, 14, and 18. The waterfall plot shows the individual tumor volume change post-treatment. The
response of the ACKR4 knockdown group to anti-PD-1 treatment was worse than that of the other groups. (B) The
anti-4-1BB agonist treatment showed similar results to the anti-PD-1 treatment. (WT: Wild type, Ctrl: Control, shRNA: Short
hairpin RNA, PD-1: Programmed cell death protein 1, 4-1BB: CD137/ Tumor necrosis factor receptor superfamily 9, IgG:
Immunoglobulin G, ANOVA: Analysis of variance).
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Figure 6. miR-552 downregulates ACKR4 expression in CRC tumors. (A) The sequence match between the miR-552 and the
ACKR4 3'-untranslated region (UTR). Dual-luciferase assay confirmed that miR-552 binds to the 3'-UTR of ACKR4 (n = 4).
(B) miR-552 inhibitors enhanced ACKR4 expression in HCT116 cells (1 = 3, the red vertical dot line indicates the isotype
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4. Discussion

Investigating the regulatory mechanism of tumor immunity is essential to alleviate
drug resistance and improve the effect of immunotherapy [20,21]. As the key cell type in
the process of antigen presentation, DCs and their function are closely associated with the
intensity of tumor immunity [9-11]. The CCR7 expressed on DCs and the CCL19/21 gradi-
ent in the interstitial compartment largely regulates DC migration [12,13]. ACKR4 shapes
the CCL19/21 gradient between the non-lymphatic and lymphatic tissues by scavenging
both the soluble and immobilized CCL19/CCL21 [12,13]. In breast cancer, nasopharyn-
geal cancer, liver cancer, and cervical cancer, ACKR4 negatively regulates tumor growth
and metastasis, implying a protective role in tumorigenesis [22-25]. However, the role
of ACKR4 in tumor immunogenicity and overall anti-tumor immunity of CRC has not
been determined.

Our study first evaluated the expression of ACKR4 in human normal colon and CRC
tissues and revealed that ACKR4 was downregulated in CRC. This result corroborates a
recent study showing that villous colon adenomas have less ACKR4 expression than the
normal colon tissues [26]. Further analysis indicated that the MSI-H CRC had relatively
higher expression of ACKR4 than the MSI-L/MSS CRC samples. These data showed the
correlation between ACKR4 expression and CRC progression, providing the cornerstone
for further studying the implications of ACKR4 in CRC pathobiology.

A key question is whether AKCR4 of tumor cells or ACKR4 of tumor-associated
stromal cells affects tumor growth. Taking advantage of the inducible ACKR4 knockdown
mice model, we were able to allow the mice to mature with intact ACKR4 expression
and selectively downregulate the ACKR4 expression in the host right before and during
wild-type MC38 tumor development. In another model, we knocked down ACKR4 in
MC38 cells, which have a relatively high endogenous ACKR4 expression, and injected
those cells into wild-type mice. Notably, ACKR4 knockdown in MC38 cells significantly
accelerated tumor growth. However, ACKR4 expression in the stromal cells did not
affect tumor growth. These results highlighted the distinct functions of ACKR4 in tumor
cell and stromal cell compartments. Our data are distinctive from the previous study
showing that ACKR4 knockout mice delayed E0771 mammary tumor growth [27]. These
differences may be attributed to the different tumor cell lines tested. Although there are still
controversies, permanent germline ACKR4 knockout may cause abnormalities in immune
organ development [28-30]. This might be another reason why our results from inducible
ACKR4 knockdown mice are different from embryonic ACKR4 knockout mice.

DCs have been identified as the most potent antigen-presenting cells in tumor antigen
presentation and T-cell priming [6,9-11]. ACKR4, a decoy receptor that binds and degrades
CCR?7 ligands CCL19/CCL21, regulates DC migration from skin to the regional lymph
nodes [12,13]. However, whether similar effects exist in tumor conditions remains unknown.
Our work demonstrated that in the case of ACKR4 knockdown, tumor-infiltrating DCs
are less likely to migrate towards TdLNs, causing a weak tumor-specific T-cell expansion
in TALNs. Consequently, the intensity of anti-tumor immunity and response to ICB was
significantly restricted by ACKR4 downregulation. These data support our previous work
showing that the immune response that occurs in TdLNSs is extremely critical for initiating
anti-tumor immunity [31]. In addition, our study also indicates that miR-552 negatively
regulates ACKR4, and blocking the function of miR-552 increases ACKR4 expression in
human CRC cell lines. Those results provided a potential target to rescue the ACKR4
expression in tumors.

Although our work has efficiently demonstrated the ACKR4 function in anti-tumor
immunity, a few limitations remain. First, we did not investigate whether the ACKR4
function is dependent on the CCR7. However, it is the next step to determine if the ACKR4-
mediated immunoregulation relies entirely on the CCR7 signaling or other pathways.
Moreover, our work is restricted to the MC38 cell line in wild-type and ACKR4 knock-
down mice. Due to technical difficulties, we could not overexpress ACKR4 in another
widely used CRC cell line, CT26, which has a low ACKR4 expression. Further work with
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additional preclinical models are needed to confirm the conserved mechanism of ACKR4
mediated immunoregulation.

5. Conclusions

In conclusion, our work indicated that loss of ACKR4 in CRC is associated with
poor anti-tumor immune infiltration. Mechanistically, the knockdown of ACKR4 in tumor
cells restricts DC migration from tumor tissue to the tumor draining lymph nodes, thus
impairing the tumor-specific T-cell priming and response to ICB. These data, collectively,
describe a novel immunosuppressive mechanism and increase our understanding of how
intrinsic tumor factors affect DC-mediated immune response in CRC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13195021/s1, Figure S1: ACKR4 expression and tumor immune infiltration in TCGA
CRC dataset, Figure S2: ACKR4 expression and tumor immune infiltration, Figure 53: Full Western
blot images for Figure 1E, Figure S4: Full Western blot images for Figure 2A, Figure S5: Full Western
blot images for Figure 2C, Table S1: Key resources.
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Simple Summary: Colorectal cancer (CRC) remains the third most common cancer. Associations
between intratumoral T cells, also known as tumor infiltrating lymphocytes (TILs), and the CRC
patients’ responses to treatment have been described. Traditionally, TILs and antigen presenting cells
(APCs) are studied separately on preserved CRC biopsies, disregarding the adjacent colonic tissue
that would also be exposed to the administrated chemotherapy or radiotherapy. Thus, combined
data sets on the subset composite and functional capacity of APCs and T cells within the same tumor,
as well as colonic tissue, remain infrequent. Our phenotypic and functional comparison of T cell
and APC subsets in tumor vs. colon from patients with CRC may give further insights into their
propensity to maintain CRC treatment-induced immune responses locally in tumor and off-target
colonic tissue.

Abstract: Although mouse models of CRC treatments have demonstrated robust immune activa-
tion, it remains unclear to what extent CRC patients” APCs and TILs interact to fuel or quench
treatment-induced immune responses. Our ex vivo characterization of tumor and adjacent colon
cell suspensions suggest that contrasting environments in these tissues promoted inversed expres-
sion of T cell co-stimulatory CD80, and co-inhibitory programmed death (PD)-ligand1 (PD-L1) on
intratumoral vs. colonic APCs. While putative tumor-specific CD103+CD39+CD8+ TILs expressed
lower CD69 (early activation marker) and higher PD-1 (extended activation/exhaustion marker)
than colonic counterparts, the latter had instead higher CD69 and lower PD-1 levels. Functional
comparisons showed that intratumoral APCs were inferior to colonic APCs regarding protein up-
take and upregulation of CD80 and PD-L1 after protein degradation. Our attempt to model CRC
treatment-induced T cell activation in vitro showed less interferon (IFN)-y production by TILs than
colonic T cells. In this model, we also measured APCs” CD80 and PD-L1 expression in response to
activated co-residing T cells. These markers were comparable in the two tissues, despite higher IFN-
v exposure for colonic APCs. Thus, APCs within distinct intratumoral and colonic milieus showed
different activation and functional status, but were similarly responsive to signals from induced T
cell activation.

Keywords: colorectal cancer; tumor microenvironment; antigen presenting cells; T cells

1. Introduction

Cancer-related mortality remains high in patients with CRC [1,2]. It is widely accepted
that TILs have prognostic value in CRC [3-5], and this has prompted the phenotypic
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definition of tumor-specific TILs. Previous studies have proposed the co-expression of
CD103 and CD39 as markers for tumor-specificity on CD8+ TILs [6,7]. These memory T cells
infiltrating the tumor likely interact with intratumoral APCs comprised of macrophages
(MPs) and dendritic cells (DCs). The MPs are commonly divided into M1 (anti-tumor)
and M2 (pro-tumor) subsets, although such distinction seems oversimplified due to the
heterogeneity and plasticity of MPs [8,9]. Pro- or anti-tumor dichotomy has also been
applied to DCs, since conventional DC 1(CDC1) may cross-present tumor antigens to CD8
T cells with tumor-killing potential, and CDC2 stimulate CD4 T cells that could promote
or impede anti-tumor responses [10,11]. During APC-T cell interaction, MPs and DCs
have the capacity to express cytokines or cell membrane-associated ligands that activate or
inhibit effector functions of the interacting T cell. However, the role of DCs and MPs in
CRC prognosis remains inconclusive [12-15].

Emerging reports associate TILs with clinical response to CRC treatments since
treatment-induced immune activation indicated by the increase in TIL numbers was cou-
pled with improved survival [16-19]. To date, immune checkpoint inhibition (ICI) with
antibodies targeting PD-1 is approved for a subset of CRC patients. Although anti-PD-1 an-
tibodies directly target T cells, models of ICI have demonstrated the prerequisite of specific
DCs for tumor rejection [11,20,21]. Interestingly, the absence of co-stimulation is required
for complete PD-1-mediated T cell inhibition [22]. Thus, to block inhibition conveyed by
PD-1, mice treated with anti-PD-1 antibodies required specific T cell co-stimulation for effi-
cient tumor elimination [23]. Since activated APCs highly express co-stimulatory molecules,
they likely facilitate the unleashing of T cells in PD-1-targeting ICI. Further, mechanistic
mouse models have also shown that radiotherapy indirectly augments T cell immunity,
as initial APC activation by danger-associated molecules released from irradiated tumors
were essential for tumor rejection [24,25]. Chemotherapy h