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Abstract

Worldwide, about half a million people are diagnosed with pancreatic cancer every year, with 

mortality rates of more than 90%. T cells within pancreatic tumors are generally infrequent and 

incapable of eliciting anti-tumor immunity. Thus, pancreatic cancer is considered an 

“immunologically cold” tumor. However, recent studies clearly show that when T-cell immunity in 

pancreatic cancer is sufficiently induced, T cells become effective weapons. This fact suggests that 

in order to improve pancreatic cancer patients’ clinical outcomes, we need to unveil the complex 

immune biology of this disease. In this review, we discuss the elements of tumor immunogenicity 

in the specific context of pancreatic malignancy.
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PANCREATIC CANCER

Several types of cancer can arise from the pancreas. Pancreatic ductal adenocarcinoma 

(PDAC) is the most common form of pancreatic malignancy (75–95%). Other types of 

pancreatic cancer include, but are not limited to, neuroendocrine tumors (15–20%), colloid 

carcinoma (2%), solid-pseudopapillary tumors (2%), acinar cell carcinoma (1%), and 

pancreatoblastoma (0.5%).1 In this review, PDAC is referred to as pancreatic cancer.

Worldwide, nearly half a million people were diagnosed with pancreatic cancer in 2018. 

This equates to more than 1200 individuals daily. The highest incidence is in North America 

and Europe.2 In the United States, pancreatic cancer became the third leading cause of 

cancer death in 2016.3 In 2019 alone, 56,770 patients were expected to be diagnosed with 

pancreatic cancer, and 45,750 people died from this disease.4

From 1975 to 2014, the 5-year survival rate for pancreatic cancer increased from ~3% to 

~9%.5 However, this figure does not provide a full picture of pancreatic cancer survival. 

Currently, the five-year survival rate for people with early stage local pancreatic cancer is 

more than 30%, but it is only 3% for individuals diagnosed when the cancer has already 
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metastasized. Early diagnosis is still a challenge, and the vast majority of patients are 

diagnosed with advanced or metastatic disease.4 Even among individuals with early stage, 

resectable pancreatic tumors, the majority will experience local and systemic relapse after 

curative-attempt surgery.6–8 Given the significant progress that has been made for other 

cancer types over the past four decades, pancreatic cancer is projected to become the second 

leading cause of cancer-related mortality in the United States by 2025, surpassing colorectal 

cancer.9

CANCER ANTIGENICITY AND IMMUNOGENICITY

Cancer antigenicity and immunogenicity are terms with distinct meanings. Cancer 

antigenicity refers to the extent to which tumors present antigens that can be specifically 

recognized by the adaptive immune system. However, this antigen recognition does not 

always lead to an effective immune response. In contrast, cancer immunogenicity refers to 

the extent to which tumors present antigens that are recognizable to the immune system and 

stimulate efficient tumor host immunity, which is largely mediated by T cells. Hence, while 

all tumor immunogens are antigens, not all tumor antigens are immunogens.10,11

Tumor immunogens are antigens that can initiate and propagate the cancer immunity cycle 

(Fig. 1). In the course of cancer development, some neoplastic cells die. During the 

continuous sampling of their microenvironment, antigen presenting cells (APCs) within the 

tumors take up dead cancer cells and/or their corresponding particles. These engulfed 

materials then will be degraded, processed into smaller peptides and presented on the surface 

of APCs carried by major histocompatibility complex (MHC) molecules. In order for these 

intra-tumoral APCs to assess the foreignness of presented peptides, they migrate to T cell-

rich areas of secondary lymphoid tissues, such as lymph nodes. Since cancer cells contain 

protein sequences that differ either in form or in level of expression than the proteins of their 

normal counterparts, peptide-MHC molecules on APCs can be recognized specifically by T-

cell receptors (TCRs) on naïve T cells, resulting in T-cell priming and activation. Through a 

coordinated cascade of cytokines and chemokines, active T cells migrate through the 

vasculature to infiltrate and reside in the tumor. Like all nucleated cells in the body, cancer 

cells process and present their own materials on MHC class I (MHC-I). Consequently, 

tumor-infiltrating CD8+ T cells recognize the same peptide that they previously encountered 

in the secondary lymphoid organs but is now presented by cancer cells. This T-cell-antigen 

interaction stimulates CD8+ T-cell cytotoxic responses toward cancer cells. Eventually, this 

can lead to the release of more immunogenic peptides, creating a continuous feedback loop.
12–14 It is worth mentioning, however, that some cancer cells are also capable of displaying 

their peptides carried on MHC class II (MHC-II) to CD4+ T cells, mimicking professional 

APCs. Considering the diversity of CD4+ T-cell subsets, CD4+ T-cell-antigen recognition 

can result in a wide variety of immune responses ranging from anti-tumor immunity via 

enhancing CD8+ T-cell activity, to immune suppression, as in the case of Treg cells.15

Nonetheless, this picture of the cancer immunity cycle does not fully represent the 

complexity of tumor immunogenicity. In fact, many factors can tip the balance between 

cancer antigenicity and immunogenicity. These include the quantity and quality of tumor 

antigens, the kinetics of antigen appearance and discontinuity,16 and the complex interplay 
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between cancer cells and the surrounding stroma.17,18 Unsurprisingly, though the concept of 

tumor immunogenicity was proposed more than a century ago, our understanding of this 

sophisticated biological process is still evolving.10

PANCREATIC CANCER CHARACTERISTICS

Before we discuss the immunogenicity of pancreatic cancer, it is important to first describe 

its complex biology. Pancreatic ductal adenocarcinoma is characterized by atypical 

neoplastic glands surrounded by dense collagenous stroma (desmoplasia). Pancreatic cancer 

stroma accounts for more than 50% of the total tumor mass,1,19 and exhibits a wide range of 

immunosuppressive properties,17,18,20 which will be discussed later in this review.

The tumor microenvironment serves as a well-organized physical and biochemical system 

(Fig. 2). It is made up of diverse cellular types, including immune cells, fibroblasts, 

adipocytes, neuronal cells and cells of the surrounding blood vessels and the lymphatics. 

Focusing on immune cells, a wide range of cellular populations commonly infiltrate 

pancreatic cancers. These include tumor-associated macrophages (TAMs), dendritic cells 

(DCs), myeloid-derived suppressor cells (MDSCs), tumor-associated neutrophils (TANs), 

NK cells, T cells, B cells, innate lymphoid cells (ILCs) and mast cells. Moreover, many of 

these immune cell types involve several specialized subtypes that exhibit distinct molecular 

and functional activity profiles, including T cells.1,17,18,20,21

Conventional T lymphocytes express TCRs on their surface that are composed of α and β 
chains (αβ T cells). αβ T cells are generally either CD4+ (T helper cells; Th cells) or CD8+ 

(T cytotoxic lymphocytes; CTL). When naïve CD4+ T cells get activated, they differentiate 

into very distinct Th subsets, including Th1, Th2, Th17, Treg, Th9 and Th22.
22–25 Besides 

conventional αβ T cells, some T lymphocytes express γ and δ TCR chains (γδ T cells).26,27 

Each of these T-cell populations secretes distinct cytokines and chemokines, and thus 

regulate the immune response in synergistic and opposing manners. Moreover, the 

continuous epigenetic modifications of T-cell transcription factors can ultimately result in a 

dynamic switch between some of these various T-cell lineages. Even within the same sub-

population, T cells of different clones may distinctly alter tumor properties.28–30 Notably, 

although immune cell complexity is described here as an example, other stromal cells, such 

as fibroblasts, exhibit similar degrees of heterogeneity and plasticity.31–34

In addition, the pancreatic tumor microenvironment is comprised of many non-cellular 

extracellular matrix (ECM) components. These include collagen, fibronectin, laminin, 

hyaluronic acid, growth factors, cytokines and chemokines. Also, the pancreatic cancer 

stroma is associated with abnormal conditions of hypoxia and acidic extracellular pH.1,20 

Interestingly, the deposition of some of ECM molecules results in increased pancreatic 

tumor stiffness and hydrostatic pressures. While this observation had first led to the 

assumption that the pancreatic cancer stroma acts as a physical barrier, recent studies refute 

this hypothesis. Indeed, it is now evident that some stromal elements can restrain pancreatic 

tumor growth.18 In line with that observation, PDAC desmoplasia does not correlate with 

paucity in intra-tumoral T-cell accumulation.21

Ajina and Weiner Page 3

Pancreas. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, during PDAC tumorigenesis, some specific classes of gut microorganisms (i.e. 

bacteria and fungi) can migrate to the pancreas. Later, in the pancreas, these microorganisms 

can modulate the immune system, and, ultimately, affect both tumor growth and response to 

therapy.35–38 These studies clearly support the notion that there is a complex interplay 

between various components of the immune system, cancer cells, and other parts of stroma. 

Though they point to the possibility of new therapeutic approaches for pancreatic cancer, 

many questions remain to be answered. For example, it is still unclear how fungal and 

bacterial communities that coexist in many areas of the body can influence each other.39

Similar to stromal cell diversity, malignant epithelial pancreatic cells are often 

phenotypically and functionally heterogeneous. Cancer cells tend to continuously 

manipulate their genetic, epigenetic, proteomic and/or metabolic profiles, leading to a 

diverse population of cancer cells (i.e., tumor heterogeneity). These cellular differences at 

the molecular level contribute to distinctive behaviors of cancer cells with respect to their 

motility, proliferation, and metastatic potentials, as well as their differentiation and growth 

patterns.40–44

There are multiple levels of tumor heterogeneity. Although this is not exclusive to PDAC, it 

is a common finding in this disease. It is exemplified by significant variations between 

tumors from different patients (i.e. interpatient heterogeneity).41 Also, tumor heterogeneity 

can be detected within a single patient. Indeed, metastatic tumors at different locations as 

well as multiple primary tumor cell clusters in the same organ are likely to exhibit distinct 

biological features (i.e. multi-focal or inter-tumor, intra-patient heterogeneity). Tumor 

heterogeneity can also be observed between different cancer clones in different parts of the 

same tumor, as well as between cancer cells that are immediately adjacent to each other (ie, 

intra-tumor heterogeneity).40,45 More intriguingly, it is not uncommon to identify varying 

mutational and epigenetic patterns that co-exist within one neoplastic cell (ie, mutational and 

epigenetic heterogeneity).46

The KRAS oncogene serves as a good example of how mutational heterogeneity adds to the 

complexity of pancreatic cancer. Indeed, KRAS is mutated in more than 90% of pancreatic 

cancer cases. While the type of mutation that is commonly detected in KRAS is a missense 

point mutation, gene amplification has been reported in about 4% of PDAC patients. Also, 

KRAS may contain missense mutations at different residues. However, the most common 

mutational hotspot is the glycine in codon 12 (G12). Even this specific glycine residue can 

be substituted by various amino acids, resulting in distinct KRAS mutant variants (G12D, 

G12A, G12R, G12C, G12S, and G12V). Interestingly, many KRAS mutant variants can be 

simultaneously detected within a single tumor. Moreover, an individual pancreatic cancer 

cell can harbor more than one mutant KRAS allele (ie, bi-allelic KRAS mutations). Despite 

this mutational diversity, most of these KRAS mutations selectively modify the gene’s 

function to favor tumor initiation, progression, metastasis and/or therapeutic resistance.45–47

This significant molecular heterogeneity in pancreatic cancer is clearly reinforced by the 

morphological heterogeneity of the disease. Indeed, based on the grade of cellular 

differentiation, growth pattern and desmoplastic stroma, several morphological subtypes 

have been defined. These include pancreatobiliary, intestinal, and clear cell patterns. Also, 
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there are additional variants that have not yet been formally described in the World Health 

Organization (WHO) classification. Similar to molecular heterogeneity, these distinct 

morphological variants can be seen between different patients as well as within different 

parts of the same tumor.44

Taken together, pancreatic cancers are typically stroma-rich tumors, and are highly 

immunosuppressive. Both the stroma and epithelial pancreatic cancer cells are very diverse 

and heterogeneous. All tumor components continuously interact with each other, creating a 

very dynamic and complex stroma-cancer crosstalk network.

PANCREATIC CANCER ANTIGENICITY AND IMMUNOGENICITY

The essential building blocks of tumor immune responses are (i) the generation of tumor 

antigens; (ii) the efficiency of tumor antigen processing and presentation; (iii) the infiltration 

of tumor-specific cytotoxic T cells; and (iv) the induction of T-cell effector anti-tumor 

responses.12 In order to understand the relevance of immunogenicity to pancreatic 

malignancy, we will discuss each of these four T-cell immunity elements in turn by raising 

several fundamental questions.

Question 1: Is There Sufficient Tumor Antigen Expression to Elicit an Immune Response?

The significance of studying tumor mutational load to evaluate its immunogenicity relies on 

the idea that some of these mutations can generate tumor antigens, which may induce T-cell 

immunity.48 That being noted, the vast majority of pancreatic cancers (97%) have gene 

alterations, including amplifications, deletions, translocations, inversions, frameshifts and 

substitutions (Table 1).49 Alexandrov et al found that the median number of mutations per 

Mega base in pancreatic cancer is 1 (ranging from 0.1 to 10). Assuming that an average 

genome has 2.8 gigabases, this study suggests that each pancreatic cancer patient has 280 to 

28,000 mutations.50 However, a major challenge in genomic sequencing is the low 

malignant epithelial cell content, which can adversely impact the sensitivity of mutation 

detection. As mentioned above, pancreatic tumors are associated with extensive 

desmoplastic stroma and low tumor cellularity. Thus, estimates based on early studies had to 

be revisited.17

To overcome this challenge, several subsequent human pancreatic cancer sequencing studies 

took into account tumor cellularity. Using microarray-based exome sequencing, Jones and 

colleagues reported that human PDAC tumors contain an average of 63 genetic alterations, 

48 of which were validated to be somatic mutations. The majority of these mutations were 

point mutations (ie, among all detected genetic alterations, ~84% were missense mutations 

and ~5% were nonsense mutations).51 In a different study, using whole exome sequencing, 

Biankin and colleagues identified an average of 26 mutations per patient, with a total of 

2627 mutations (2016 of which were non-silent mutations) and 1628 copy-number 

variations in 99 evaluated pancreatic tumors.19 In another recent study, Balachandran et al 

evaluated two cohorts: the MSKCC (Memorial Sloan Kettering Cancer Center) and ICGC 

(International Cancer Genome Consortium) collections, and determined that the median 

numbers of mutations detected per patient are 171 and 135, respectively.52
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Besides focal mutations, Notta et al showed that chromothripsis and polyploidization, 

phenomena of massive chromosomal rearrangements, were also very common. They found 

that among the 107 PDAC tumors evaluated in the study, 48 (45%) displayed changes in 

DNA copy number consistent with polyploidization, and 70 (65.4%) harbored at least one 

chromothripsis event.53 In line with those observations, Waddell et al reported that the 

average number of mutations per Mega base in 100 PDAC samples was 2.64, ranging from 

0.65 to 28.2 mutations per Mega base (ie, 1820 to 78,960 mutations per patient). Among 

these PDAC evaluated tumors, the genome of only 20% of the samples contained ≤ 50 

structural variation events. On the other hand, the remaining samples had either local 

rearrangements in one or two chromosomes (30%), 50–200 structural variation events (36%) 

or more than 200 structural variation events (14%). Interestingly, this paper suggested a 

direct link between large chromosomal rearrangements and the disruption of particular genes 

known to be important in pancreatic cancer.54

In addition, intra-tumoral heterogeneity of both cancer cells and T lymphocytes can 

determine T-cell efficacy, and thus plays an important role in tumor immunogenicity.55–58 

The core of this theory embraces two concepts; T-cell clonality and T-cell immunological 

adaptation. Once a T-cell recognizes an immunogenic peptide, it undergoes explosive 

proliferation, generating a clone of active T cells that express identical TCRs specifically 

against that particular antigen (ie, clonal expansion). Accordingly, T-cell clonality is a metric 

of T-cell expansion and reactivity. Additionally, the dynamic changes in the spectrum of 

tumor antigens is concordant with changes in the repertoire of antigen-specific T cells over 

time (ie, immunological adaptation). Hence, the enrichment of many unique low abundant 

mutations within different regions of the same tumor could be associated with low antigen 

dosage, and thus induce T cells unresponsiveness. Even if some subclonal mutations (i.e. 

mutations that are not present in the entire proportion of neoplastic cells) were highly 

immunogenic, responsive T cells would be unable to target every tumor cell but rather only a 

small fraction, limiting overall T-cell anti-tumor efficacy. This hypothesis has been 

supported by studies in melanoma55 and lung cancer.57 Nonetheless, high degrees of T-cell 

infiltration may overcome the disadvantages of intra-tumor heterogeneity. Concomitant high 

levels of cytotoxic T-cell infiltration with T-cell diversity may indicate that many T-cell 

clones in the tumor bed are reactive with a broader variety of antigens, leading to broader 

and more efficient anti-tumor T-cell immunity. In line with this theory, Balachandran et al 

showed that tumors of long-term pancreatic cancer survivors (median survival 6 years) 

exhibited both greater densities of cytolytic CD8+ T cells (ie, 12-fold) and greater TCR 

repertoire diversity compared to short-term survivors.52 However, this may be a consequence 

rather than a cause of improved survival following therapy. Hence, mechanistic studies are 

needed to deeply understand how TCR intra-tumor heterogeneity can impact on cancer 

prognosis.

In addition to antigen quantity and intra-tumor heterogeneity, antigen quality can highly 

influence its immunogenicity. Important measures of antigen quality include the degree of 

molecular differences between mutant variants and wild-type peptides, and the affinity of the 

antigenic peptide to both MHC and TCR molecules. In fact, by integrating these antigen 

quality factors with mutational burden, TCR diversity and intra-tumoral cytotoxic T-cell 

frequency, Balachandran et al were able to develop a “neoantigen quality fitness” model that 
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can predict PDAC patients’ clinical outcomes. Notably, this study also showed that tumor 

antigen quantity alone does not correlate with PDAC patients’ survival.52

Finally, it should be remembered that tumor antigens are not limited to protein mutant 

sequences. The vast majority of proteins in eukaryotic cells are subjected to post-

translational modifications (PTMs), which refer to the enzymatic alterations of proteins 

following their synthesis in the endoplasmic reticulum (ER) and Golgi. These modifications 

include phosphorylation, glycosylation, nitrosylation, ADP-ribosylation, ubiquitination, and 

acetylation.59 Since PTMs affect the solubility, folding, localization, and half-life of 

proteins, this phenomenon is highly relevant to different aspects of cellular biology.60 A 

detailed discussion of this area is beyond the scope of this review. However, since PTM 

proteins have distinct tertiary structures and biochemistry, PTMs can alter how 

corresponding peptides are processed and presented to T cells. Also, PTMs can change the 

affinity between these peptides and MHC molecules as well as between peptide-MHC 

complexes and TCRs.60,61 While these data may suggest that PTMs can manipulate tumor 

immunogenicity, data from human PDAC tumors are still lacking. The significance of this 

information relies on two facts. First, aberrant PTMs, including glycosylation, are very 

common in PDAC. Second, aberrant PTMs are associated with pancreatic cancer disease 

progression and poor prognosis.62–64

Together, recent sequencing studies demonstrate that the genetic landscape of malignant 

epithelial pancreatic cells is associated with the presence of both focal mutations and large 

structural rearrangements. It is noteworthy, however, that pancreatic cancers still have lower 

mutational loads compared with several other cancers such as melanoma,50,65 a disease that 

is typically associated with increased T-cell infiltration and immunotherapy responsiveness. 

However, this does not preclude the possibility that the frequency of genetic alterations in 

pancreatic cancer is sufficient to stimulate effective immune responses. Besides the 

frequency of tumor antigens, antigen quality, intra-tumoral cancer heterogeneity and TCR 

diversity are all important determinants of pancreatic cancer immunogenicity. Finally, 

although pure amino acid sequence-based protein epitopes are considered the primary 

targets for T cells, it is possible that post-translationally modified proteins play a role in 

pancreatic cancer immunogenicity.

Question 2: Are Pancreatic Cancer Antigens Processed and Presented on the Surface of 
Cancer Cells?

To address the concept that in order for antigens to be immunogens, they must be carried on 

the surface of MHC molecules and presented to T cells, neoantigen prediction computational 

algorithms have been employed. These algorithms translate all mutations detected by whole 

exome sequencing to short peptides, and then evaluate the putative MHC-I binding of these 

mutant peptides compared to wild type sequences. By employing this in silico approach, 

Balachandran reported that the median numbers of neoantigen-related mutations detected 

per pancreatic cancer patient are 38 in the MSKCC cohort and 32 in the ICGC cohort.52 

Also, using in silico predictions and genomic profiling of 221 PDAC cases extracted from 

large publicly available datasets, Bailey et al demonstrated that nearly all evaluated 

pancreatic cancer samples express mutations that are predicted to be immunogenic, ranging 
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from 4 to 4000 neoantigens per sample.65 Nonetheless, it should be noted that only a few 

computationally predicted immunogenic antigens have been successful in inducing effective 

tumor-specific T-cell responses, and that these algorithms only consider MHC-antigen 

interactions but not TCR binding.

Furthermore, although in silico strategies predict that mutations in PDAC tumors can bind to 

MHC-I, molecules important for antigen processing and presentation are frequently reduced 

or lost in the context of pancreatic cancer. These include human leukocyte antigen (HLA) 

class I (ie, human MHC-I), and transporter for antigen presentation (TAP). The loss or 

downregulation of peptide-MHC complexes on the surface of pancreatic cancer cells may 

render T cells blind to their targets, and thus it could represent an immune escape 

mechanism.66,67

Question 3: Do T Cells Infiltrate Pancreatic Cancer Tissue?

Based on immunohistochemistry (IHC) staining and multi-epitope imaging, the majority of 

human pancreatic cancer tissues are infiltrated with T cells. Nonetheless, while there is 

substantial inter-patient heterogeneity in intra-tumoral T-cell densities, most studies suggest 

a relative paucity of intra-tumoral T cells in the majority of pancreatic cancer samples. 

Hence, pancreatic cancers have been considered immunologically “cold” tumors.21,68–73

Genomic profiling of human PDAC samples, using the Cancer Genome Atlas (TCGA) and 

the Australian Pancreatic Cancer Genome Initiative, shows high expression of Lymphocyte 

Cell-Specific Protein-Tyrosine Kinase (LCK), a T-cell marker, implying robust T-cell 

infiltration. More strikingly, this study also showed that the level of LCK expression in 

PDAC is not statistically significantly different from skin cutaneous melanoma. However, it 

is necessary to take into consideration that sample preparations for sequencing and imaging 

techniques are very different.65 The preparation of sequencing samples may result in the 

enrichment of immune cells, creating a bias toward immune signatures. On the other hand, 

IHC quality depends on both optimal sample fixation, and antibody specificity and 

sensitivity. Also, while most PDAC patients present with inoperable disease, the majority of 

human pancreatic cancer specimens included in both imaging and sequencing studies were 

collected from resectable tumors during surgeries. Therefore, all these estimates could be 

partially biased toward the minority of patients with potential curable malignancies, and thus 

require careful interpretation.

Furthermore, pancreatic cancer is typically infiltrated by heterogeneous T-cell 

subpopulations. These subpopulations are skewed toward CD4+ T cells, whereas cytotoxic 

CD8+ T cells seem to be rare. Also, CD4+ T cells are skewed toward Th2, which is 

associated with tumor immune tolerance, more than Th1, which enhances CD8+ T-cell 

tumor-killing responses.70,74 Other CD4+ T-cell subtypes that are commonly detected in 

PDAC tumors are Treg cells and Th17 cells. The number of Treg cells typically increases 

during pancreatic cancer development both within tumor tissues70,75,76 and in the peripheral 

blood,77 and they are associated with worse outcomes.78 Interestingly, through various 

immunosuppressive mechanisms, Treg cells play an important role in pancreatic cancer 

immune evasion.70,75,76 However, the role of Th17 cells in pancreatic cancer tumorigenesis is 

highly controversial. Notably, Th17 cells have the ability to shift into Treg cells, resulting in 
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intermediate stage Th17/reg cells. Thus, this plasticity between Treg and Th17 cells may, at 

least partially, explain the inconsistency among published reports.30,79 In addition to 

conventional αβ T cells, non-canonical γδ T cells, which are typically abundant only in the 

gut mucosa, account for up to 40% of tumor-infiltrating T cells in human pancreatic cancers. 

These γδ T cells have been shown to support PDAC oncogenesis by restraining the activity 

of conventional αβ T cells.26,27

Collectively, pancreatic tumors are typically infiltrated with T cells. However, a larger 

proportion of intra-tumoral T cells promote tumorigenesis, whereas intra-tumoral cytotoxic 

T cells are generally infrequent in pancreatic cancer.

Question 4: Are Cytotoxic T Cells Within Pancreatic Tumors Capable of Eliciting Anti-
tumor Responses?

Even when cytotoxic T lymphocytes infiltrate PDAC tumors, pancreatic cancer cells find 

ways to escape T-cell anti-tumor immunity. In order for T cells to elicit their cytotoxic 

responses, they first need to exit the adjacent blood vessels and enter into the tumor tissue. 

Then, they need to navigate within the complex tumor microenvironment until they reach 

their target antigens expressed on cancer cells.12 Interestingly, cytotoxic T cells are 

commonly excluded from the vicinity of pancreatic malignant cells.80–82 Using a novel 

computational imaging analysis, Carstens et al have demonstrated that the spatial 

distribution of cytotoxic CD8+ T cells, but not CD4+ T cells or total T cells, in proximity to 

pancreatic cancer cells correlates with increased overall patient survival.21 This observation 

implies that pancreatic malignant cells are being protected from cytotoxic T-cell recognition 

and destruction. Also, using pancreatic cancer mouse models, it has been shown that 

pancreatic neoplastic cells, through the secretion of the chemokine (C-X-C motif) ligand 1 

(CXCL1), and extra-tumoral macrophages can divert T cells away from their target cancer 

cells, allowing tumors to escape T-cell recognition and attack.80

Furthermore, substantial evidence, using both human and murine samples, suggests that 

even when effector CD8+ T cells directly interact with pancreatic cancer cells, their 

cytotoxic activity could be suppressed (Fig. 3). Tumor-related-immune evasion in PDAC is 

created and mediated by neoplastic cells, stromal cells, altered microorganisms and non-

cellular stromal components. Many stromal cells in pancreatic cancer, including cancer-

associated fibroblasts (CAFs), MDSCs, TAMs, γδ T cells and Treg cells, directly suppress T-

cell anti-tumor immunity via the secretion of a wide variety of immunosuppressive 

molecules, including interleukin (IL)-6, IL-10, IL-11, CXCL12, transforming growth factor 

beta (TGFβ), vascular endothelial growth factor (VEGF), arginase 1, nitric oxide synthase 

(iNOS), indoleamine 2,3-dioxygenase (IDO) and matrix metalloproteinases (MMPs). 

Immunosuppressive stromal cells can also directly inhibit T-cell immunity by expressing 

immune checkpoints (such as PD-1, PD-L1, CTLA4, and VISTA), resulting in T-cell 

exhaustion and/or inactivation. Moreover, stromal cells can indirectly induce T-cell 

suppression by stimulating the immunosuppressive properties of cancer cells. On the other 

hand, cancer cells can mediate T-cell immune evasion by acquiring immunosuppressive 

mutations (such as mutations in KRAS), upregulating immune checkpoints (such as PD-L1 

and CTLA4), secreting immunosuppressive molecules (such as TGFβ), downregulating their 
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immunogenicity, and stimulating the recruitment of immunosuppressive stromal cells. These 

T-cell immune evasion mechanisms in pancreatic cancer have been extensively reviewed 

elsewhere.17,20,83

To summarize, pancreatic cancers are likely to express immunogenic mutations and they are 

typically infiltrated by T cells, but generally not at high frequency. Also, a large proportion 

of intra-tumoral T cells have pro-tumor effects rather than anti-tumor properties. Even when 

cytotoxic T cells successfully infiltrate the tumors, various pancreatic cancer components 

tend to prevent anti-tumor T-cell immunity by either physically trap T cells within the 

stroma or suppress their anti-tumor activity.

FUTURE PROSPECTS

Several therapeutic interventions have been developed to target immune escape routes in 

pancreatic cancer. These strategies include (i) eliciting tumor antigenicity via a wide range 

of vaccine strategies, chemotherapy, radiation therapy and targeted therapy,17,84 (ii) 

augmenting T-cell responses by either boosting T-cell co-stimulatory signals,85 or by 

inhibiting immune checkpoint molecules, (iii) CAR-T cells and86 (iv) targeting the 

immunosuppressive properties of the stroma or the neoplastic cells.17 The question now, 

with a more than 90% mortality rate, and the failure of the vast majority of PDAC clinical 

trials, is whether there is hope to win the war against pancreatic cancer by harnessing the 

power of the patient’s immune system?

To answer this question, it is important to remember that checkpoint blockade has 

demonstrated efficacy in pancreatic cancer patients with high microsatellite instability (MSI-

high), who represent less than 2% of all PDAC cases.87 Also, tumors of long-term pancreatic 

cancer survivors harbor immunogenic mutations and exhibit potent cytotoxic T -cell 

responses.40,52 These facts indicate that T-cell immunity is relevant to pancreatic cancer and 

exclude the possibility that the pancreas has organ site-specific resistance to immunotherapy. 

Also, these findings suggest that in order to improve the efficacy of pancreatic cancer 

immunotherapy, further resolution of the complex biology of pancreatic cancer immunity is 

needed.

Furthermore, several lines of evidence point to the idea that combined therapeutic strategies 

are likely to be required to adequately overcome pancreatic cancer immunotherapy 

resistance. For instance, pancreatic cancer vaccines alter the immune microenvironment and 

stimulate tumor-specific T-cell infiltration. However, pancreatic cancers eventually find a 

way to suppress T-cell immunity.88–90 Similarly, when CAR-T cells that are specifically 

generated against pancreatic cancer antigens infiltrate pancreatic tumors, they demonstrate 

poor persistence and induce the expression of checkpoint inhibitory molecules, rendering 

them ineffective.91 Also, the fact that checkpoint blockade can be effective only in MSI-high 

PDAC cases,87 typically with higher mutation burden, suggests that augmenting pancreatic 

cancer antigenicity and simultaneously targeting relevant immune suppressive mechanisms 

is a potential effective therapeutic strategy. Not surprisingly, several clinical trials combining 

either vaccines, radiation therapy and/or chemotherapy with immune checkpoint inhibitors 

Ajina and Weiner Page 10

Pancreas. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and/or myeloid inhibitors are undergoing. These clinical trials are nicely summarized in 

another review.17

Among the few clinical trials that reported promising therapeutic responses is 

NCT02482168. It is a small phase Ib study of the CD40 agonist monoclonal antibody 

APX005M. CD40 is a co-stimulator molecule that is predominantly expressed by APCs, and 

it is required for their function. Hence, the major mechanism of CD40 therapeutic agonists is 

to stimulate APC proliferation and activity. However, CD40 can also be expressed by some 

malignant cells, and thus CD40 agonists can induce targeted cancer cell death.92 Previous 

pre-clinical studies determined that combining CD40 agonists with chemotherapy promotes 

the activation of myeloid cells, enhances T-cell priming and stimulates T-cell-dependent 

anti-tumor immunity.93–96 In this clinical trial, 30 previously untreated PDAC patients 

received therapy and 24 were dose-limiting toxicity-evaluable. The 24 patients were divided 

into 4 cohorts: (a) Gemcitabine/nab-paclitaxel/APX005M at 0.1 mg/kg, (b) Gemcitabine /

nab-paclitaxel/APX005M at 0.3 mg/kg, (c) Gem/nab-paclitaxel/nivolumab/APX005M at 0.1 

mg/kg, and (d) Gem/nab-paclitaxel/ nivolumab/APX005M at 0.3 mg/kg. Those 24 treated 

patients demonstrated manageable safety profiles and promising therapeutic responses: 14 

(58%) patients had partial response, 8 (33%) patients had stable disease, 1 patient (4%) had 

progressive disease, and 1 patient (4%) had no treatment evaluation. Based on these 

encouraging results, a randomized phase II clinical trial evaluating chemotherapy and 

APX005M, with or without nivolumab is currently ongoing.85

CONCLUSION

T cells within PDAC tumors are generally infrequent and/or incapable of eliciting anti-tumor 

responses. Hence, pancreatic cancer is considered an immunologically cold tumor. However, 

when T-cell immunity is sufficiently induced in pancreatic cancer, T cells become effective 

weapons. Thus, the old dogmas that T-cell immunity is not relevant to pancreatic cancer, and 

that pancreatic cancer is unlikely to respond to immunotherapy are clearly beginning to 

evolve.
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FIGURE 1. 
Cancer–immunity cycle. During cancer development, cancer cells die. Antigen presenting 

cells (APCs) within the tumors engulf dead cancer cells and/or their corresponding particles. 

APCs process engulfed materials into smaller peptides to be presented on their surface 

carried on major histocompatibility complex (MHC) molecules. Those APCs migrate 

through the lymphatics to secondary lymphoid organs and activate antigen-specific- naive T 

cells. Then, active T cells travel through blood vessels to infiltrate into the tumor. 

Intratumoral effector T cells can recognize tumor antigens on the surface of cancer cells and 

kill them, resulting in the release of more antigens. Cytotoxic T cells kill their cellular 

targets via either the death receptor pathway or the granule exocytosis pathway. 

Endoplasmic reticulum (ER); T-cell receptor (TCR); transporter associated with antigen 

processing (TAP).
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FIGURE 2. 
Pancreatic cancer stroma is a well-organized, dynamic and complex system.

Pancreatic cancer stroma is made up of diverse cellular types, including immune cells, 

fibroblasts, adipocytes, neuronal cells, blood vessels and lymphatics. Also, a wide range of 

immune cellular populations commonly infiltrate pancreatic cancers. These include tumor-

associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived suppressor cells 

(MDSCs), tumor-associated neutrophils (TANs), natural killer (NK) cells, T cells, B cells, 

innate lymphoid cells (ILCs) and mast cells. Many of these stromal cell types involve several 

specialized types and subtypes that exhibit distinct molecular and functional activity 

profiles, including T cells. Conventional T lymphocytes express TCRs on their surface that 

are composed of α and β chains (αβ T cells). αβ T cells are generally either CD4+ (T helper 

cells; Th cells) or CD8+ (T cytotoxic lymphocytes; CTL). When naïve CD4+ T cells get 

activated, they differentiate into very distinct Th subsets, including Th1, Th2, Th17, Treg, Th9 

and Th22. In addition to αβ T cells, some T lymphocytes express γ and δ TCR chains (γδ T 

cells). All these stroma components continuously interact with each other and with cancer 

cells, creating a very dynamic and complex stromal-cancer crosstalk network.
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FIGURE 3. 
The pancreatic tumor microenvironment exhibits immunosuppressive properties.

Pancreatic cancer cells, several stromal cell types, some altered microorganisms and some 

non-cellular stromal components can suppress anti-tumor cytotoxic T-cell responses. Tumor-

associated macrophage (TAM); regulatory T-cell (Treg); myeloid-derived suppressor cell 

(MDSC); cancer-associated fibroblast (CAF); T lymphocyte expresses γ and δ TCR chain 

(γδ T-cell); extracellular matrix (ECM).

Ajina and Weiner Page 19

Pancreas. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ajina and Weiner Page 20

TABLE 1.

A Summary of Human Pancreatic Cancer Sequencing Studies

Study Frequency of Mutations
Sample 

Size Sequencing Technique
Evaluation of Tumor 

Cellularity

Alexandrov et 
al50

The median number of 
mutations per Mega base is 
1, ranging from 0.1 to 10 
mutations per Mega base (ie, 
280 to 28,000 mutations per 
patient)

~120 Either whole genome sequencing (15 
samples) and whole exome sequencing (the 
remaining samples).

Jones et al51 The average number of 
mutations detected per 
patient is 48

24 Microarrays-based exome sequencing: 
protein-coding exons from more than 20,000 
genes were identified. Then, using 
microarrays containing probes for ~106 

single-nucleotide polymorphisms, 
homozygous deletions and amplifications in 
the tumor samples were detected.

To remove contaminating non-
neoplastic cells, tumor 
samples were passaged in 
vitro as cell lines or in nude 
mice. Then, to validate 
somatic mutations, exons 
containing variant sequences 
were reamplified and 
resequenced from both tumor 
and normal tissues

Biankin et al19 The average number of 
mutations detected per 
patient is 26, ranging from 1 
to 116.

99 Whole exome sequencing: using exome 
capturing and sequencing of different 
mixtures of cancer cell line and matched 
germline DNA as a standard, tumor samples 
with greater than 20% epithelial cellularity 
and/or ≥10 validated somatic mutations 
were included in the study. The average 
sequence depth was 26,608-fold, ranging 
from 609 to 213,544.

The cellularity of each 
primary sample was estimated 
through pathological review, 
deep amplicon-based 
sequencing of exons 2 and 3 
of KRAS and single 
nucleotide polymorphism 
(SNP) array-based cellularity 
estimates.

Balachandran et 
al, the MSKCC 
cohort52

The median number of 
mutations detected per 
patient is 171
The median number of 
neoantigen-related mutations 
detected per patient is 38

58 Whole exome sequencing: whole exome 
sequencing was performed at 150× coverage 
for tumor samples and 70× for matched 
normal

Only tumor islands of more 
than 70% cellularity were 
included in the study based on 
expert PDAC pathologic 
review.

Balachandran et 
al, the ICGC 
cohort52

The median number of 
mutations detected per is 135
The median number of 
neoantigen-related mutations 
detected per patient is 32

166 Either whole genome sequencing or whole 
exome sequencing: primary tumors and 
patient-derived cell lines with more than 
40% cellularity underwent whole genome 
sequencing at 75× mean coverage. Samples 
with 12–40% cellularity underwent deep-
exome sequencing at 400× mean coverage.

Tumor cellularity was 
estimated for each sample 
using a combination of qPure 
analysis and KRAS amplicon 
sequencing.

Waddell et al54 The average number of 
mutations per Mega base is 
2.64, ranging from 0.65 to 
28.2 mutations per Mega 
base (ie, 1820 to 78,960 
mutations per patient)

100 Whole-genome sequencing:
Tumor samples with more than 40% 
cellularity and patient-derived cell lines 
whole genome sequencing at 65× mean 
coverage and compared to the germline at an 
average coverage of 38×

Tumor cellularity was 
estimated for each sample 
using qPure analysis

Bailey et al41 The median number of 
coding mutations detected 
per patient is 62
The number of neoantigen-
related mutations detected 
per sample ranges from 4 to 
4000

456 Either whole genome sequencing or whole 
exome sequencing: primary tumors and 
patient-derived cell lines with more than 
40% cellularity underwent whole genome 
sequencing at 75× mean coverage. Samples 
with 12–40% cellularity underwent deep-
exome sequencing at 400× mean coverage.

Tumor cellularity was 
estimated for each sample 
using a combination of qPure 
analysis and KRAS amplicon 
sequencing.

Bailey et al65
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