1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Cancer Biol. 2022 November ; 86(Pt 2): 14-27. doi:10.1016/j.semcancer.2022.08.009.

Immune checkpoint blockade in pancreatic cancer: Trudging
through the immune desert

Xiaogi Li®1, Mansi Gulati®1, Alaina C. Larson?, Joyce C. Solheim2P, Maneesh Jain2P”,
Sushil Kumar2P*, Surinder K. Batra® "

aDepartment of Biochemistry and Molecular Biology, University of Nebraska Medical Center,
Omaha, NE, USA

bFred and Pamela Buffett Cancer Center, Eppley Institute for Research in Cancer and Allied
Diseases, University of Nebraska Medical Center, Omaha, NE, USA

Abstract

Pancreatic cancer (PC) has exceptionally high mortality due to ineffective treatment strategies.
Immunotherapy, which mobilizes the immune system to fight against cancer, has been proven
successful in multiple cancers; however, its application in PC has met with limited success. In this
review, we articulated that the pancreatic tumor microenvironment is immuno-suppressive with
extensive infiltration by M2-macrophages and myeloid-derived suppressive cells but low numbers
of cytotoxic T-cells. In addition, low mutational load and poor antigen processing, presentation,
and recognition contribute to the limited response to immunotherapy in PC. Immune checkpoints,
the critical targets for immunotherapy, have high expression in PC and stromal cells, regulated

by tumor microenvironmental milieu (cytokine and metabolites) and cell-intrinsic mechanisms
(epigenetic regulation, oncogenic signaling, and post-translational modifications). Combining
immunotherapy with modulators of the tumor microenvironment may facilitate the development of
novel therapeutic regimens to manage PC.
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1. Introduction

Cancer immunotherapy aims to stimulate the patient’s immune system to fight cancer. The
past decade has observed significant advancements in immunotherapy by unleashing the
immune system’s potential to combat tumors [1]. Immunotherapy has emerged as a critical
strategy to treat cancer in combination with available therapeutic regimens. Despite its
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success in various cancers, like melanoma, lung cancer, and renal cancer, immunotherapy
has been unsuccessful in pancreatic cancer (PC), whihc is projected to account for 49,830
deaths in the United States in 2022 [2]. This lethality can be attributed to late diagnosis due
to its asymptomatic nature and the lack of effective therapeutic options.

In the early 1900s, Paul Ehrlich proposed an immunosurveillance theory, which was

further refined by Thomas and Burnet [3]. This theory states that the immune system
continuously surveys the somatic cells for oncogene-associted molecular alterations and,
upon encountering transformed cells, eradicates them [3]. However, some transformed cells
escape the surveillance and develop pathological lesions. In 2002, Schreiber introduced

the concept of cancer immunoediting: the triple E, including E/imination, Equilibrium,

and Escape [4,5]. This concept explains the dual role of the innate and adaptive immune
systems in the molding of the tumor cells, which helps them to establish a clinical disease.
The immune system identifies and removes the precancerous cells carrying potentially
harmful mutations in the first elimination phase. If the cell survives the host immune
surveillance, the precancerous cells enter an equilibrium phase in which the immune cells
secrete inflammatory cytokines, like interferon-y (IFN-y), to exert selective pressure on the
transformed cells but not enough to eliminate them [5]. During equilibrium, the cells further
mutate and become genetically unstable or undergo selection and survive the immune attack.
The resistant tumor cells that develope during equilibrium can escape the immune system
and proliferate in the host.

Earlier work to develop therapeutic regimens was generally performed in nude mice. The
xenograft tumor models were generated by orthotopically implanting PC cell lines such

as MIAPaCa-2 [6], AsPC-1 [7], and PC surgical specimens [6,8]. The xenograft models
demonstrated the involvement of natural killer (NK) cells in tumor rejection in the early
stages of tumor development [6]. Further, the patient-derived xenograft models helped in
studing the proliferation and metastasis of PC and develop personalized drug treatment

[8]. However, these tumor models are unsuitable for studying autochthonous tumors’ tumor
microenvironment (TME) due to incomplete immune response to tumor development [6].
The advancement in the syngeneic transplantation and genetically engineered mouse models
(GEMMs) of cancer led to extensive investigations into disease progression and evolution
[9]. GEMMs harboring the mutant Kras (G12D) and p53 mutations in the pancreas were
developed to mimic the human disease, as these mutations are most commonly present

in PC patients. In both KC (LSL-Kras®12D/*: pdx-1-Cre) and KPC (LSL-KrasG12D/*;
LSL-Trp53R172H/+: pdx-1-Cre) models, tumor initiates with the pancreatic intraepithelial
neoplasia (PanIN) lesions, which further progress to the invasive tumors, histologically
mimicking the human PC. The onset and kinetics of disease progression are more rapid

in KPC mice than in KC mice. These models have been extensively characterized for the
alterations in the immune system during PC progression [10]. Tumors in the KC model [11]
demonstrated a successive increase in the infiltration of CD45" leukocytes during cancer
progression, with nearly 50 % of the total cells from the tumor samples being CD45*

[12]. Further analysis of these leukocytes revealed that more than 15 % of the cells were
CD11b* macrophages present during all stages of PC progression. Another leukocyte subset
in the pancreatic TME was the immunosuppressive CD4* T-regulatory (Treg)-cells with
forkhead box P3 (FOXP3) expression, constituting more than 25 % of the total CD4* cells.
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These cells were accompanied by myeloid-derived suppressor cells (MDSCs) in the later
stages of the disease in the TME as well as in the spleen [12]. Interestingly, there were
negligible numbers of cytotoxic CD8* T-cells present during the early stages of cancer

and only slight evidence of their presence during the advanced stages [12]. Therefore, the
immunosurveillance and elimination phase of the triple E hypothesis may be restricted in PC
due to the presence of highly immunosuppressive cells at the earlier stages, which restrain
the cytotoxic immune cells from eliminating the neoplastic lesions [12].

Further, the KPC tumors escape immunosurveillance due to low immunogenicity and lack
of neoantigens. Whole-exome sequencing has demonstrated a low mutational burden in
PC, and most of the predicted missense mutations encompass epitopes with high affinity
for major histocompatibility complex (MHC) molecules [13]. This lack of neoepitopes

is not due to selection pressure but can be attributed to immune quiescence [13]. When
T-cell antigen OVA was transduced into PC cells, the OVA* KPC tumor cells were

able to evoke an immune response and were rejected post-implantation, as compared to
OVA~ KPC tumors [13]. Thus, OVA* tumors were able to reverse the immune quiescence
[13]. The patient samples also validated an increased presence of the T-reg population

and decreased CD8* T-cells in the TME [14]. Sixty-eight PC patients’ samples were
analyzed for immune infiltration, and more than one-third of the patients had high CD4*
T-cell infiltration[15]. The tumors were deficient in CD8" T-cells and were dominated

by myeloid cell populations, including M2-type macrophages [15]. An upregulation in
neutrophilic markers of differentiation, activation, and recruitment such as SRC kinase-
associated phosphoproteins 2 (SKAP2) and leucine-rich alpha-2-glycoprotein 1 (LRG1)
was also observed in tumor tissues. Survival of PC patients also correlated with immune
infiltration. A higher ratio of CD8* T-cells to CD4* T-cells associates with prolonged
survival and increased T-regs or M2 macrophages in patient samples correspond to poor
survival [16]. This review summarizes the immune microenvironment of PC, focusing on the
status of various immune checkpoint molecules expressed by immune cells and cancer cells,
highlighting the dynamic interplay of checkpoint molecules and cancer cells in shaping up
the TME (Figs. 1 and 2).

PC TME is an immunosuppressed-immune desert

The factors that determine the success of immune checkpoint therapy in cancer include
immunogenicity and antigenicity [17]. The term immunogenicity is typically used to refer to
the initiation of an immune response by an antigen. In contrast, antigenicity refers to antigen
recognition, such as the ability of tumor-associated antigens (TAA) and tumor-specific
antigens (TSA) to be presented by MHC molecules and recognized by effector T-cells
[17,18]. Another aspect is the activation of the B-cells and T-cells following the recognition
of tumor antigens by the B-cell receptor (BCR) and T-cell receptor (TCR). Internalized
antigens are processed by the antigen presenting cells (APCs), and the antigenic peptides are
presented through MHC 1l and MHC | molecules to CD4* and CD8* T-cells, respectively.
In addition to classical APCs (macrophages and dendritic cells), activated B-cells can also
present antigen by upregulating MHC and costimulatory molecules such as CD80/ CD86 for
T-cell activation [19].
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Somatic mutations can sometimes interfere with the cell’s normal function and help drive
cancer, but they can also be a source of neoantigens recognized by the T and B-cells [18].
Similarly, epigenetic modifications such as loss of methylation or hypomethylation in the
genes encoding for TAA and/ or TSA can lead to limited anticancer immunity, increased
proliferation, drug resistance, and immune evasion [20,21]. Hypomethylation leads to
genomic instability, which is often accompanied by focal cancer-specific hypermethylation
leading to the silencing of tumor suppressor genes located at CpG islands [22]. Therefore,
targeting DNA methyltransferases or histone deacetylases can potentially modulate the
immunologically cold tumors to a hot state by upregulation of antigens in tumor cells,
promoting tumor cell recognition with better MHC | antigen processing and presentation
[22]. PC is characterized by a low mutational load as compared to melanoma, and renal
cancers; therefore, it responds poorly to checkpoint inhibitors [23-25]. Balachandran et al.
demonstrated that neoantigen immunogenicity and quantity are positively correlated with
increased CD8" T-cells and the survival of PC patients. The patients with higher numbers of
neoantigens exhibited increased CD3*CD8* T-cells and polyclonal T-cell repertoires in their
tumors, correlating with better survival [26]. However, the survival did not depend entirely
on the quantity but also on the quality of neoantigens, i.e., their ability to be recognized by
the T-cells. The overall fitness of the neoantigen is important as neoantigens are lost during
tumor progression due to reduced gene expression and mutant allelic loss [26], reinforcing
PC’s immunologically quiescent characteristics. Thus, it is vital to identify the immunogenic
hotspots and promptly target the neoantigens to improve the efficacy of immune checkpoint
blockade therapy.

Reduced antigenicity in PC can also be attributed to poor antigen presentation, which
dampens immunosurveillance and helps cancer cells escape from the effector T-cells
[27,28]. Induction of oncogene expression in mouse fibroblasts led to the locus-specific
loss of MHC | expression [29]. Impaired MHC | expression was associated with reduced
expression and function of antigen processing components, such as TAP1, TAP2, LMP2,
and LMP7 [30]. Targeting oncogenic Ras either by genetic deletion or with an inducible
intracellular domain antibody (iDAb) has upregulated MHC I expression on colorectal
cell lines [31]. Another factor that causes disseminated cancer cells to lose their MHC |
expression is ER stress, as shown by Pommier et al. Pancreatic tumor cells (inhabiting
the liver) due to ER stress lost CK19, E-cadherin (Ecad), and MHC | expression,
acquired a quiescent (non--proliferative) phenotype and escaped immune surveillance. The
disseminated, quiescent cancer cells resolved the ER stress, regained expression of Ecad,
CK19, and MHC I, and proliferated to establish metastatic lesions [32].

Based on the gene-expression analysis, PC is classified into various subtypes, and one of
them is the immunogenic subtype, which is associated with significant immune infiltration.
In the immunogenic subtype, there is upregulation of gene expression related to B-

and T-cells (both CTLs and T-regs), along with enrichment of checkpoint molecule

such as programmed cell death 1 (PDCDI) PD-1 and cytotoxic T-lymphocyte-associated
protein 4 (CTLA4). In PC, there is infiltration of TILs, indicated by the upregulation of
lymphocyte-specific protein tyrosine kinase (Lck) [33], which is critical in the early stage
of T-cell activation and is the primary kinase in TCR signaling [34]. However, significant
downregulation of genes related to T-cell function, such as CD8A, PDCD1, CTLA4, PDL 1,
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and lymphocyte activating 3 (LAGJ3), suggest the suppression of T-cell activation [33].
Nonetheless, immunogenic PC subtype tumors can resist immune checkpoint blockade by
modulating cancer cell-intrinsic immunogenicity [17]. The immunosuppressive environment
of PC is also attributed to tumor-associated macrophages (TAMS). The anti-tumor
macrophage (M1) infiltration was observed in the early stage of cancer, followed by the pro-
tumor macrophages (M2 TAMs) in the later stage [35]. These data indicate that the immune-
suppressive components of the TME are dominant and disable the antitumor response.
Anti-tumorigenic TAMs release pro-inflammatory cytokines, such as TNF, IL-1, IL-6, IL-8,
and IL-12 [36]. However, increased inflammation can expedite M2 polarization due to
increased tumor cell death [37]. Other tumor-derived factors related to inflammation, such as
TLR (Toll-like receptor) [38], metabolic factors, hypoxia [39,40], lactic acid accumulation in
the TME [41], and exosomes enriched in immunomodulatory chemokines including CSF-1,
CCL2 and TGF-B [42], can drive M1 macrophages towards the M2 phenotype. According to
the gene expression signatures, TAMSs can be divided into four sub-clusters, M1-TAMs,
M2-TAMs, CD169" macrophage, and TCR* macrophage [35]. The TAMs can further
enhance the expansion of MDSCs by secreting granulocyte-macrophage colony-stimulating
factor (GM-CSF) [43]. The MDSCs further generate an immunosuppressive environment by
inhibiting CD8* T-cell function via the recruitment of T-reg cells. MDSCs can also suppress
effector T-cell function in the TME by increased ROS production, which is mediated

by upregulation of NADPH oxidase (NOX2) [44]. The highly reactive ROS can induce

the nitration of susceptible tyrosine residues in the TCR and alter interaction between

TCR and MHC molecules [45]. MDSCs depletion has also resulted in loss of PD-L1

on cancer cells [46]. Another report highlighted the role of Ly6C!oW F4/80* extratumoral
macrophages in immune evasion of cancer cells [47]. These macrophages have increased
expression of IL4Ra, which regulates production of transforming growth factor g (TGF-p),
arginase activity and supports the production of peroxynitrate and ROS, which can suppress
T-cell activity [48]. As an experimental therapeutic strategy, TAMSs have been targeted

by anti-CSF1R antibody, which reduces overall TAM infiltration and enhances immune
stimulation by reprograming them towards the anti-tumor phenotype, thereby assisting T-
cell-mediated immunity [49]. CSFR1 inhibition can indirectly affect immune checkpoints
by upregulating PD-L1 and CTLA-4 expression on tumor and T-cells, respectively, due

to chronic exposure to inflammatory cytokines like IFN-y [49]. Furthermore, a previous
study has employed CD40 agonist and gemcitabine treatment in the KPC model to deplete
macrophages and enhance T-cell infiltration, leading to tumor regression [50]. However,

a similar CTL-mediated immune response was not observed in clinical trials with CD40
agonists in other cancers [51,52]. It was suggested that the CD40 on the APCs is involved

in T-cell priming, thereby acting as a co-activator of checkpoint molecules [53]. Therefore, it
would be important to target CD40-mediated signaling along with administering checkpoint
inhibitors, to enhance the cytotoxic activity of the T-cells.

Chemokines in the TME contribute to PC’s immune desert phenotype. Cancer cells secrete
CCL2, which binds to its receptor CCR2 on pro-tumorigenic macrophages, inhibiting

CTL infiltration in the tumor [15]. TGF-B, IL-10, and IL-35 from T-regs create an
immunosuppressive environment, and these cytokines also interact with myeloid cells and
enhance their suppressive function [54]. T-regs also interact with tumor-associated dendritic
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cells (DCs) and inhibit the expression of costimulatory ligands required for cytotoxic T-cell
activation [55]. During the PanIN stage, the microenvironment limits the infiltration of T-
cells, and the cells which manage to infiltrate are inhibited by the immunosuppressive cells
[12]. Cancer-associated fibroblasts (CAFs) and immunosuppressive immune cells restrict
CTL activity at advanced stages. To attain an effective therapeutic T-cell response it is
essential to modulate the restrictive stroma to enhance the infiltration of CTLs into the
TME. The CAFs secrete chemokine CXCL-12, which is captured by high mobility group
box 1 (HMGBL1) produced by tumor cells and forms a high-affinity heterodimer complex
[56], thereby promoting the CXCL-12/CXCR-4 signaling that impacts T-cell exclusion from
pancreatic tumors [57-59]. Targeting with AMD3100, a specific CXCR-4 inhibitor, has been
demonstrated to increase tumor infiltration by T-cells, and combination with anti-PD-L1
therapy showed an additive anti-tumor effect in preclinical models [57]. The CAFs also
secrete pro-inflammatory cytokines such as IL-6 [60], which play a vital role in cancer
progression. Targeting IL-6 and PD-L1 has been shown to decrease a-SMA* CAFs and
improve intratumoral CD3* T-cell infiltration in KPC mice and transplantation models [61].
However, modulating stroma has its caveats; for example, an increase in the TME T-reg
population was observed when the stromal compartment, especially the a-SMA-expressing
cells, were targeted in mouse models [62].

The single-cell RNA-sequencing (SCRNA-seq) analysis revealed more information about
the TME of PC. A recent single-cell RNA sequencing (scRNA-seq) data in PC has shown
the presence of more than eleven different T-cell subclusters with unique gene signatures.
The anti-tumor immune cells, including but not limited to cytotoxic T-cells, have a more
extensive infiltration in the advanced PanIN lesions. However, this larger anti-tumor cell
infiltrate was accompanied by more T-regs and exhausted T-cells, which may disable

the effector cell function of anti-tumor immune components [35]. Recently, a SCRNA-seq
analysis identified a significant number of cytotoxic T-cells and NK cells infiltrating the PC
TME. While the T-cells expressed ICOS, TIGIT, PD-1, the NK cells expressed LAG3 and
CDA47, TIGIT, TNFSRF18, and LAG3 [63]. The effector cells in the TME express prominent
markers of exhaustion, indicating immune dysfunction with cancer progression [63].

Immune checkpoints in PC

After the successful clinical implementation of anti-PD-1/PD-L1 therapy in melanoma, the
PD-1/PD-L1 axis received much attention, and its status was explored in PC along with
other immune checkpoint molecules. PD-1 protein belongs to the B7-CD28 superfamily

of proteins [64]. Various computational analyses and preclinical studies have been done to
examine the expression patterns of checkpoint molecules in PC. PD-1 is a 55 kDa protein,
mostly expressed on the effector CD4* and CD8* T-cells and is associated with T-cell
exhaustion [65-67]. The PD-1 ligands, PD-L1 and PD-L2, are expressed by tumor cells,
immunosuppressive cells such as MDSCs and TAMS, and tumor-infiltrating DCs [68]. The
PD-1 axis is not limited to T-cells and APCs but is also expressed by B-cells and neoplastic
cells [15]. In naive T-cells, the expression of PD-1 is relatively low; chronic exposure

to the antigen activates the PD-1/PD-L1 signaling axis leading to T-cell exhaustion [69].
Overexpression of PD-L1 by tumor cells and PD-1/PD-L1 interaction leads to recruitment
of SHP2 tyrosine phosphatase, which dephosphorylates CD28, thereby inhibiting T-cell
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activation [70,71]. Another checkpoint molecule, cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4), is expressed primarily by T-reg cells (in the intracellular vesicles and at the
cell surface) [72], and T-cell activation results in progressive increase in its expression
[73-75]. CTLA-4 expression was observed in the CD25-expressing helper T-cells (Th)
subset, where CTLA-4 works intrinsically by inhibiting costimulatory signal, thereby
hampering T-cell activation [75]. CTLA-4 also operates extrinsically by eliminating CD80/
CD86 from APCs, thus dampening the CD8" T-cell response [76] and regulating CD4*
T-cell infiltration [77]. Further, the LAG-3 signaling pathway is employed by tumor cells

to escape immune surveillance [78]. Galectin-3 binds to LAG-3 on the activated T-cells

and suppresses their function. Simultaneously, LAG-3 inhibits the activity of plasmacytoid
DCs that present antigen and induce naive T cell differentiation [79]. LAG-3 modulates
T-cell proliferation, inhibits memory and effector T-cell response, and promotes T-reg cell-
mediated immunosuppression [80,81]. Another checkpoint molecule, TIM-3, interacts with
tumor-associated antigens such as CEACAM-1 and galectin-9 to inhibit the T-cell response.
CEACAM-1 forms heterodimers with TIM-3 and inhibits T-cell response by decreasing
intracellular IL-2 and TNF-a, which correlates with exhaustion. Antibody-based blocking
of TIM- 3 and CEACAM-1 enhanced CD8* T-cell infiltration and IFN-y production and
inhibited tumor growth [82]. Galectin-9, expressed by the tumor cells, binds to TIM-3 and
initiates downstream signaling, causing Ca2* influx in Th-cells resulting in their death [83].
Further, TIM-3 expressed by tumor-infiltrating DCs interacted with nuclear HMGB1 and
reduced the efficacy of chemotherapy by reducing the immunogenicity of nucleic acids
derived from the tumor cells [84]. Further, high cytolytic T-cells exhibit increased expression
of checkpoint molecules such as CTLA-4, TIGIT, TIM-3, and VISTA; however, PD-L1
expression was found to be low in PC TME [85].

Earlier, the expression of checkpoint molecules was analyzed by staining of patient samples
or by in silico analysis. However, with sScRNA-seq the expression of checkpoint molecules
on many cell types, including ductal cells, immune cells, endothelial cells, stellate cells,
acinar cells, endocrine cells, and fibroblasts in the pancreatic TME, has been studied.

Over 8,000 cells from the normal pancreas, 46,244 pancreatic tumor cells, over 55,000
peripheral blood mononuclear cells (PBMCs) from PC patients, and over 14,000 PBMCs
from healthy donors were analyzed to assess checkpoint molecule heterogeneity [63]. The
CD8" and CD4" T-cells infiltrating the pancreatic TME were enriched in PD-1, TIGIT, and
ICOS. Whereas CD8* T-cells had increased expression of LAG-3 and decreased expression
of CTLA-4, CD4* T-cells had high CTLA-4 and low LAG-3 expression. There was an
intermediate expression of PD-1 on NK cells, but the expression of CD47, TIGIT, and
LAG-3 was high. DCs and myeloid cells also expressed some of the immune checkpoint
molecules such as SIRPA, PVR, LGALS9, and ICOSLG. TIGIT and TIM3 ligands (PVR
and GALECTINSY, respectively) also had heterogeneous expression on the epithelial cells.
Interestingly, TIGIT expression was significantly higher in the PC samples as compared

to controls, and its expression was observed on both CD8" and CD4* CD25* T- and NK
cells. 7/G/Twas distinct because it was enriched in EOMESh9" CD8* T-cells, which

are exhausted T-cells [63]. In breast cancer models, NK cells expressed elevated levels of
TIGIT and were associated with tumor progression, and blockade of TIGIT on NK cells
reversed the exhaustion and inhibited tumor growth [86]. The ligands for TIGIT, PVR,
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and Nectin-2are also amply expressed by tumor cells and various immunosuppressive cell
types. Other immune cells such as B-cells were enriched for CD70, CD40, ICOSLG, and
CD80, while DCs are enriched only for TNFRSF4 expression. Similarly, the non-immune
cells, such as fibroblasts and endothelial cells, exhibit high expression of TNFSF18 and
TNFSF4, respectively. Previous work has shown that TIGIT suppresses T-cell activity by
interacting with PVR on DCs, causing upregulation of the inhibitory cytokine 1L-10. TIGIT
also suppresses T-cell function by competing with CD226 for PVR ligand similar to CD28/
CTLA4 pathway [87,88].

Overall, targeting checkpoint molecules or their ligands can potentially improve the
immunotherapy response in PC but will require a comprehensive understanding of the
regulators involved in their expression.

Immune checkpoints regulation in pancreatic cancer

Considering the significant contribution of multiple immune checkpoints in cancer therapy,
understanding the regulatory network of immune checkpoint expression, including TME-
mediated and cell-intrinsic mechanisms, should provide new targets for combination therapy
with immune checkpoint blockade to improve the outcome of PC therapies.

4.1. Tumor microenvironment-mediated regulation of immune checkpoints

4.1.1. Cytokine-mediated regulation of immune checkpoints—CTLs, NK cells,
and Th1 cells are major anticancer immune components. These cells secrete IFN-y to
boost their activities and create a pro-inflammatory environment [89]. However, IFN-y

has also been reported to induce the expression of PD-L1 and PD-L2 in PC [90],
melanoma [91], colorectal cancer [92], and prostate cancer [93]. IFN-vy treatment of

a human PC cell line, PK-45 P, induced the expression of PD-L1 and vimentin, with
downregulation of E-cadherin, through activation of STAT1 signaling and upregulation of
Interferon Regulatory Factor 1 (IRF1), in a dose-dependent manner [90]. STAT1 knockdown
by siRNA blunted the IFN-y-mediated upregulation of PD-L1, validating the role of
STAT1 signaling [90]. Additional details on IFN-y/PD-L1 expression were revealed in a
melanoma study, in which shRNA screening showed that after IFN-y binds to its receptors,
IFNGR1 and IFNGR2 activate the JAK2-STAT1/STAT2/STAT3 signaling axis and induce
IRF1 expression. Upregulated IRF1 binds to the promoter region of the PD-L1 gene
leading to its upregulation [94]. A similar contribution of IFN-y-mediated signaling has
also been reported in glioma [95]. In addition to PD-L1, IFN-vy also regulates another
immune checkpoint, indoleamine 2,3-dioxygenase-1 (IDO1). IDO1, the enzyme catalyzing
the transformation of tryptophan into formyl-kynurenine, plays an essential role in folate-
dependent one-carbon metabolism and immune invasion [96]. A study showed that a
CDKZ1/2/5 inhibitor, dinaciclib, can inhibit IFN-y-mediated upregulation of IDO1 [97].
Further analysis indicated that this CDK inhibition blocked the JUN-dependent expression
and activation of STAT1 signaling, which is responsible for the transcription and expression
of both IDO1 and PD-L1 [97].

As immune checkpoints influence inflammation through negative feedback, multiple
inflammation-related cytokines are expected to modulate the expression of immune
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checkpoints. Cancer cell-derived IL-18 was found to upregulate the expression of PD-L1
and IL-10 by regulatory B-cells in PC. The IL-18-mediated increase in the expression of
PD-L1 was associated with MyD88 upregulation and p65 phosphorylation [98]. Another
study also validated the contribution of IL-18 to PD-L1 upregulation in NK cells under both
in vitro and in vivo conditions [99]. IL-6, one key cytokine secreted by macrophages and
pancreatic stellate cells in PC stroma [100,101], can induce PD-L1 expression in immune
cells through STAT3 phosphorylation [102]. Even with significant clinical potential in PC
treatment, limited studies were performed on the mechanism of IL-6 inducing PD-L1 in
PC. One study in hepatocellular carcinoma (HCC) showed that administration of IL-6

to macrophages isolated from HCC murine models induced the expression of PD-L1 at
both mRNA and protein levels. Similar findings were verified by using monocyte-like cell
lines, U937 and THP-1. A protein tyrosine phosphatase called protein tyrosine phosphatase
receptor type O (PTPRO) has been shown to reverse the IL-6-mediated upregulation of
PD-L1, as the shRNA-mediated downregulation of PTPRO can enhance IL-6-induced
PD-L1 upregulation [102]. PTPRO expression is also regulated by miR-25-3p, which

is the downstream effector of IL-6/STAT3/c-Myc signaling. Altogether, IL-6 induces the
expression of miR-25-3p through STAT3/c-Myec signaling, resulting in downregulation of
PTPRO and upregulation of PD-L1 [102]. Another study blocking the I1L-6 receptor with
an adenovirus-delivered IL-6 receptor blocking scFv, showed reduced expression of both
PD-L1 and PD-1 in DCs, confirming the critical role of IL-6/IL-6R signaling in regulating
PD-1/PD-L1 in immune cells [103].

4.1.2. Metabolites-mediated regulation of immune checkpoint—Metabolism-
related aspects of the TME, including low oxygen (hypoxia) and higher acidity (acidosis),
also influence the expression of immune checkpoints. Hypoxia can induce the expression
of PD-L1 in MDSCs, DCs, and tumor cells via HIF-1a-mediated binding to the hypoxia-
response elements (HRE) at the proximal promoter of PD-L1[104]. This finding has been
validated using tumor-infiltrating MDSCs and splenic MDSCs from lung cancer (Lewis lung
carcinoma, LLC), melanoma (B16-F10), breast cancer (4T1), and colorectal cancer (CT26)
cell line-derived subcutaneous mouse models. These findings were also verified in splenic
MDSCs from these four models, cultured in hypoxic (0.1 % pO,) conditions [104]. The
presence of nucleotides in the TME contributes to the establishment of immune-suppressive
conditions. CD73, a surface 5° nucleosidase that generates adenosine, has been investigated
as a potential immune therapy target [105]. Hypoxia induces the expression of CD73 on
epithelial cells at both mRNA and protein levels [106]. Further analysis of the CD73
promoter region found at least one HIF-1a binding site. Inhibiting HIF-1a. with SiRNA
resulted in the downregulation of CD73 expression, and a luciferase assay with the CD73
promoter region without the HIF-1a binding site failed to induce the expression under
hypoxia [106].

Multiple enzymes in the metabolic pathways are involved in the regulation of immune

checkpoints. Pyruvate kinase isoform M2 (PKM2), the rate-limiting enzyme in glycolysis,
can form a dimer and translocate into the nucleus to facilitate the transcriptional activity of
HIF-1a and p300 recruitment. A PKM2 inhibitor decreased the LPS-induced upregulation
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of PD-L1 in macrophages by disrupting the direct binding of HIF-1a to HRE at the PD-L1
promoter in these cells [107].

Amino acid metabolism also influences immune surveillance in tumors. For example,
arginase, the enzyme catalyzing arginine transformation into ornithine and urea, plays
critical functions in MDSC differentiation and macrophage polarization [108]. It has been
shown that the receptor tyrosine kinase, recepteur d’origine nantais (RON), participates

in regulating arginasel (Argl) expression [109]. Treating primary resident peritoneal
macrophages with RON ligand, macrophage-stimulating protein (MSP), can induce the
expression of Argl. Overexpression of RON and MSP treatment showed that RON could
induce the expression of Argl in both ligand-dependent and ligand-independent manners.
Argl promoter region analysis revealed that AP-1 could be responsible for the RON-
mediated upregulation of Arg-1, and luciferase assays verified that an AP-1 binding site
truncated construct blunted RON-induced reporter activity. AP-1 is a MAPK downstream
effector, and further analysis showed that MSP induced the upregulation of Argl through
MAPK activation and upregulation of FOS (a component of the AP-1 transcription factor)
and its binding to the ArgZ promoter region [109]. Previous studies showed that IL-4 and
IL-13, which are inducers of M2 polarization, can also induce the expression of Argl.
IL-4-induced-expression of Argl requires the binding of STAT6 and C/EBP to the Argl
promoter [110], while both IL-4 and IL-13 have been reported to regulate Argl expression
via CAMP and the JAK/STAT6 pathway in vascular smooth muscle cells [111].

Metabolic changes also contribute to the suppression of immune cells in the PC TME. In the
TME, the T-cells have to compete with the cancer cells for nutrient, and therefore glucose
uptake by T-cells is limited and hase an impact on T-cell function even in the presence

of antigen [112]. Post priming of naive T-cells, the activated T-cells undergo a metabolic
switch from pB-oxidation of fatty acids to pyruvate oxidation for quicker ATP production
[113,114]. This metabolic switch is accompanied by changes in metabolic transcriptome
and induction of endogenous Myc and HIF1a expression [113]. Aerobic respiration can
impact PD-1 status on the T-cells, which implies that metabolic regulators play a role in
T-cell exhaustion rather than chronic antigen exposure [114,115]. T-cells utilize arginine, but
TAMs and MDSCs deplete it due to their increased expression of Argl. Another enzyme,
IDO, produced by cancer cells and other immunosuppressive cells, degrades tryptophan

to kynurenine, which acts as an immunosuppressant for T-cells. Another phenomenon that
dampens T-cell function is the Warburg effect, where T-cells can aerobically ferment glucose
into lactate [116] and decrease the overall pH [117]. T-cell signaling is also inhibited by
prostaglandins E2 produced by TAMs and MDSCs [118] and nucleosides such as adenosine
expressed by regulatory T-cells and cancer cells [119]. With the modulation of signaling,
metabolites produced by immunosuppressive cells and nutrient availability play an essential
role in T-cell function and infiltration.

4.2. Cancer cell-intrinsic mechanisms in the regulation of immune checkpoints

4.2.1. Metabolic and epigenetic regulation of immune checkpoint regulation
—The metabolic modulation in the TME is closely linked with cancer cell-intrinsic
metabolic and epigenetic modulations, which can also influence the expression of the
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immune checkpoints. The essential enzyme in gluconeogenesis, fructose-1,6-biphosphatase
(FBP1), has also been shown to regulate PD-L1 expression [120]. The shRNA-mediated
knockdown of FBP1 in PANC-1 and MIAPaCa-2 PC cell lines resulted in the upregulation
of PD-L1 expression at both protein and mRNA levels. Concurrently, overexpression of
FBP1 reduced the expression of PD-L1. Overexpression of the catalytically inactive mutant
(FBP1-G260R) showed a similar downregulation of PD-L1, indicating that the FBP1-
mediated downregulation of PD-L1 is through enzyme activity-independent mechanisms.
Reciprocal co-immunoprecipitation showed direct interaction between STAT3 and FBP1.
Further, co-immunoprecipitation of truncated proteins revealed that the STAT3 and FBP1
interaction is through the SH2 domain in STAT3 and N-terminal domain in FBP1. The

dual knockdown of FBP1 and STAT3 blunted the FBP1 knockdown-mediated upregulation
of PD-L1 at both protein and mRNA levels. Overexpression of FBP1 and knockdown

of STAT3 diminished the FBP1 overexpression-mediated downregulation of PD-L1. The
chromatin immunoprecipitation-polymerase chain reaction (ChIP-PCR) analysis showed
that the interaction between STAT3 and the PD-L1 promoter region was inversely correlated
with FBP1 expression. These experiments illustrated that FBP1-mediated PD-L1 expression
regulation was STAT3-dependent [120].

The presence of metabolites like acetyl-CoA and S-adenosyl methionine can influence
epigenetic modifications. Histone acetyltransferase-1 (HAT1) catalyzes the acetylation of
newly synthesized histone H4 [121]. The shRNA-mediated knockdown of HAT1 was
shown to reduce the expression of PD-L1 transcriptionally and translationally. Since BRD4
can bind to the promoter region of PD-L1, knockdown of BRD4 in a HAT1-expressing

cell line blunted HAT 1-mediated upregulation of PD-L1, indicating HAT1-induced PD-L1
expression in BRD4-dependent manner [121]. Another study reported that an HDAC3-
specific inhibitor, RGFP966, reduced the expression of PD-L1 in the MIAPaCa-2 and
BXxPC-3 PC cell lines in a time- and dose-dependent manner at the mRNA and protein
levels [122]. The shRNA-mediated knockdown of HDACS3 further confirmed these findings.
The study also illustrated that HDACS3 regulates the expression of PD-L1 through STAT3
activation. In addition, overexpression of Flag-tagged HDAC3 rescued HDAC3 shRNA
knockdown-mediated PD-L1 downregulation, while both downregulation and rescue were
blunted after STAT3 knockdown. The ChlIP analysis of STAT3 binding to the PD-L 1
promoter showed that HDAC3 inhibitor treatment and shRNA-mediated knockdown reduced
the STAT3 occupancy at the PD-L 1 promoter region, confirming that HDAC3-mediated
upregulation of PD-L1 is STAT3-dependent [122].

Histone methylation enzymes also participate in the regulation of PD-L1 expression. The
H3K4me3 mark was enriched in the proximal region of the PD-L1/CD274 promoter during
PD-L1 epigenetic signature screening. Further, ChIP analysis showed the enrichment of
H3K4me3 marks at the PD-L 1/CD274 promoter in tumor cells compared to the normal
pancreas, indicating that the H3K4me3 mark was specific to the tumor cells [123]. Histone
methyltransferase analysis identified that MLL1, the histone-lysine N-methyltransferase 2
A, is upregulated in tumor samples and is responsible for the increased H3K4me3 marks
[123]. The ChlIP analysis also confirmed a direct association between the PD-L1/CD274
promoter and MLL1. The silencing of MLL1 significantly reduced the H3K4me3 marks at
the PD-L 1 promoter as well as the PD-L1 transcripts, demonstrating that MLL1-mediated
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regulation of PD-L1 requires histone modification [123]. Similarly, another study observed
the increased occupancy of H3K4me3 at the promoter region of PD-L 1, osteopontin (OPN),
and its receptor CD44in PC. WD repeat-containing protein 5 (WDRS5), the adaptor protein
for histone methyltransferase, was responsible for the increased H3K3me presence at OPN/
CD44 promoter. The combined targeting by WDR5 inhibitor (WDR5-47) and PD-L1
antibody significantly reduced the tumor weight and volume and sensitized cancer to
immune therapy [124]. In addition to histone modification, DNA hypomethylation increases
the PD-1 expression, and DNA hypomethylating drug decitabine (5-aza-dC, DAC) in
combination with anti-PD-L1 or anti-VISTA significantly increased the survival of the KPC
animals (a murine model of PC). Further, DAC treatment increases the tumor infiltration of
both CD4* and CD8* T-cells and the expression of Chi3I3 (Ym1), suggesting the infiltration
of the Argl* macrophages [125].

4.2.2. Signaling pathways involved in immune checkpoint regulation—
Oncogenic signaling can also directly influence the expression of immune checkpoint
molecules. Constitutively active Kras mutants are significantly associated with PC,
colorectal cancer, and lung cancer [126]. Mutant Kras in lung adenocarcinoma

can upregulate the expression of PD-L1 through mitogen-activated protein kinase/
extracellular-signal-regulated kinase (MEK-ERK) signaling [127]. Higher MEK-ERK
activity phosphorylates serine residues (S52A, S178A) of AU-rich element-binding protein
tristetraprolin (TTP) protein, preventing tristetraprolin binding to the 3’-UTR of PD-L1
mMRNAs and stabilizing PD-L1 transcripts [127]. EGFR overexpression is also associated
with PC tumor progression, metastasis, and poor survival [128]. It has been reported that
EGF/EGFR signaling activation is correlated with increased expression of PD-1, CTLA-4,
and PD-L1 in microarray analysis and that introducing EGFR mutations into bronchial
epithelial cells can upregulate PD-L1 expression in lung cancer [129]. Another study
investigating myeloid subsets in PC showed that EGFR signaling in cancer cells contributed
to the expression of PD-L1 [46]. The coculture of multiple human primary PC cell lines
(UM2, UM5, UM18, and 1319) with mouse bone marrow-derived cells increased the
expression of PD-L1 on cancer cells, plausibly through EGFR phosphorylation (at Tyr1068)
in tumor cells. Treating the cocultured cells with the EGFR inhibitor erlotinib reduced

the expression of PD-L1 at both mRNA and protein levels. A similar result was achieved
with the MEK inhibitor GSK1120212, indicating both EGFR and MEK signaling pathways
regulate PD-L1 expression [46].

Downstream of Kras, a p21-activated kinase (PAK) family member, PAK1, has also been
associated with PD-L1 expression [130]. PD-L1 expression was significantly reduced in

the PAK1-knockout KPC murine model compared with the KPC model, and this finding
was also validated with the PANC-1 human PC cell line. The treatment of mouse PC

cell lines with a PAK1/4 inhibitor, PF-3758309, reduced phosphorylation of PAK1 and
PD-L1 expression. Aside from mediating PD-L1 expression in cancer cells, the pancreatic
tail injection of mouse cell line TB33117 in PAK1-knockout mice resulted in reduced
expression of PD-1 on the surface of infiltrated CD4* and CD8" T cells, albeit the difference
from control was not statistically significant. These findings indicate that downstream of
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Kras, PAK1 participated in regulating PD-L1 in cancer cells and possibly PD-1 in T-cells
[130].

While cancer stem cells play a vital role in tumorigenesis and resistance to treatment, cancer
sternness genes are also involved in regulating PD-L1 expression. Overexpression of the
cancer stem cell-associated gene doublecortin-like kinase 1 (DCLKI) in the PD-L1!oW cell
line AsPC-1 significantly upregulated the expression of PD-L1 at both transcriptional and
translational levels [131]. Further, in both AsPC-1 and BxPC-3 PC cell lines (expressing
low and high PD-L1, respectively), inhibiting the expression of DCLK1 with LRRK2-IN-1
and XMD8-92 significantly downregulated the PD-L1 expression. Analysis of data from
The Cancer Genome Atlas (TCGA) and inhibitor-mediated suppression of DCLK1 linked
DCLK?1 expression with yes-associated protein 1 (YAP1), a hippo signaling pathway
component. Subsequently, treatment with verteporfin, a YAP1 inhibitor, mimicked the
effects of DCLKZ1 inhibitor treatment on both AsPC-1 and BxPC-3 cells. Verteporfin
treatment also blunted the upregulation of PD-L1 mediated by DCLK1 overexpression,
indicating that DCLK1’s regulation of PD-L1 is reliant upon hippo signaling [131].

Cancer is also associated with genomic instability and DNA damage. Silencing of a
component of the DNA damage response machinery, ATM, upregulated PD-L1 expression.
This study further showed that ATM can regulate type | IFN production in a TBK1/SRC-
dependent but cGAS/STING-independent manner, suggesting that ATM modulates the
expression of PD-L1 through IFN-STAT signaling [132]. In addition to ATM, other genes
have been associated with the regulation of immune checkpoint protein expression. FOXP3,
an essential gene in T-reg cells, can induce the expression of PD-L1 [133]. In human PC
samples, the expression of FOXP3 and PD-L1 are highly correlated. Overexpression of
FOXP3 resulted in increased mRNA transcript and protein expression of PD-L1, whereas
shRNA-mediated knockdown of FOXP3 reduced PD-L1 expression at both the mRNA and
protein levels. ChIP analysis established that there is a direct interaction between FOXP3
and the PD-L 1 promoter region, with two possible binding motifs [133]. Further validation
with a luciferase reporter assay identified the approximate promoter region involved in

the transcription initiation of AD-L1 upon FOXP3 binding [133]. In addition, receptor-
interacting serine/threonine-protein kinase 1 (RIP1), a vital regulator of tumor-associated
macrophage differentiation, is also involved in the PD-1 regulation. Treating mice bearing
orthotopic KPC murine model with a RIP1 small molecule inhibitor, RIP1i, increased PD-1
expression on both CD4* and CD8* T-cells [134].

4.2.3. Post-translational regulation of immune checkpoints—With the
advancement in immune therapy, the post-translational modifications of immune checkpoint
protein have also been shown to influence the outcomes of immune checkpoint blockade
therapy [135]. PD-L1 can go through multiple post-translational modifications (PTMs). For
example, EGF treatment increased the PTMs of PD-L1, including tyrosine phosphorylation,
acetylation, and ubiquitination. Mono and poly-ubiquitination of PD-L1 were observed
before the increased accumulation of PD-L1 after EGF treatment in the epidermoid
carcinoma cell line A431, indicating that mono-ubiquitination of PD-L1 might be required
for EGF-induced PD-L1 upregulation [136].
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Multiple other post-translational modifications can also influence the stability of PD-L1.

A study showed that PD-L1 glycosylation could protect PD-L1 from glycogen synthase
kinase-3 beta (GSK3p) phosphorylation and sequential beta-transducin repeats-containing
protein (B-TrCP)-mediated ubiquitination and degradation by the proteasome [137]. Another
study also showed that ubiquitin-specific protease 22 (USP22) could catalyze the de-
ubiquitination of PD-L1 via direct binding to the PD-L1 C-terminal domain, extending the
half-life of PD-L1 protein [138]. Kinases also influence PD-L1 stability by phosphorylation.
For example, never-in mitosis gene A-related kinase 2 (NEK?2) deficiency is associated
with reduced expression of PD-L1 [139]. Immunoprecipitation showed direct interaction
between PD-L1 and NEK2 in human PC cell lines (SW1990 and CFPAC-1) and murine
KPC model-derived cell lines. Treatment with MG132, a proteasome inhibitor, restored the
NEK?2 inhibition-mediated PD-L1 downregulation, indicating that NEK?2 interferes with the
degradation of PD-L1. This conclusion was further validated by a higher ubiquitination
level of PD-L1 in MG132-treated and NEK2 inhibitor-treated cells [139]. Further analysis
identified the NEK2-binding motif in the glycosylation-rich region of PD-L1, with two
phosphorylation sites identified for NEK2-mediated phosphorylation. Altogether, NEK2
can phosphorylate the PD-L1 glycosylation-rich region, preventing the ubiquitination of
PD-L1 and subsequent proteasome-mediated degradation [139]. Pro-inflammatory cytokine
signaling is also involved in the stability of PD-L1. A study in breast cancer illustrated

that the pro-inflammatory secretome from macrophages could induce the expression of
PD-L1 at the protein level, and TNF-a was identified as the primary factor contributing to
PD-L1 stabilization [140]. Further analysis showed that TNF-a induces the expression of
CSN5 (COP9 signalosome subunit 5), a deubiquitinating enzyme, via nuclear factor-kappa
B (NF-xB) signaling facilitating CNS5-mediated de-ubiquitination and thus stabilization of
PD-L1 [140]. A follow-up study showed that shikonin, an anticancer drug isolated from the
plant Lithospermum, can induce PD-L1 degradation via reducing glycosylation of PD-L1
through NF-xB/STAT3 and NF-xB/CSNS5 signaling [141]. These reports indicate that post-
translational modifications of the immune checkpoint, PD-L1, are essential to its function,
expression, and stability.

5. Strategies to overcome the immune desert phenotype

Multiple targets and strategies have been investigated to eliminate the immune desert/
suppressive characteristics of PC during immunotherapy, including physical ablation,
neutralizing antibodies, modification of the immune microenvironment, small molecule
inhibitors, and selective depletion of specific cell types in the TME.

5.1. Combination of immune checkpoint blockade with physical methods

Irreversible electroporation (IRE), which utilizes a short pulse of high voltage electricity,

can induce cell death via membrane disruption [142]. Combining IRE with PD-1 antibody
has been shown to increase the survival of mice with orthotopic mutant Kras tumors and
improve intratumoral CD8* T-cell infiltration. Comprehensive analysis within this study also
showed that after the IRE and PD-1 antibody treatment, both the CD4* memory T-cells
(2.1-fold, CD4* CD62L~ CD44™) and CD8* memory T- cells (5.7-fold, CD8" CD62L"~
CD44%) increased significantly in the spleen of these animals. PC stromal cells were also

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 15

impacted since IRE transiently downregulated hypoxia marker carbonic anhydrase-1X (CA-
IX), extracellular matrix rigidity marker protein lysyl oxidase (LOX), and PD-L1 after

the treatment. The IRE combined with PD-1 antibody also significantly downregulated
fibroblast activation protein alpha (FAP-a) expression, a marker of cancer-associated
fibroblasts, and hyaluronic acid-binding protein 1 (HABP1), a marker of hyaluronic acid

in the stroma [142].

Radiation-induced DNA damage can be sensed by DNA damage repair machinery. One
component of this machinery, ataxia-telangiectasia mutated (ATM) protein, one apical
kinase, can respond to ionizing radiation-induced DNA damage. The combination of
radiation with ATM inhibition, either via small molecule inhibitor or siRNA-mediated
knockdown, activated type I IFN signaling. Because IFN-mediated signaling is known to
upregulate PD-L1, an anti-PD-L1 antibody was then incorporated into the therapy regimen.
After treatment with combined PD-L1 antibody and radiation therapy, the ShRNA-mediated
ATM-knockdown tumor inoculations had smaller tumor volumes and prevented relapse
[132]. Altogether, targeting cancer cells with radiation, blocking DNA damage repair, and
neutralizing PD-L1 signaling can contribute to a better PC treatment response.

5.2. Combination of immune checkpoint blockade with neutralizing antibodies

Besides physical methods, antibodies neutralizing important immune regulator cytokines or
chemokines can also improve response to conventional immune checkpoint blockade.

IL-1pB expression has been reported to be associated with PC tumorigenesis. In an orthotopic
model bearing IL-1B-knockdown KrasG12P-derived murine pancreatic ductal epithelial cells
(PDEC), there was decreased macrophage recruitment into the tumor stroma (predominantly
M2 TAMs), as well as reduced MDSCs, neutrophils, B-regs, and Th17 cells [143].
Concurrently, there was increased infiltration of activated CD8* T-cells into the tumor

site, expressing high levels of IFN-y and GzmB. The IL-1p-knockdown KrasG12P-PDEC
orthotopic model had less pancreatic stellate cell activation and chemokine secretion

from CD140a* CAFs, including CCL2/CCL5/CCL8/CCL12, IL-6, IL-1a, and CXCL12.
Co-implantation of immortalized Ly6C*CD140a™ CAFs with IL-1-KD KrasG12D-PDEC
cells in an orthotopic model, rescued IL-1p-knockdown KrasG12D-PDEC cell-mediated

M2 macrophage re-education and IFNy* CD8* T-cell infiltration, consistent with the
observation that IL-1p-dependent cytokine/chemokine production in CAFs is critical for
macrophage infiltration and M2 polarization (CCL2/CCL5) and CD8* T-cell infiltration
(CXCL12). Furthermore, when IL-1B-neutralizing antibody was combined with PD-1
antibody therapy, the tumor weights of the treated mice were significantly reduced, while the
intratumoral CD8* T-cell infiltration was increased [143].

IL-6 expression is enriched in the stroma component in PC and is mainly secreted by
pancreatic stellate cells and tumor-associated myeloid cells [144]. Dual blockade against
IL-6 and PD-L1 in both subcutaneous and orthotopic models can limit the progression

of PC, increasing the survival of the treated mice, with more circulating and tumor-
infiltrating effector T-cells and fewer a-SMA* fibroblasts present after the treatment.
Antibody-mediated CD4* T-cell and CD8* T-cell depletion demonstrated that IL-6/PD-L1
dual blockade therapy was dependent on CD8* T- cells but not CD4" T-cells [61]. As
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mentioned in the previous section, scFv-alL-6R-expressing oncolytic adenovirus LOAd713
can also modify the immune environment of PDAC. LOAd713 treatment induced the
oncolysis of PC cells, reduced the expression of desmoplasia development factors (such

as TGFp, fibroblast growth factor 5 (FGF5), and hepatocyte growth factor (HGF), prevented
myeloid cell transition into MDSCs under IL-6 and GM-CSF treatment, and facilitated DC
maturation [103].

IL-17 signaling in PC is associated with Kras-mutation-mediated IL-17 receptor
upregulation and inflammation-induced IL-17-secreting immune cell recruitment [145]. An
IL-17- neutralizing antibody was able to eliminate the neutrophil extracellular trap-mediated
resistance to checkpoint blockade in PC, resulting in more CD8* T-cell infiltration and
better treatment outcomes with PD-1 or CTLA-4 antibody-based immune therapy [146].

In addition, 1L-17 inhibits the production of CXCL9/10 and dampens CD8" T-cell and

T-reg infiltration into colorectal cancer [147], indicating that IL-17 may be involved in
multiple immune regulation networks. Similarly, 1L-18 expression is upregulated in PC
patients, and this is associated with regulatory B-cell proliferation and IL-10 secretion

[98]. Tail vein injection of 1L-18-stimulated B-cells in mice increased the T-reg population
while cytotoxic T-cell and NK cell populations decreased. Further, an antibody-dependent
cellular cytotoxicity (ADCC) assay showed that coculture of T-cells or NK cells with
IL-18-stimulated B-cells could impair the killing effects of T-cells or NK cells to target cells.
Blocking IL-18 signaling with 1L-18 binding protein (IL-18BP) could release the inhibition
of T-cells or NK cells to kill the target cells. As mentioned above, IL-18 also induced the
expression of PD-L1. Under dual blockade of IL-18BP and PD-L1/PD-1 inhibitor (PPI) in
the orthotopic murine model, the tumor size was significantly reduced in the 1L-18BP and
PPI groups compared with PBS control. The IL-18BP and PPl combination regimens also
prolonged the survival of the mice and reduced the tumor metastasis to the liver [98].

An agonist antibody against glucocorticoid-induced TNF receptor (GITR) was also
demonstrated to have potential as a crucial tool for improving PC immunotherapy. It has
been reported that the administration of anti-GITR antibodies suppressed the function of
T-reg cells, resulting in the suppression of subcutaneous tumor growth and an increase

in IFN-y-producing splenocytes [148]. To improve the immunotherapy outcome, an IFN-a.-
adenovirus vector was introduced into the combination therapy with the anti-GITR antibody,
which not only reduced tumor volumes that received the intratumoral injection of IFN-a-
adenovirus but also on the tumor on the contralateral side, suggesting the IFN-a.-adenovirus
and anti-GITR antibody combination therapy would be capable of successfully treating
metastasized tumors. The treatment effects were enhanced with a higher dose of IFN-a-
adenovirus, especially on the uninjected side. Detailed immune phenotyping showed that
combination therapy could increase the infiltration of IFN-y-producing CD4* and CD8*
T-cells and suppress T-reg infiltration, with reduced expression of CCR5 [148].

5.3. Combination of immune checkpoint blockade with small molecule inhibitors

While multiple cytokines modulate the TME, small molecule inhibitors can be utilized
with cytokine treatment as one combination therapy strategy. For example, IFN-y treatment
can be combined with a CDK inhibitor [97]. The CDK inhibitor dinaciclib triggered histone-
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dependent immunogenic cell death. When combining dinaciclib with IFN-vy, the survival
of the mutant Kras-driven PC murine model was prolonged, with less lesion formation and
more T-cell intratumoral infiltration, Th1 response, and anti-tumor cytokine secretions [97].

Not only can cytokine treatment combine effectively with small molecule inhibitor
treatments, but immune checkpoint antibodies can also be integrated with small molecule
inhibitors to sensitize the tumor. For example, GSK547, an inhibitor of RIP1, was found

to be effective in treating PC. RIP1 expression was upregulated in PC TAMs and targeting
RIP1 with GSK547 alone in a murine PC model slowed PanIN lesion initiation, reduced
fibrosis and tumor weight, and prolonged survival. RIP1 inhibition altered the infiltrating
immune subsets of PC, with more CD4* and CD8* T-cells infiltrating into the TME and
increased secretion of anti-tumor cytokines (including IFN-y and TNF-a), along with less
TAM infiltration and reduced secretion of TGF and IL-10. Elevated secretion of IFN-y
and TNF-a reprogramed the immune-suppressive environment. Combining RIP1 inhibition
with a PD-1 antibody in the tumor-bearing murine model significantly reduced tumor weight
and prolonged mouse survival, with more IFN-y and TNF-a-secreting T-cells and fewer
TGFB-secreting T-cells [134].

Because histone methyltransferase (HMTase) regulates PD-L1, a combination of HMTase
inhibition with an immune checkpoint inhibitor could potentially enhance the treatment
outcome. A study that combined a pharmacological inhibitor of MLL1, verticillin, with
anti-PD-L1 antibody therapy demonstrated a significant reduction in tumor volume and
weight, with less proliferation and more apoptosis in PANC02-H7 and UN-KC-6141 cells
transplanted in orthotopic models [123]. Detailed analysis showed that this combination
strategy depends on FasL-mediated apoptosis of cancer cells and the infiltration of CD8*
cytotoxic T-cells. This was validated through transplantation of tumor cells into FasL-
knockout mice and CD8* T-cell depletion with neutralizing antibodies [123]. Histone
modifying enzymes can also indirectly increase the efficacy of immunotherapy. A recent
study has shown that lysine demethylase 3 A (KDM3A) through KLF5/SMAD4 axis
increases the EGFR expression and knockout of KDM3A, and EGFR sensitizes PC to
immunotherapy. A similar sensitization was also observed after treatment with the EGFR
inhibitor, erlotinib [149].

It has been reported that higher FAK activation in PC was associated with fewer intratumoral
CD8™" T-cells but more granulocyte and TAM infiltration, and increased expression of ECM
proteins, contributing to the immune-suppressive TME [150]. A selective FAK inhibitor,
VS-4718, reduced fibrosis and inhibited tumor progression and metastasis, with reduced
immune-suppressive immune cell infiltration. When combined with adoptive cell therapy or
immune checkpoint antagonist antibodies, FAK inhibition synergized anti-PD-L1 with other
treatments and achieved better outcomes and improved survival, with more CD8* CTL and
fewer intratumoral immune-suppressive immune cells such as T-regs [150].

Heat shock protein 90 (HSP90) is essential in tumor immunity and multiple cellular
processes. Using immortalized human PDAC-derived PSC (h-iPSC-PDAC-1) and primary
PDAC patient-derived PSC cells (SC37), Zhang et al. demonstrated that inhibiting HSP90
with X888 alters PSC activation, downregulating ERK and STAT3 activation and reducing
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IL-6 secretion. The HSP90 inhibitor combined with the PD-1 antibody resulted in reduced
PC tumor volume and weight, with fewer a-SMA-positive fibroblasts and more CD4*

and CD8* T-cell infiltration [151]. The hexosamine biosynthesis pathway (HBP), a

branch of the glycolysis pathway, directing the generation of an important substrate for
protein glycosylation, plays a critical role in cancer cell survival and remodeling the
extracellular matrix. The rate-limiting enzyme of HBP, glutamine-fructose aminotransferase
1(GFAT1), can be targeted by a glutamine analog 6-diazo-5-oxo-L-norleucine (DON). A
study reported that the expression of multiple HBP enzymes was upregulated in cerulein-
induced pancreatitis and KPC tumors at the mRNA and protein levels and that GFAT1

is predominantly expressed within ductal cells of pancreatic tumors. Targeting GFAT1

with siRNA demonstrated that GFAT1 expression was associated with the expression of
sternness-associated genes SOX2, OCT4, NANOG, and KLF4, suggesting its role in self-
renewal. Inhibiting GFAT1 with DON reduced the colony formation of tumor epithelial
cells and cell viability in vitro and reduced tumor weight and volume in subcutaneous and
orthotopic murine models, with reduced expression of hyaluronan and collagen, and higher
infiltration of CD68" macrophages and CD8* T-cells. Combination therapy with DON and
PD-1 antibody significantly improved the treatment outcome in the tumor-bearing murine
model, with diminished tumor weight and volume, prolonged survival, and lower expression
levels of ECM components [152].

When a small molecule inhibitor is unavailable, sShRNA- or siRNA-mediated knockdown
can also facilitate PC treatment with immune checkpoint blockade. HAT1 is upregulated in
PC and promotes PD-L1 expression, and ShRNA-mediated knockdown of HAT1 expression
in PANC-1, MIAPaCa-2, and BxPC-3 cell lines curtailed tumor proliferation and colony
formation. HAT 1-knockdown PANC-1 xenograft tumors were smaller and had fewer Ki-67*
proliferating cells compared to controls. Fan et al. also showed that after PD-1 antibody
treatment, immunocompetent mice bearing HAT1-knockdown PC tumors had reduced
tumor size, longer survival, more CD8" T-cell infiltration, and fewer myeloid cells in the
tumor, relative to mice with control shRNA-transfected tumors that were treated with PD-1
blockade [121].

5.4. Combining immunotherapy with TME modulation

Targeting cellular or acellular components of TME, both immunological and non-
immunological, can modify responses to new treatment regimens, including immune
therapy. T-regs, a crucial component for immune tolerance, can significantly influence tumor
immunity. T-reg ablation with diphtheria toxin (DT)-mediated inducible gene knockout
enhanced antigen presentation by DCs, increased IFN-y-secreting CD8* T-cell numbers
and improved the treatment efficacy in tumor-bearing mice [55]. Double ablation of DCs
and T-regs or combining T-reg ablation with CD8* T-cell depletion blunted this T-reg-
ablation-mediated tumor immunity, indicating that both DC antigen presentation and CD8*
T-cell cytotoxicity contribute to cancer immunity under T-reg depletion. Comprehensive
examination showed that T-reg depletion altered DCs migration and trafficking in the
tumor-draining lymph node and maturation [55]. On the other hand, another study on
T-reg depletion showed different treatment outcomes. Rather than injecting Kras-mutant
PC cells into T-reg-depleted mice, this study generated DT-inducible T-reg depletion in the
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background of the KC murine model of PC. This murine model showed that T-reg depletion
decreased the secretion of TGF-f, which reduced the presence of a-SMA-expressing
fibroblasts. While the reduction in fibroblast numbers unleashed the restraint on tumor cells,
more myeloid cells infiltrated into TME and promoted carcinogenesis through CCR1 [153].
This study suggested that T-reg depletion alone may not be able to modify the immune-
suppressive property of the PC TME, and more comprehensive methods to systematically
change the TME are needed for better PC treatment regimens.

Other studies have also shown the essential functions of the CAFs in PC. One study

showed that DT-induced depletion of fibroblast activation protein (FAP)-expressing CAFs in
the KPC murine model could facilitate anti-tumor effects of anti-PD-L1 and anti-CTLA4
antibody therapy for PC. One signature of these FAP-expressing CAFs is CXCL12
expression and inhibiting CXCL12 function with a CXCR4 inhibitor-induced more T-cell
infiltration and synergized with anti-PD-L1 therapy [57]. As with T-reg depletion, more
studies have explored the fibroblast depletion strategy and clearly showed the functional
relevance of fibroblasts in cancer immunity. One study utilized ganciclovir-induced a-
SMA-tk mice for CAF depletion in the background of the Ptf1aCre/*, LSL-KrasG12D/*,
Tgfbr2flox/flox (PKT) PC model. The a-SMA-myofibroblast deletion in this PC murine
model resulted in more invasive tumors and diminished survival, with more hypoxia, T-reg
infiltration, EMT, and an expanded number of cancer stem cells [62]. Another study focused
on the PC stroma component and targeted sonic hedgehog (shh). Deletion of sh/in the KPC
murine model resulted in reduced stroma components, including a-SMA™ myofibroblasts,
CD45" myeloid cells, F4/80" monocytes, and more vascular density and proliferation in

the tumor, leading to accelerated tumor progression, metastasis, and worse survival [154].
Rather than targeting a-SMA* myofibroblasts directly, another recent study combined
deletion of type I collagen in a-SMA myofibroblasts with KPC mutation in pancreas

acinar cells. This collagen deletion in myofibroblasts augmented immune suppression,
promoted tumor progression, and diminished survival, along with reduced B- and T-cell,

but increased CD11b*CD206* myeloid cell and MDSC in TME [155]. Further study into
the MDSCs population (CD206*F4/80*ARG1*) showed that these cells were recruited into
the TME via increased CXCL5, with elevated expression of CD206, Argl, F4/80, and
chitinase-like protein 3 (Chil3), creating a suppressive environment for B- and T-cells [155].
Altogether, these data suggest that therapeutic approaches targeting fibroblasts involve
multiple signaling pathways, T-reg/MSDC infiltration, and angiogenesis. Selective fibroblast
targeting and characterizing various populations of fibroblasts may assist in providing novel
targets for developing new PC treatments.

Fibroblast functions in PC are strongly associated with myeloid lineage cells, including
macrophages. Several studies have examined how myeloid cells act as pro-tumor immune
components of PC. For example, CD11b* myeloid depletion was reported to arrest Kras-
mutation-driven tumor growth and reduce the volume of already established subcutaneous
pancreatic tumors [46]. Further analysis showed this depletion caused cell apoptosis and
increased infiltration of CD8" T-cells and augmented secretion of effector cytokines, such

as IFN-y, IFN-B1, and perforin-1. Dual deletion of CD11b* myeloid cells and CD8* T-cells
can rescue the phenotype of CD11b* myeloid cell depletion, indicating that the CD11b*
myeloid cell depletion-mediated tumor suppression was dependent on CD8" T-cell functions
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[46]. Cancer cells express CD47 to deliver a “do not eat me” signal to macrophages.
Overexpression of the microRNA miR-340 reduced the expression of CD47, thereby
enhancing phagocytosis by macrophages and promoting anticancer immunity [156].

The PC TME is considered to be acidic and hypoxic. Neutralizing the acidity of

the TME with oral bicarbonate monotherapy, combined with anti-PD1 or anti-CTLA-4
antibodies, can enhance the anti-tumor response in PC [157]. Hypoxia drives the production
of 2-hydroxyglutarate (L-2HG), an epigenetic modifier, inducing H3 hypermethylation

and altered global gene expression. Inhibiting the L-2-HG-producing enzyme lactate
dehydrogenase (LDH) sensitized PC to anti-PD-1 therapy [158]. As another alternative,
enhancing anti-tumor immune signaling can also improve the immune therapy outcome.
Anti-OX40 agonist antibodies stimulate OX40 signaling, resulting in T-cell activation and
survival. Anti-OX40 agonist and anti-PD-L1 antagonist antibodies eliminated tumor cells
in an orthotopic pancreatic tumor model and allowed tumor-free survival of mice for more
than 200 days [159]. In KPC murine model, the life span of anti-OX40 and anti-PD-L1
antibody-treated mice was significantly longer compared with 1gG control-treated or single
antibody-treated mice. Further analysis with antibody-based depletion of CD4* T-cells
showed that this dual-antibody treatment was dependent on CD4* T-cells, while CyTOF
analysis showed that dual-antibody treatment reduced T-reg/exhausted T-cell infiltration
and T-cell expression of GATA3 and increased the number of CD127-expressing CD4*
T-cells [159]. A similar design was developed with the CD40 agonist antibody. Triple
CD40/PD-L1/CTLA-4 antibody treatment activated anti-tumor T-cell responses to cancer
and suppressed tumor growth, independent of innate immune sensor signaling involving the
TLR, STING, and IFNAR signaling pathways but dependent on the expression of CD40 and
basic leucine zipper ATF-like transcription (Batf3), that functions in priming of T-cells and
the cross-presentation of DCs [160].

6. Conclusion and perspective

Projected soon to be the second leading cause of cancer-related deaths, PC still needs the
development of novel therapeutic regimens focusing on targeting immunosuppressive TME.
With the advancements in the molecular targets for immunotherapy, greater understanding
of the immunosuppressive mechanisms in PC TME, including the contribution of stromal
components, immunogenic and antigenic properties, and the expression and regulation of
immune checkpoints, the stage is set for evaluating novel immunotherapeutic regimens as a
mainstay to lay the foundation for developing superior PC treatments. However, as yet, only
limited information has been revealed. A more detailed and systematic understanding of the
PC TME is needed to analyze the landscape of fibroblast and macrophage heterogeneity.
With the development of single-cell RNA sequencing and functional analysis, we have
acquired information about the PC TME and an overview of interactions of fibroblasts,
macrophages, B-cells, and T-cells. Further, advanced spatial approaches are required to
analyze these interactions to gain comprehensive understanding of the pancreatic TME.
Exploration of other immune components such as NK cells, mast cells, neutrophils, and
tertiary lymphoid structures is required to understand their role in TME and elucidate their
crosstalk with other cells. Investigation of other checkpoint molecules, their expression, and
signaling is required to understand their role and target them for immune modulation of
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TME. Novel immunotherapies are being evaluated, focusing on new targets and combining
new inhibitors with improved preclinical models, renewing the hope that a cure for PC will
soon be possible.
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APCs antigen presenting cells

Argl arginasel

a-SMA a-smooth muscle actin

ATM ataxia telangiectasia mutated

BCR B-cell receptor

B-TrCP B-transducin repeat-containing proteins
CAFs cancer-associated fibroblasts

CDK cyclin-dependent kinase

Chi3I3 chitinase-like 3

ChipP chromatin immunoprecipitation

CSN5 COP9 signalosome subunit 5

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic lymphocyte-associated antigen-4
CyTOF Cytometry by time of flight

DAC 5-aza-dC

DCLK1 doublecortin like kinase 1

EGF epidermal growth factor

FAK focal adhesion kinase

FAP fibroblast activation protein

FBP1 fructose-1,6-biphosphatase
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GEMMs
GFAT1
GM-CSF
GSK 3B
HAT1
HDAC3
HIF
HMTase
IDO1
IFN
IRF1
KDM3A
KLF5
KPC mode
LPS
MDSCs
MLL1
MSP
NEK?2
NK

OPN
PAK
PanIN
PC

PD-1
PKM2
PTPRO

RIP1
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forkhead box protein 3

genetically engineered mouse models
glutamine-fructose amidotransferase 1
granulocyte-macrophage colony-stimulating factor
Glycogen synthase kinase 3

histone acetyltransferase 1

histone deacetylase 3

hypoxia-inducible factors

histone methyltransferase

indoleamine 2,3-dioxygenase-1

interferon

interferon regulatory factor 1

Lysine demethylase 3A

Kruppel like factor 5

LSL-KrasG12D/+, LSL-Trp53R172H/+, Pdx-1-Cre murine model
lipopolysaccharides

myeloid-derived suppressor cells
myeloid/lymphoid or mixed-lineage leukemia 1
macrophage stimulating protein

never-in mitosis gene A-related kinase 2
natural Killer

osteopontin

p21-activated kinases

pancreatic intraepithelial neoplasia

pancreatic cancer

programmed cell death-1

pyruvate kinase isoform M2

protein tyrosine phosphatase receptor type O

receptor-interacting serine/threonine protein kinase

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 23
scFv single chain fragment variable
scRNA-seq single-cell RNA-sequencing
shh sonic hedgehog
SMAD4 SMAD family member 4
TAA tumor-associated antigens
TAMs tumor-associated macrophages
Th helper T cells
Thi type 1 T helper cells
TME tumor microenvironment
TNF-a tumor necrosis factor-a
Treg regulatory T cells
TSA tumor-specific antigens
WDR5 WD repeat-containing protein.
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Mechanisms by which Tumors Avoid Immune Recognition
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Fig. 1.

Activated
Tcell

In absence of co-stimulation,
tumor antigens are taken up
and presented by APCs to
tolerize T cells.

Factors (e.g. CCL2) secreted by
tumor cells create a physical
barrier to the immune system.

Factors(e.g. TGFB, IL-10, IL-35)
secreted by TME directly inhibit T
cells and induce
immunusuppressive environment

Mechanisms by which tumors avoid immune recognition. Mutations in the Ras signaling
impair antigen presentation by decreased expression of MHC | and antigen processing
molecules. Regulatory T-cells interact with tumor-associated dendritic cells and hamper their
immunogenic function by inhibiting the expression of costimulatoiy ligands required for
cytotoxic T-cell activity, thus, creating an immunosuppressive environment. Tumor cells

also secrete chemokines such as CCL2 and create a physical barrier that prevents immune
infiltration. Immunosuppressive immune cells secrete factors such as TGF, I1L-10, and
IL-35 to inhibit CTL activity.
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Fig. 2.
Immune checkpoint regulation network in the pancreatic cancer tumor microenvironment.

In the tumor microenvironment of pancreatic cancer, the expression of immune

checkpoints were regulated by a comprehensive network, including cytokine (red), tumor
microenvironment property and key metabolism enzyme (green), key oncogenic, epigenetic,
or other signaling pathways (blue), and post-translation modification (separate box) in both
cancer cell and immune cells. Other components, such as fibroblasts and macrophages, also
contribute to the regulation of immune checkpoints.
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