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Simple Summary: In this review, we discuss the current understanding of pro- and anticancer
immune responses in the tumor immune microenvironment of pancreatic ductal adenocarcinoma.
We describe the duality and complexity of immune cell functions in the tumor microenvironment
and also illustrate therapeutic approaches that modulate the antitumor immune response.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the most common pancreatic tumor and is
associated with poor prognosis and treatment response. The tumor microenvironment (TME) is
recognized as an important factor in metastatic progression across cancers. Despite extensive study of
the TME in PDAC, the cellular and molecular signaling networks remain poorly understood, largely
due to the tremendous heterogeneity across tumors. While earlier work characterized PDAC as an
immunologically privileged tumor poorly recognized by the immune system, recent studies revealed
the important and nuanced roles of immune cells in the pathogenesis of PDAC. Distinct lymphoid,
myeloid, and stromal cell types in the TME exert opposing influences on PDAC tumor trajectory,
suggesting a more complex organization than the classical “hot” versus “cold” tumor distinction. We
review the pro- and antitumor immune processes found in PDAC and briefly discuss their leverage
for the development of novel therapeutic approaches in the field.

Keywords: pancreatic ductal adenocarcinoma; tumor microenvironment; fibroblast; T cell; macrophage;
neutrophil; myeloid-derived suppressor cell

1. Introduction

Pancreatic cancers include both exocrine and endocrine tumors. The most common
type is pancreatic ductal carcinoma (PDAC), an exocrine tumor that accounts for approxi-
mately 90% of pancreatic cancers [1]. Other pancreatic exocrine tumors include pancreatic
acinar carcinoma, which accounts for approximately 5% of pancreatic cancers, and several
other rare tumors. Pancreatic endocrine tumors include rare neuroendocrine tumors (NETs),
such as insulinomas, gastrinomas, and glucagonomas, some of which are associated with
multiple endocrine neoplasia type 1 (MEN1) and other genetic syndromes. Herein, we
focus on PDAC, as this is by far the most common and studied pancreatic tumor.

PDAC is increasing worldwide and is associated with high morbidity involving
multiple organ system failures and high mortality [2]. Further, the tumors are particularly
resistant to treatment relative to other primary origins, and 5-year survival remains under
10% despite decades of research and recent advances in immunotherapy, which have
revolutionized the treatment and prognosis of other primary tumors. Multiple factors
contribute to this poor prognosis. PDAC is often diagnosed at an advanced stage due
to relatively asymptomatic progression through the early stages. Advanced imaging
techniques are used to make an initial diagnosis with histopathology typically performed
after surgery [1]. The tumors are characterized by marked fibrosis and hypervascularity
in the tumor microenvironment (TME), which is further complicated by the tremendous
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heterogeneity of PDAC tumors across individuals. The TME is an amorphous entity
consisting of the cells, molecules, and vessels and the associated spatial and signaling
networks, all of which are important for malignant progression across cancer types. As the
field of oncology has increasingly benefited from the perspectives of cancer immunology,
great interest has developed in the immune microenvironment as a method to characterize
and leverage the heterogeneity of PDAC in order to better understand clinical prognosis
and design more effective therapeutic interventions.

Classical exposures such as tobacco and heavy alcohol use have been long associated
with pancreatic cancer. Subsequent studies identified obesity and diabetes, increasingly
common and recognized as inflammatory states, as independent risk factors for PDAC [3–5].
Genetic loci associated with other cancers and cancer syndromes, including BRCA2 and
PALB2, are also associated with PDAC. Approximately 90% of PDAC tumors exhibit Kirsten
rat sarcoma virus (KRAS) failure, and many also demonstrate tumor protein (p53), mothers
against decapentaplegic homolog 4 (SMAD4), and/or cyclin-dependent kinase inhibitor
2A (p16) mutations [6–9]. Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) dysregulation has also been implicated in both pro- and antitumor roles in the
setting of PDAC. While much historical work on NF-κB suggested a primarily pro-tumor
function of NF-κB activation in PDAC tied tightly to KRAS, more recent studies revealed
simultaneous antitumor effects mediated by a complex signaling network affecting immune
cells in the TME [10]. Activation of both canonical and noncanonical NF-κB pathways is
well known to drive pancreatic injury in PDAC, and it is likely that modulation of the
NF-κB pathway confers the recently observed protective effects via established control of
immune cell function in the TME [11].

Nevertheless, PDAC is still considered to possess a relatively low mutational load
compared to other tumors [12], which typically leads to low levels of immune cell in-
filtration [13]. Previously, this observation led to the characterization of PDAC as an
immunologically privileged tumor, which is referred to as “cold” relative to other tumors
with high mutational burdens and thus better immune recognition known as “hot” tumors.
However, there is increasing recognition that immune cells, whether infiltrating or resident,
play significant roles in PDAC pathogenesis. Thus, PDAC may not adhere to the traditional
“hot” versus “cold” tumor distinction, but rather exists on an immune temperature spec-
trum that includes both “hot” and “cold” zones in the TME. In this review, we focus on the
tumor immune microenvironment. Herein, we use TME and tumor immune microenvi-
ronment interchangeably since it is not possible to distinguish immune elements from the
rest of the TME. We synthesize the multifaceted roles of distinct lymphoid, myeloid, and
stromal cell types in the tumor immune microenvironment of PDAC and briefly discuss
ongoing work to understand this complex network in the treatment of PDAC.

2. The PDAC Tumor Immune Microenvironment

The tumor immune microenvironment is immensely heterogeneous in PDAC, which
is largely responsible for its extensive study and lack of mechanistic clarity to date [14]. Key
elements of its heterogeneity stem from cancer-associated fibroblasts (CAFs), endothelial
cells, and numerous subsets of immune cells (Figure 1). Fibroblasts and other PDAC
stromal cells largely promote tumor evasion from T-cell control. In a large multiomic study,
sub-tumor microenvironments (subTMEs) correlated with clinical heterogeneity and were
primarily defined by fibroblast plasticity [15]. “Hot” subTME regions were characterized by
activated CAFs that promoted the growth of undifferentiated tumor cells, whereas “cold”
subTME regions contained less activated CAFs and tumor suppressive features. Other
studies that focused on soluble mediators of the TME found that interleukin-1β (IL-1β)
secreted by the tumor stroma in PDAC promotes polarization of macrophages to the M2
phenotype, and proliferation of myeloid-derived suppressor cells (MDSCs), regulatory B
cells (Bregs), and T-helper 17 (Th17) cells, which promote tumorigenesis [16,17]. Blockade of
IL-1β in a mouse model of PDAC improved tumor-infiltrating lymphocyte (TIL) numbers
and CD8+ T-cell responses, which inhibit tumorigenesis.



Cancers 2022, 14, 4236 3 of 8

Cancers 2022, 14, x FOR PEER REVIEW  3 of 9 
 

 

(MDSCs), regulatory B cells (Bregs), and T‐helper 17 (Th17) cells, which promote tumor‐

igenesis [16,17]. Blockade of IL‐1 in a mouse model of PDAC improved tumor‐infiltrating 

lymphocyte (TIL) numbers and CD8+ T‐cell responses, which inhibit tumorigenesis.   

 

Figure 1. The tumor immune microenvironment in pancreatic ductal adenocarcinoma involves com‐

plex, opposing interaction networks. Presence of both “hot” (red circle) and “cold” (blue circle) mi‐

croenvironments defies the classical paradigm in which these states are mutually exclusive. Instead, 

processes characteristic of each state are found within the same tumor. IL‐1, interleukin‐1; CXCL1, 
C‐X‐C motif chemokine ligand 1; TIGIT, T‐cell immunoreceptor with Ig and ITIM domains; TFH, T 

follicular helper cell; IL‐21, interleukin‐21; cDC, conventional dendritic cell; CXCL13, C‐X‐C motif 

chemokine  ligand 13; Treg, Regulatory T cell;  IL‐10,  interleukin‐10; TGF‐,  transforming growth 

factor‐. Created with BioRender. 

Thus, these stromal cells are one way that PDAC defies the “hot” and “cold” immune 

response dichotomy. Large transcriptomic studies suggest important roles for numerous 

immune cell subsets in the TME [18], which we discuss by lineage compartment. 

3. Lymphoid Compartment 

Lymphoid cells include B cells and T cells, the latter of which have been more studied 

in PDAC. Previously, T cells were considered uniformly tumorigenic in PDAC, owing to 

their “cold” tumor designation. However, it is increasingly recognized that T cells play 

dual roles to permit and, when activated, suppress tumor progression in PDAC. A recent 

large multiomic study of PDAC demonstrated the complexity of suppressive interactions 

that prevent T cells from controlling the tumor growth [19]. Tumor‐infiltrating lympho‐

cytes (TILs) are a subset of CD8+ T cells that generally inhibit tumor growth by cytotoxicity 

and other mechanisms. Dysfunctional TILs  express  a heterogeneous  array of  immune 

Figure 1. The tumor immune microenvironment in pancreatic ductal adenocarcinoma involves
complex, opposing interaction networks. Presence of both “hot” (red circle) and “cold” (blue circle)
microenvironments defies the classical paradigm in which these states are mutually exclusive. Instead,
processes characteristic of each state are found within the same tumor. IL-1β, interleukin-1β; CXCL1,
C-X-C motif chemokine ligand 1; TIGIT, T-cell immunoreceptor with Ig and ITIM domains; TFH, T
follicular helper cell; IL-21, interleukin-21; cDC, conventional dendritic cell; CXCL13, C-X-C motif
chemokine ligand 13; Treg, Regulatory T cell; IL-10, interleukin-10; TGF-β, transforming growth
factor-β. Created with BioRender.

Thus, these stromal cells are one way that PDAC defies the “hot” and “cold” immune
response dichotomy. Large transcriptomic studies suggest important roles for numerous
immune cell subsets in the TME [18], which we discuss by lineage compartment.

3. Lymphoid Compartment

Lymphoid cells include B cells and T cells, the latter of which have been more studied
in PDAC. Previously, T cells were considered uniformly tumorigenic in PDAC, owing to
their “cold” tumor designation. However, it is increasingly recognized that T cells play
dual roles to permit and, when activated, suppress tumor progression in PDAC. A recent
large multiomic study of PDAC demonstrated the complexity of suppressive interactions
that prevent T cells from controlling the tumor growth [19]. Tumor-infiltrating lymphocytes
(TILs) are a subset of CD8+ T cells that generally inhibit tumor growth by cytotoxicity
and other mechanisms. Dysfunctional TILs express a heterogeneous array of immune
checkpoint receptors in PDAC, reflecting an exhausted phenotype. In particular, TILs
upregulated the T-cell immunoreceptor with Ig and ITIM domains (TIGIT), an inhibitory
checkpoint receptor that interacts with dendritic cells (DCs) and macrophages. These DCs
and macrophages then express anti-inflammatory interleukin-19 (IL-10), which interferes
with the ability of cytotoxic T cells to mitigate PDAC. TIGIT also mediates TIL function in
other cancers, and clinical trials are ongoing to evaluate anti-TIGIT immunotherapies in
combination with other checkpoint inhibitors.
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Soluble factors also contribute to TIL dysfunction in PDAC. C-X-C motif chemokine
ligand 1 (CXCL1) promotes a dominant noninflamed T-cell phenotype, and ablation of the
chemokine promoted CD8+ T-cell infiltration and immunotherapy response in a mouse
model of PDAC [20]. The anti-inflammatory cytokine transforming growth factor-β (TGF-β)
also promotes tumor progression in PDAC by inhibiting of immune activation, and deletion
of the TGF-β receptor in CD8+ T cells enhanced infiltration and cytotoxicity of TILs in
mouse models [21]. Moreover, CD4+ T-helper cells also play opposing roles in the TME
of PDAC tumors [22]. T-helper 1 (Th1) and T-helper 2 (Th2) cells induced in the TME
by proinflammatory cytokines enhance TIL antitumor activity, while the role of Th17
cells remains poorly understood but likely promotes tumor growth depending on the
role of interleukin-17 (IL-17). Regulatory T cells (Tregs) also supply TGF-β ligands to
fibroblasts, inhibiting the growth of the tumor [23]. Furthermore, there was increased
differentiation of inflammatory fibroblasts, accelerated tumor progression, and enhanced
C-C chemokine receptor type 1 (CCR1)-mediated MDSC infiltration when Tregs were
depleted in a PDAC mouse model, suggesting that Tregs inhibit tumorigenesis in PDAC.
This observation strikingly contrasts with other cancers such as melanoma where Treg
depletion significantly enhances tumor control by CD8+ T cells. In addition, infiltrating
T follicular helper (TFH) cells produced C-X-C motif chemokine ligand 13 (CXCL13) and
interleukin-21 (IL-21), which improved CD8+ T and B cell infiltration, activation, and
maturation that could be inhibited by programmed cell death protein 1 (PD-1) signaling,
demonstrating additional antitumor T-cell functions [24]. Thus, distinct T-cell subsets play
dual roles in both inhibiting and promoting tumorigenesis in PDAC.

Natural killer cells (NK cells) such as lymphocytes from the innate immune system
have not been profoundly studied for their role in PDAC TME and thus their role remains
unclear [25]. More recently, NK cells have been investigated and it was shown that certain
subsets of NK cells, CD56dim and CD16neg, were reduced in the bloodstream yet enriched in
TIL of PDAC, which can be seen as a sign that NK cells may suppress tumor progression [26].
However, more research needs to be done to understand NK cells’ role and potency for
immune therapies.

4. Myeloid Compartment

Macrophage polarization has a well-established influence on the TME across multiple
primary cancers. Immunosuppressive M2-like tumor-associated macrophages (TAMs)
are associated with poor prognosis by their overall density in the tumor, albeit improved
prognosis when localized in close proximity to PDAC tumor cells [27,28]. This duality may
reflect the effect of other nearby cells, which ongoing multidimensional spatial studies aim
to determine. Hypoxia-inducible factor-2α (HIF2α) production by fibroblasts in the rela-
tively hypoxic stroma of PDAC also promotes M2 macrophage polarization, as evidenced
by a recent mouse study [29]. In contrast, macrophages also express colony stimulating
factor 1 receptor (CSF-1R) and focal adhesion kinase (FAK) that mediate signaling cascades
to promote MDSC, TAM, and Treg infiltration and are under investigation as therapeutic
targets for the treatment of PDAC [30]. In particular, MDSCs interfere with T-cell activation
and infiltration. In a mouse model of PDAC, the histone deacetylase inhibitor entinostat
was used to reprogram MDSCs such that when combined with anti-PD-1 or anticytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) immunotherapies, TILs were more activated
and outcomes were improved with a combination therapy [31]. Overall, M2 macrophages,
M2-like TAMs, and MDSCs play both “hot” and “cold” roles in the PDAC TME.

Other myeloid lineage cells have also been studied in PDAC. A deficiency in conven-
tional DCs (cDCs) led to tumorigenic Th17 cell responses and tumor progression despite the
presence of neoantigens [32]. In this mouse study, increased cDC production in early PDAC
led to tumor progression, while increased cDC production in advanced PDAC promoted
immune control of the tumor and response to radiation therapy. In addition, distinct DC
subsets at secondary sites have been shown to promote PDAC metastasis via modulation
of CD8+ T cells [33], again representing the duality of immune cell functions in PDAC.
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Neutrophils are also abundant in the PDAC TME and are associated with poor clinical
prognosis. Mouse models of PDAC treated with lorlatinib (an FDA-approved inhibitor
of anaplastic lymphoma kinase, or ALK) demonstrated a reduction in tumor progression
mediated by inhibition of neutrophil development and mobilization [34]. Treatment with
lorlatinib improved response to anti-PD-1 immunotherapy and promoted activation of CD8+

T cells. Mast cells have also been shown to produce angiogenic factors that promote PDAC
tumor growth and metastatic progression [35]. Thus, myeloid lineage cells play numerous,
nuanced roles in promoting, and to a lesser extent modulating, PDAC tumorigenesis.

5. Role of Tumor Immune Microenvironment in Treatment

Evidently, distinct immune cell subsets play multiple, opposing roles in the PDAC
TME. The cornerstone of current PDAC therapy remains a combination of chemotherapy, ra-
diation, and surgery, which will likely continue to play a role in addition to next-generation
therapies [1]. Immune checkpoint inhibitor immunotherapy that revolutionized the field
of oncology over the last decade has yet to make the same monumental advancement in
PDAC given its poor therapeutic response. Given its growing prevalence and morbidity
and mortality, considerable research is dedicated to the development of next-generation
immunotherapies for PDAC and other treatment-resistant tumors (Figure 2). In target-
ing T cells, the solution may stem from combining FDA-approved therapeutics, such as
anti-PD-1 and anti-CTLA-4 checkpoint inhibitors with little activity in PDAC, with novel
checkpoint targets, such as TIGIT [19] and tumor necrosis factor receptor superfamily mem-
ber 4 (OX40) [36]. Stimulator of interferon genes (STING) and Toll-like receptor (TLR)
agonists are also in clinical development to promote DC activation and thereby improve
T-cell cytotoxicity. Other programs focus on modulation of MDSCs and M2 macrophages.
Alternative platforms are being used to target these elusive cell populations, including
exosomes containing targeted siRNAs for reprogramming M2-TAMs to inflammatory M1
phenotypes and recruiting cytotoxic T cells [37]. In addition, mRNA technology is being
leveraged for the development of cancer vaccines to treat PDAC using antigens defined by
large screening studies [38], and still, other programs are evaluating the utility chimeric anti-
gen receptor (CAR) T, oncolytic virus, vaccine, small molecule, and antibody technologies.
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Figure 2. Immunotherapeutic approaches to the treatment of PDAC that leverage the tumor immune
microenvironment. APC, antigen presenting cell; CAR, chimeric antigen receptor; CTL, cytotoxic T
cell; LAG-3, lymphocyte-activation gene-3; PD-1, programmed death receptor-1; PD-L1, programmed
death-ligand 1; Tex, exhausted T cell. Adapted from [39]. Created with BioRender.
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In addition, immune cells can also act as prognostic markers. A recent meta-analysis
by McGuigan et. al. found several promising immune cells as biomarkers for disease
progression [40]. The authors found evidence that invasion of CD4 and CD8 positive T cells
were associated with improved disease-free survival, whereas CD163 positive cells were
associated with reduced overall survival [40]. Moreover, several studies have shown αvβ6,
a member of the integrin family, is overexpressed in pancreatic cancer, which suggests this
as another avenue for diagnostic and therapeutic innovation [41,42].

6. Conclusions

While the role of fibrosis in the PDAC TME dominates much of the classical literature
in the field, it is clear from recent and ongoing research that immune cell subsets play
nuanced and pathologically significant roles in tumorigenesis. Primarily, M2-polarized
macrophages promote PDAC tumorigenesis along with neutrophils and exhausted TILs
that permit tumor growth. On the other hand, certain DC subsets and TFH cells activate
cytotoxic T cells to inhibit tumor progression. The roles of these cells are nuanced and, as
such, do not fit into the traditional “hot” or “cold” dichotomy. As the availability of suitable
clinical samples is always a limiting factor in translational studies and mouse models are
never perfect, organoids are also being explored as tools to advance the field. A recent study
demonstrated that primary human organoids reflected the PDAC stromal and immune
compartments, including TILs, cancer-associated fibroblasts, and the three-dimensional
TME, which will help facilitate ongoing research efforts [43]. Next-generation therapies will
no doubt be multifaceted and likely multiagent, involving synergistic approaches aimed at
modulating the immunosuppressive TME and enhancing the cytotoxic immune response.
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R.S.S.; writing—review and editing, S.J.S.R., R.S.S., J.G. and S.R.; visualization, S.J.S.R. and R.S.S.;
supervision, S.J.S.R., J.G. and S.R.; project administration, S.J.S.R. and S.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References
1. McGuigan, A.; Kelly, P.; Turkington, R.C.; Jones, C.; Coleman, H.G.; McCain, R.S. Pancreatic Cancer: A Review of Clinical

Diagnosis, Epidemiology, Treatment and Outcomes. World J. Gastroenterol. 2018, 24, 4846–4861. [CrossRef]
2. GBD 2015 Mortality and Causes of Death Collaborators. Global, Regional, and National Life Expectancy, All-Cause Mortality,

and Cause-Specific Mortality for 249 Causes of Death, 1980–2015: A Systematic Analysis for the Global Burden of Disease Study
2015. Lancet 2016, 388, 1459–1544. [CrossRef]

3. Saltiel, A.R.; Olefsky, J.M. Inflammatory Mechanisms Linking Obesity and Metabolic Disease. J. Clin. Investig. 2017, 127, 1–4.
[CrossRef]

4. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in Obesity, Diabetes, and Related Disorders. Immunity 2022,
55, 31–55. [CrossRef] [PubMed]

5. De Rubeis, V.; Cotterchio, M.; Smith, B.T.; Griffith, L.E.; Borgida, A.; Gallinger, S.; Cleary, S.; Anderson, L.N. Trajectories of Body
Mass Index, from Adolescence to Older Adulthood, and Pancreatic Cancer Risk; A Population-Based Case-Control Study in
Ontario, Canada. Cancer Causes Control 2019, 30, 955–966. [CrossRef] [PubMed]

6. Ryan, D.P.; Hong, T.S.; Bardeesy, N. Pancreatic Adenocarcinoma. N. Engl. J. Med. 2014, 371, 1039–1049. [CrossRef]
7. Peters, M.L.B.; Tseng, J.F.; Miksad, R.A. Genetic Testing in Pancreatic Ductal Adenocarcinoma: Implications for Prevention and

Treatment. Clin. Ther. 2016, 38, 1622–1635. [CrossRef]
8. Pishvaian, M.J.; Brody, J.R. Therapeutic Implications of Molecular Subtyping for Pancreatic Cancer. Oncology 2017, 31, 159–166.

[PubMed]
9. Raphael, B.J.; Hruban, R.H.; Aguirre, A.J.; Moffitt, R.A.; Yeh, J.J.; Stewart, C.; Robertson, A.G.; Cherniack, A.D.; Gupta, M.;

Getz, G.; et al. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer Cell 2017, 32, 185–203.e13.
[CrossRef]

http://doi.org/10.3748/wjg.v24.i43.4846
http://doi.org/10.1016/S0140-6736(16)31012-1
http://doi.org/10.1172/JCI92035
http://doi.org/10.1016/j.immuni.2021.12.013
http://www.ncbi.nlm.nih.gov/pubmed/35021057
http://doi.org/10.1007/s10552-019-01197-9
http://www.ncbi.nlm.nih.gov/pubmed/31230151
http://doi.org/10.1056/NEJMra1404198
http://doi.org/10.1016/j.clinthera.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28299752
http://doi.org/10.1016/j.ccell.2017.07.007


Cancers 2022, 14, 4236 7 of 8

10. Kabacaoglu, D.; Ruess, D.A.; Ai, J.; Algül, H. NF-KB/Rel Transcription Factors in Pancreatic Cancer: Focusing on RelA, c-Rel, and
RelB. Cancers 2019, 11, 937. [CrossRef]

11. Silke, J.; O’Reilly, L.A. NF-KB and Pancreatic Cancer; Chapter and Verse. Cancers 2021, 13, 4510. [CrossRef] [PubMed]
12. Ying, H.; Dey, P.; Yao, W.; Kimmelman, A.C.; Draetta, G.F.; Maitra, A.; DePinho, R.A. Genetics and Biology of Pancreatic Ductal

Adenocarcinoma. Genes Dev. 2016, 30, 355–385. [CrossRef] [PubMed]
13. Katlinski, K.V.; Gui, J.; Katlinskaya, Y.V.; Ortiz, A.; Chakraborty, R.; Bhattacharya, S.; Carbone, C.J.; Beiting, D.P.; Girondo, M.A.;

Peck, A.R.; et al. Inactivation of Interferon Receptor Promotes the Establishment of Immune Privileged Tumor Microenvironment.
Cancer Cell 2017, 31, 194–207. [CrossRef] [PubMed]

14. Ligorio, M.; Sil, S.; Malagon-Lopez, J.; Nieman, L.T.; Misale, S.; Di Pilato, M.; Ebright, R.Y.; Karabacak, M.N.; Kulkarni, A.S.;
Liu, A.; et al. Stromal Microenvironment Shapes the Intratumoral Architecture of Pancreatic Cancer. Cell 2019, 178, 160–175.e27.
[CrossRef] [PubMed]

15. Grünwald, B.T.; Devisme, A.; Andrieux, G.; Vyas, F.; Aliar, K.; McCloskey, C.W.; Macklin, A.; Jang, G.H.; Denroche, R.;
Romero, J.M.; et al. Spatially Confined Sub-Tumor Microenvironments in Pancreatic Cancer. Cell 2021, 184, 5577–5592.e18.
[CrossRef]

16. Das, S.; Shapiro, B.; Vucic, E.A.; Vogt, S.; Bar-Sagi, D. Tumor Cell-Derived IL1β Promotes Desmoplasia and Immune Suppression
in Pancreatic Cancer. Cancer Res. 2020, 80, 1088–1101. [CrossRef]

17. McAllister, F.; Bailey, J.M.; Alsina, J.; Nirschl, C.J.; Sharma, R.; Fan, H.; Rattigan, Y.; Roeser, J.C.; Lankapalli, R.H.; Zhang, H.; et al.
Oncogenic Kras Activates a Hematopoietic-to-Epithelial IL-17 Signaling Axis in Preinvasive Pancreatic Neoplasia. Cancer Cell
2014, 25, 621–637. [CrossRef]

18. Tang, R.; Liu, X.; Liang, C.; Hua, J.; Xu, J.; Wang, W.; Meng, Q.; Liu, J.; Zhang, B.; Yu, X.; et al. Deciphering the Prognostic
Implications of the Components and Signatures in the Immune Microenvironment of Pancreatic Ductal Adenocarcinoma. Front.
Immunol. 2021, 12, 648917. [CrossRef]

19. Steele, N.G.; Carpenter, E.S.; Kemp, S.B.; Sirihorachai, V.R.; The, S.; Delrosario, L.; Lazarus, J.; Amir, E.-A.D.; Gunchick, V.;
Espinoza, C.; et al. Multimodal Mapping of the Tumor and Peripheral Blood Immune Landscape in Human Pancreatic Cancer.
Nat. Cancer 2020, 1, 1097–1112. [CrossRef]

20. Li, J.; Byrne, K.T.; Yan, F.; Yamazoe, T.; Chen, Z.; Baslan, T.; Richman, L.P.; Lin, J.H.; Sun, Y.H.; Rech, A.J.; et al. Tumor Cell-Intrinsic
Factors Underlie Heterogeneity of Immune Cell Infiltration and Response to Immunotherapy. Immunity 2018, 49, 178–193.e7.
[CrossRef]

21. Principe, D.R.; DeCant, B.; Mascariñas, E.; Wayne, E.A.; Diaz, A.M.; Akagi, N.; Hwang, R.; Pasche, B.; Dawson, D.W.; Fang, D.; et al.
TGFβ Signaling in the Pancreatic Tumor Microenvironment Promotes Fibrosis and Immune Evasion to Facilitate Tumorigenesis.
Cancer Res. 2016, 76, 2525–2539. [CrossRef] [PubMed]

22. Liu, X.; Xu, J.; Zhang, B.; Liu, J.; Liang, C.; Meng, Q.; Hua, J.; Yu, X.; Shi, S. The Reciprocal Regulation between Host Tissue and
Immune Cells in Pancreatic Ductal Adenocarcinoma: New Insights and Therapeutic Implications. Mol. Cancer 2019, 18, 184.
[CrossRef] [PubMed]

23. Zhang, Y.; Lazarus, J.; Steele, N.G.; Yan, W.; Lee, H.-J.; Nwosu, Z.C.; Halbrook, C.J.; Menjivar, R.E.; Kemp, S.B.; Siriho-
rachai, V.R.; et al. Regulatory T-Cell Depletion Alters the Tumor Microenvironment and Accelerates Pancreatic Carcinogenesis.
Cancer Discov. 2020, 10, 422–439. [CrossRef] [PubMed]

24. Lin, X.; Ye, L.; Wang, X.; Liao, Z.; Dong, J.; Yang, Y.; Zhang, R.; Li, H.; Li, P.; Ding, L.; et al. Follicular Helper T Cells Remodel the
Immune Microenvironment of Pancreatic Cancer via Secreting CXCL13 and IL-21. Cancers 2021, 13, 3678. [CrossRef]

25. Lim, S.A.; Kim, J.; Jeon, S.; Shin, M.H.; Kwon, J.; Kim, T.-J.; Im, K.; Han, Y.; Kwon, W.; Kim, S.-W.; et al. Defective Localization
with Impaired Tumor Cytotoxicity Contributes to the Immune Escape of NK Cells in Pancreatic Cancer Patients. Front. Immunol.
2019, 10, 496. [CrossRef]

26. Marcon, F.; Zuo, J.; Pearce, H.; Nicol, S.; Margielewska-Davies, S.; Farhat, M.; Mahon, B.; Middleton, G.; Brown, R.;
Roberts, K.J.; et al. NK Cells in Pancreatic Cancer Demonstrate Impaired Cytotoxicity and a Regulatory IL-10 Phenotype.
Oncoimmunology 2020, 9, 1845424. [CrossRef] [PubMed]

27. Habtezion, A.; Edderkaoui, M.; Pandol, S.J. Macrophages and Pancreatic Ductal Adenocarcinoma. Cancer Lett. 2016, 381, 211–216.
[CrossRef]

28. Väyrynen, S.A.; Zhang, J.; Yuan, C.; Väyrynen, J.P.; Dias Costa, A.; Williams, H.; Morales-Oyarvide, V.; Lau, M.C.; Rubinson, D.A.;
Dunne, R.F.; et al. Composition, Spatial Characteristics, and Prognostic Significance of Myeloid Cell Infiltration in Pancreatic
Cancer. Clin. Cancer Res. 2021, 27, 1069–1081. [CrossRef]

29. Garcia Garcia, C.J.; Huang, Y.; Fuentes, N.R.; Turner, M.C.; Monberg, M.E.; Lin, D.; Nguyen, N.D.; Fujimoto, T.N.; Zhao, J.;
Lee, J.J.; et al. Stromal HIF2 Regulates Immune Suppression in the Pancreatic Cancer Microenvironment. Gastroenterology 2022,
162, 2018–2031. [CrossRef]

30. Osipov, A.; Saung, M.T.; Zheng, L.; Murphy, A.G. Small Molecule Immunomodulation: The Tumor Microenvironment and
Overcoming Immune Escape. J. Immunother. Cancer 2019, 7, 224. [CrossRef]

31. Christmas, B.J.; Rafie, C.I.; Hopkins, A.C.; Scott, B.A.; Ma, H.S.; Cruz, K.A.; Woolman, S.; Armstrong, T.D.; Connolly, R.M.;
Azad, N.A.; et al. Entinostat Converts Immune-Resistant Breast and Pancreatic Cancers into Checkpoint-Responsive Tumors by
Reprogramming Tumor-Infiltrating MDSCs. Cancer Immunol. Res. 2018, 6, 1561–1577. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers11070937
http://doi.org/10.3390/cancers13184510
http://www.ncbi.nlm.nih.gov/pubmed/34572737
http://doi.org/10.1101/gad.275776.115
http://www.ncbi.nlm.nih.gov/pubmed/26883357
http://doi.org/10.1016/j.ccell.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28196594
http://doi.org/10.1016/j.cell.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31155233
http://doi.org/10.1016/j.cell.2021.09.022
http://doi.org/10.1158/0008-5472.CAN-19-2080
http://doi.org/10.1016/j.ccr.2014.03.014
http://doi.org/10.3389/fimmu.2021.648917
http://doi.org/10.1038/s43018-020-00121-4
http://doi.org/10.1016/j.immuni.2018.06.006
http://doi.org/10.1158/0008-5472.CAN-15-1293
http://www.ncbi.nlm.nih.gov/pubmed/26980767
http://doi.org/10.1186/s12943-019-1117-9
http://www.ncbi.nlm.nih.gov/pubmed/31831007
http://doi.org/10.1158/2159-8290.CD-19-0958
http://www.ncbi.nlm.nih.gov/pubmed/31911451
http://doi.org/10.3390/cancers13153678
http://doi.org/10.3389/fimmu.2019.00496
http://doi.org/10.1080/2162402X.2020.1845424
http://www.ncbi.nlm.nih.gov/pubmed/33299656
http://doi.org/10.1016/j.canlet.2015.11.049
http://doi.org/10.1158/1078-0432.CCR-20-3141
http://doi.org/10.1053/j.gastro.2022.02.024
http://doi.org/10.1186/s40425-019-0667-0
http://doi.org/10.1158/2326-6066.CIR-18-0070
http://www.ncbi.nlm.nih.gov/pubmed/30341213


Cancers 2022, 14, 4236 8 of 8

32. Hegde, S.; Krisnawan, V.E.; Herzog, B.H.; Zuo, C.; Breden, M.A.; Knolhoff, B.L.; Hogg, G.D.; Tang, J.P.; Baer, J.M.; Mpoy, C.; et al.
Dendritic Cell Paucity Leads to Dysfunctional Immune Surveillance in Pancreatic Cancer. Cancer Cell 2020, 37, 289–307.e9.
[CrossRef] [PubMed]

33. Kenkel, J.A.; Tseng, W.W.; Davidson, M.G.; Tolentino, L.L.; Choi, O.; Bhattacharya, N.; Seeley, E.S.; Winer, D.A.; Reticker-
Flynn, N.E.; Engleman, E.G. An Immunosuppressive Dendritic Cell Subset Accumulates at Secondary Sites and Promotes
Metastasis in Pancreatic Cancer. Cancer Res. 2017, 77, 4158–4170. [CrossRef]

34. Nielsen, S.R.; Strøbech, J.E.; Horton, E.R.; Jackstadt, R.; Laitala, A.; Bravo, M.C.; Maltese, G.; Jensen, A.R.D.; Reuten, R.;
Rafaeva, M.; et al. Suppression of Tumor-Associated Neutrophils by Lorlatinib Attenuates Pancreatic Cancer Growth and
Improves Treatment with Immune Checkpoint Blockade. Nat. Commun. 2021, 12, 3414. [CrossRef] [PubMed]

35. Longo, V.; Tamma, R.; Brunetti, O.; Pisconti, S.; Argentiero, A.; Silvestris, N.; Ribatti, D. Mast Cells and Angiogenesis in Pancreatic
Ductal Adenocarcinoma. Clin. Exp. Med. 2018, 18, 319–323. [CrossRef]

36. Ma, Y.; Li, J.; Wang, H.; Chiu, Y.; Kingsley, C.V.; Fry, D.; Delaney, S.N.; Wei, S.C.; Zhang, J.; Maitra, A.; et al. Combination
of PD1 Inhibitor and OX40 Agonist Induces Tumor Rejection and Immune Memory in Mouse Models of Pancreatic Cancer.
Gastroenterology 2020, 159, 306–319.e12. [CrossRef]

37. Zhou, W.; Zhou, Y.; Chen, X.; Ning, T.; Chen, H.; Guo, Q.; Zhang, Y.; Liu, P.; Zhang, Y.; Li, C.; et al. Pancreatic Cancer-Targeting
Exosomes for Enhancing Immunotherapy and Reprogramming Tumor Microenvironment. Biomaterials 2021, 268, 120546.
[CrossRef]

38. Huang, X.; Zhang, G.; Tang, T.; Liang, T. Identification of Tumor Antigens and Immune Subtypes of Pancreatic Adenocarcinoma
for MRNA Vaccine Development. Mol. Cancer 2021, 20, 44. [CrossRef]

39. Huber, M.; Brehm, C.U.; Gress, T.M.; Buchholz, M.; Alashkar Alhamwe, B.; Pogge von Strandmann, E.; Slater, E.P.; Bartsch, J.W.;
Bauer, C.; Lauth, M. The Immune Microenvironment in Pancreatic Cancer. Int. J. Mol. Sci. 2020, 21, 7307. [CrossRef]

40. McGuigan, A.J.; Coleman, H.G.; McCain, R.S.; Kelly, P.J.; Johnston, D.I.; Taylor, M.A.; Turkington, R.C. Immune Cell Infiltrates as
Prognostic Biomarkers in Pancreatic Ductal Adenocarcinoma: A Systematic Review and Meta-analysis. J. Pathol. Clin. Res. 2021,
7, 99–112. [CrossRef]

41. Feng, X.; Wang, Y.; Lu, D.; Xu, X.; Zhou, X.; Zhang, H.; Zhang, T.; Zhu, H.; Yang, Z.; Wang, F.; et al. Clinical Translation of a
68Ga-Labeled Integrin Avβ6–Targeting Cyclic Radiotracer for PET Imaging of Pancreatic Cancer. J. Nucl. Med. 2020, 61, 1461–1467.
[CrossRef] [PubMed]

42. Rogalla, S.; Flisikowski, K.; Gorpas, D.; Mayer, A.T.; Flisikowska, T.; Mandella, M.J.; Ma, X.; Casey, K.M.; Felt, S.A.; Saur, D.; et al.
Biodegradable Fluorescent Nanoparticles for Endoscopic Detection of Colorectal Carcinogenesis. Adv. Funct. Mater. 2019,
29, 1904992. [CrossRef] [PubMed]

43. Tsai, S.; McOlash, L.; Palen, K.; Johnson, B.; Duris, C.; Yang, Q.; Dwinell, M.B.; Hunt, B.; Evans, D.B.; Gershan, J.; et al. Develop-
ment of Primary Human Pancreatic Cancer Organoids, Matched Stromal and Immune Cells and 3D Tumor Microenvironment
Models. BMC Cancer 2018, 18, 335. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccell.2020.02.008
http://www.ncbi.nlm.nih.gov/pubmed/32183949
http://doi.org/10.1158/0008-5472.CAN-16-2212
http://doi.org/10.1038/s41467-021-23731-7
http://www.ncbi.nlm.nih.gov/pubmed/34099731
http://doi.org/10.1007/s10238-018-0493-6
http://doi.org/10.1053/j.gastro.2020.03.018
http://doi.org/10.1016/j.biomaterials.2020.120546
http://doi.org/10.1186/s12943-021-01310-0
http://doi.org/10.3390/ijms21197307
http://doi.org/10.1002/cjp2.192
http://doi.org/10.2967/jnumed.119.237347
http://www.ncbi.nlm.nih.gov/pubmed/32086242
http://doi.org/10.1002/adfm.201904992
http://www.ncbi.nlm.nih.gov/pubmed/33041743
http://doi.org/10.1186/s12885-018-4238-4
http://www.ncbi.nlm.nih.gov/pubmed/29587663

	Introduction 
	The PDAC Tumor Immune Microenvironment 
	Lymphoid Compartment 
	Myeloid Compartment 
	Role of Tumor Immune Microenvironment in Treatment 
	Conclusions 
	References

