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Abstract 

Insights into mechanisms of immune escape have fueled the clinical success of 
immunotherapy in many cancers. However, pancreatic cancer has remained largely 
refractory to checkpoint immunotherapy. To uncover mechanisms of immune escape, we 
have characterized two preclinical models of immunogenic pancreatic ductal 
adenocarcinoma (PDAC). In order to dissect the endogenous antigen-specific T cell 
response in PDAC, lentivirus encoding the Cre recombinase and a tumor specific antigen 
(SIINFEKL, OVA257-264) was delivered to KrasLSL-G12D/+; Trp53flox/flox (KP) mice. We 
demonstrate that KP tumors show distinct antigenic outcomes: a subset of PDAC tumors 
undergoes clearance or editing by a robust antigen-specific CD8+ T cell response, while 
a fraction undergo immune escape. 

Subsequently, we have developed an immunogenic pancreatic tumor organoid 
orthotopic transplant model. In this model, immunogenic pancreatic tumors manifest 
divergent tumor phenotypes; 40% of tumor organoids do not form tumors (“non-
progressors”), whereas 50% of organoids form aggressive tumors despite maintaining 
antigen expression and a demonstrable T cell response (“progressors”). Additionally, a 
subset (10%) of tumors show an intermediate phenotype, possibly reflective of an 
immune equilibrium state. We have further phenotypically and transcriptionally 
characterized the CD8+ T cell response to understand immune escape in this model. Our 
analyses reveal unexpected T cell heterogeneity, and acquisition of T cell 
dysfunctionality. Therapeutic combinatorial targeting of co-inhibitory receptors identified 
on dysfunctional antigen-specific CD8+ T cells led to dramatic regression of aggressive 
pancreatic tumors. Finally, we demonstrate that human CD8+ T cells isolated from 
pancreatic tumors co-express co-inhibitory receptors, suggesting that T cell dysfunction 
may be operational in human disease. 

This is the first demonstration of immunoediting in an autochthonous and organoid-
based model of pancreatic cancer. Further characterization of these preclinical model 
systems will enable rational design of novel clinical immunotherapeutic strategies for 
treatment of this devastating disease. 
 
Thesis Advisor: Tyler Jacks 
Title: Professor of Biology 
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1. Introduction 

It is now widely appreciated that the immune system plays a critical role in 

tumorigenesis, and is considered a “hallmark of cancer”1. Recent clinical successes with 

therapeutic agents that modulate the immune system, rather than the tumor itself, have 

truly revolutionized cancer treatment in recent years.  

Given these clinical successes, it may come as a surprise that the tumor 

immunology field is over a century old, and for most of its recent scientific history, has 

been regarded with much skepticism. Prevailing dogma asserted that because cancers 

arise from the body’s own tissues, the immune system is unable to detect these cells and 

remains ignorant of the growing tumor. Beginning in the 1990s, this concept was slowly 

overturned by revisions to concept of cancer immunosurveillance2, the identification of 

human tumor antigens3, and the demonstration of immune checkpoint blockade efficacy 

in tumor transplantation models4. These findings have sparked an enthusiasm for the 

development of immunotherapeutic anti-cancer agents, which has led to regulatory 

approval of the first generation of immune checkpoint inhibitors (ICIs). The durable clinical 

remissions achieved with these therapies are arguably the most convincing evidence that 

the immune system can be mobilized to elicit anti-tumor responses5. 

While immunotherapies have made tremendous clinical impact on many different 

types of cancer, pancreatic adenocarcinoma (PDAC) has remained largely treatment-

refractory. The overall five-year survival rate of metastatic PDAC, which constitutes the 

majority of diagnosed pancreatic cancer cases, has not improved over the last decade. 

Therefore, novel therapies to combat this devastating disease are urgently needed. 

Genomic profiling has revealed that (a subset of) PDAC harbors high affinity 
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neoantigens6, suggesting that this cancer is not intrinsically resistant to anti-tumor T cell 

responses. Therefore, a deeper understanding of the tumor-immune microenvironment is 

necessary to dissect the mechanisms may limit the efficacy of immunotherapeutic 

approaches. 

This introductory chapter includes a historical overview of the field of tumor 

immunology, and reviews our current understanding of the anti-tumor immune response. 

Following this overview, the tumor-intrinsic and tumor-extrinsic mechanisms of 

immunoevasion are described. This chapter concludes with a summary of our current 

understanding of the genetic basis of pancreatic cancer, the role of the tumor 

microenvironment in PDAC progression, and the ongoing clinical efforts focused on 

harnessing immunotherapy for the treatment of pancreatic cancer. 

 

1.1. History of tumor immunology 

1.1.1. The early history of immunotherapy 

The concept of utilizing the immune system to treat human disease, broadly 

referred to as ‘immunotherapy’, dates back millennia. The Greek philosopher and 

historian, Thucydides, first described a link between the survival of a disease, “the plague 

of Athens”, and the acquisition of immunity in 430 BC7. However, it would take many 

centuries for these observations to become actionable. During the 10th century, Chinese 

doctors noticed that “ripe pus” from smallpox patients could be transferred to other 

individuals on dried cotton tips, and that this  sometimes conferred protection against the 

disease8. A Chinese text from 1597 suggested the use of “powdered cow ice” for the 

treatment of this deadly disease8. 
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The practice of these ‘variolation’ techniques (or inoculation) appears to have 

arisen independently in China, India, and Africa before slowly spreading to Europe and 

America. Lady Mary Wortley Montagu, wife of the British ambassador of the Ottoman 

Empire has been widely credited for introducing this idea into Western civilizations. 

Having witnessed the practice firsthand in Turkey, she had her son secretly variolated by 

the Scottish physician Charles Maitland in 17168. When Maitland subsequently performed 

a successful variolation on Montagu’s second child under the observation of prominent 

Royal Society physicians, he was granted a medical license to perform a “clinical trial”. 

For his variolation experiment in 1721, Maitland chose 6 condemned prisoners whom he 

infected with smallpox pus. Much to his surprise, all individuals recovered from their 

symptoms, and even had subsequent immunity when exposed to smallpox patients8. 

That same year, the city of Boston (U.S.) was plagued with a smallpox epidemic; 

nearly half of its 12,000 citizens developed the disease. Desperate to fight the spread of 

smallpox, the physician Zabdiel Boylston, and Reverend Cotton Mather, variolated nearly 

300 Bostonians, and compared the disease outcomes of these treated individuals against 

the naturally infected patients9. In what is arguably one of the first examples of a rigorous 

clinical statistical analysis, they were able to show that smallpox variolation dramatically 

reduced subsequent disease mortality. However, the practice was vehemently opposed 

by townsmen; at some point ‘anti-variolators’ went as far as bombing Mather’s house. 

While certainly a progressive medical thinker in his time, Mather’s legacy is nowadays 

mired in controversy due his written justifications of the Salem witch trials. 

The success from this large-scale variolation campaign did not go unnoticed at the 

time, and the practice became gradually commonplace across European nations and in 
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the U.S. throughout the 18th century. However, smallpox variolation was not without 

complications, as these “vaccines” were frequently contaminated and could cause 

syphilis. Moreover, (excessive) transfer of smallpox virus to nonimmunized individuals 

would sometimes result in active infection, as opposed to the protective immune response 

that the treatment was supposed to confer. 

It would take until the turn of the 18th century before prophylactic vaccination 

against smallpox became safer. Growing up in the county of Berkeley (England), the 

physician Edward Jenner had heard stories about dairy milkmaids that were protected 

against smallpox after suffering from the milder cowpox disease. He decided to 

investigate these observations further, and in 1796 transferred cowpox from an infected 

maid to an 8-year-old boy10. When he subsequently inoculated the boy with smallpox, no 

disease developed. Buoyed by this finding, Jenner submitted a treatise to the Royal 

Society, which was abruptly rejected. After adding a few more cases, Jenner published a 

small booklet, in which he coined the practice of ‘vaccination’, derived from the cowpox-

causing Vaccinia virus10. This proved enough to convince a number of leading British 

physicians, and as a result the procedure spread quickly throughout the country; it is 

estimated that over 100,000 people were vaccinated by 18018. In 1840 the British 

government officially banned the practice of variolation. However, it would take another 

176 years before global incidence of smallpox was completely reduced to zero. 

 

1.1.2. Coley’s toxins and the beginning of tumor immunology 

The concept that human diseases could be prevented through prophylactic 

vaccination undoubtedly laid the foundation for tumor immunology. Throughout the history 
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of medicine, individual cases of spontaneously regressing tumors have been reported, 

often accompanied by seemingly unrelated infections11. During the late 19th century, 

German physicians Wilhelm Busch and Friedrich Fehleisen independently noted a 

connection between an opportunistic bacterial skin infection (erysipelas) and tumor 

regression. Fehleisen identified the causative pathogen as the Gram-positive 

Streptococcus pyogenes bacterium. These observations led both physicians to 

experiment with the intentional induction of erysipelas in cancer patients, which reportedly 

led to tumor shrinkage12. The practice, however, was not widely adopted by other 

physicians at the time. 

Frustrated by an inoperable case of head and neck sarcoma, a young American 

surgeon, William Coley, took note of these cases in 1891 and decided to perform his own 

experimentation in his cancer ward at the Memorial Hospital in New York. In a series of 

treatments on 6 inoperable sarcoma and 4 carcinoma patients, Coley administered S. 

pyogenes inoculations that he had received from Robert Koch’s laboratory in Germany. 

The results were mixed: in 4 patients he was able to induce full erysipelas and observed 

robust tumor regressions. However, the condition of 4 other patients only temporarily 

improved, but they managed to achieve a fully developed infection. Worse yet, 2 patients 

did develop erysipelas, and actually succumbed to a pathogenic attack instead13,14. This 

led Coley to try combining heat-killed S. pyogenes with toxins from the Gram-negative 

bacterium Serratia marcescens, thereby creating the first ever mixed bacterial vaccine 

(MBV)13. Unbeknownst at the time, this combination of Gram-positive and Gram-negative 

bacteria creates a potent immunostimulatory cocktail, and is now thought to induce the 

release of multiple inflammatory cytokines, including interleukin-12 (IL-12)15. 
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Coley and colleagues at the Memorial Hospital in New York would go on to treat 

nearly 1200 patients with these “Coley’s toxins” over the next 40 years; 270 patients 

reportedly achieved long-term remissions with MBV, sometimes even lasting 

decades13,16. Many of the best responding tumors included soft tissue sarcomas, although 

responses in other tumor types were achieved as well16. These cases were carefully 

documented by Helen Coley Nauts (William Coley’s daughter). In honor of her late father, 

Nauts would establish the Cancer Research Institute (CRI) for advancement of tumor 

immunology in 1953.  

However, the widespread adoption of MBV outside of New York was hampered by 

poor documentation of Coley’s practices and the limited potency of commercial 

preparations13. Coley frequently changed how he produced MBV and would inject the 

vaccines using various routes; many of these attempts were later shown to be 

ineffective16. Furthermore, the scientific field of tumor immunology was still in its infancy 

at the turn of the 20th century, and a mechanistic basis for the efficacy of Coley’s toxins 

was lacking. As radiation therapy and chemotherapy, which promised similar remission 

rates as MBV, became more popular for cancer treatment, Coley’s toxins fell out of favor. 

Ironically, James Ewing, one of Coley’s staunchest opponents and his director at 

Memorial Hospital, discovered a bone sarcoma (Ewing’s sarcoma) that could be 

effectively treated Coley’s toxins17. While MBV is no longer used in the clinic today, 

William Coley’s efforts undeniably set the practice of cancer immunotherapy in motion. 

He is now recognized as one of the founding fathers of the field. 
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1.1.3. The dawn of tumor transplantation models  

It was the German physician Paul Ehrlich who was the first to formulate the concept 

that the human immune system is capable of recognizing and fighting off cancerous 

cells18. In his work published in 1909, Ehrlich suggested that “aberrant cells arising during 

fetal and post-fetal development” could remain latent due to the body’s “positive 

mechanisms” 18. However, the scientific underpinnings of immunology at the time were 

not advanced enough to experimentally validate his hypothesis, nor was a connection 

made between Ehrlich’s theory and Coley’s toxins. 

Instead, the nascent field of tumor immunology became fixated on understanding 

immune responses through tumor transplantation studies. Experiments performed 

around the turn of the 20th century by Loeb and Jensen showed that thyroid tumors 

and spontaneous alveolar carcinomas could sometimes be transplanted within the 

species they originated from, and that the growth of these transplants resulted directly 

from the transferred cells19. These results argued against one of the influential theories 

at that time, which stated that cancer was caused by an (unknown) etiologic agent and 

was essentially a “transmissible disease”19. Loeb and a number of his contemporaries 

then showed that tumor origin (“race”) was an important factor in determining the outcome 

of tumor transplantation20. Over ten years later, Clarence Little and Ernest Tyzzer at 

Harvard would revisit these studies by carefully examining the tumor transmissibility of 

inbred strains. Their work led to the discovery of a genetic basis for tumor transplantation, 

and importantly raised the question whether tumor transplant rejections were simply the 

result of transferring between “genetically impure” mouse strains20–22. 
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This issue would continue to frustrate tumor immunologists throughout the 1920s 

and 1930s22. In an expansive literature review, William Woglom gloomily concluded 

that “it would be as difficult to reject the right ear and leave the left ear intact as it is to 

immunize against cancer”23,24, a dogmatic belief that was shared by many geneticists 

around the time. 

It would take until 1936 before further progress on the genetic basis of tumor 

transplantation was made. Through the ingenious use of human and rabbit antisera, Peter 

Gorer discovered the presence of distinct blood groups in mice of different inbred 

strains25. When Gorer transferred tumors originating from mice containing “blood group 

II” were transferred to mice with “blood group I”, these recipients rapidly rejected the 

tumor. This suggested to Gorer that the blood antigens were involved in mediating the 

resistance to tumor rejection. George Snell, working at the Jackson Laboratory, had 

similarly set out to pursue mapping of the genetic basis of tumor transplantation. As a 

classically trained geneticist, Snell approached the problem by generating a series of 

genetically identical mouse strains only differing in a single locus, so-called ‘congenic’ 

strains. Harnessing the antisera against “blood group II” on different congenic lines, Snell 

and Gorer were able to map the genetic site of tumor transplantation to the 

histocompatibility locus in 194825,26. In recognition of the “blood group II” serum that led 

to its discovery, this locus became known as the histocompatibility locus II (H-2). As the 

H-2 locus was shown to be the most critical determinant mediating tumor rejection, while 

in in addition to being highly polymorphic in nature, it is referred to as the major 

histocompatibility complex (MHC) in mice. In 1980, George Snell shared the Nobel Prize 
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with Baruj Benacerraf for the discovery of the H-2 locus; unfortunately, Peter Gorer had 

passed away 19 years prior. 

A final insight into tumor transplantation came from the work of the British scientist, 

Peter Medawar, working in the separate field of transplantation immunology. Medawar 

focused his efforts on elucidating the basis of allogeneic skin graft rejection (‘allografts’). 

In seminal papers published in 1953 and 1956, Medawar and Bellingham described the 

concept of ‘acquired tolerance’ by demonstrating that the immune system plays a 

fundamental role in the rejection of allogeneic transplants27–29. Medawar’s work confirmed 

the earlier hypothesis formulated by Macfarlane Burnet in 1948, that the immune system 

(in Burnet’s theory “antibodies”) could acquire the ability to discriminate ‘self’ from ‘non-

self’ during development30. Both scientists would be awarded the Nobel Prize in 1960. 

 

1.1.4. Tumor antigens and the immunosurveillance hypothesis 

While the study of tumor transplantation models shaped much of the first 50 years 

of tumor immunology, leading to the discovery of the MHC locus and immunological 

tolerance, it did little to illuminate how the immune system could respond to tumors arising 

in its own host. To study this question, immunologists increasingly turned to the chemical 

carcinogen methylcholanthrene (MCA) to induce sporadic tumors in mice. In 1943 Polish 

scientist Ludwig Gross was the first to demonstrate that an MCA-induced sarcoma line 

from the inbred C3H strain was rejected by genetically identical C3H recipients31, 

suggesting that the sarcoma contained antigens that could be recognized by the host’s 

immune system. However, his work left open the possibility that the sarcomas had 

acquired mutations during repeated transplantation. Edward Foley confirmed Gross’ 
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observations in 1953 by demonstrating that methylcholanthrene-induced tumors were 

antigenic upon direct transplantation in isogeneic animals32. Raymond Prehn and Joan 

Main would further extend these results through the characterization of several 

fibrosarcoma tumor lines that were rejected upon transplantation into isogenic strains33. 

However, these studies were viewed with skepticism, as they could still be explained by 

a lack of a genetically pure background between strains (‘residual heterozygosity’). 

George Klein and colleagues would finally settle this debate by demonstrating that 

autochthonous tumors (in addition to syngeneic tumors) could be rejected upon pre-

immunization of the hosts34. 

Collectively, these studies raised the idea that the immune system is actively 

involved in the elimination of cancerous cells arising in the body. This led Macfarlane 

Burnet and Lewis Thomas to formulate their influential cancer immunosurveillance 

hypotheses in the late 1950s, echoing Paul Ehrlich’s theory half a century earlier. Inspired 

by the concept of immune tolerance, Burnet focused on his hypothesis on the 

accumulation of “antigenic potentialities” (neoantigens) by cancer cells, which would be 

sufficiently different from the own body to trigger immune responses that restrained 

tumors from becoming clinically apparent35,36. Thomas’ early theory was more 

evolutionary in nature, suggesting that multicellular organisms have developed 

mechanisms to protect against transformed cells in order to maintain tissue homeostasis, 

similar to the protection against foreign tissues (during allograft rejection)37,38. 

Experimental validation for these hypotheses soon followed with demonstrations that 

carcinogen-induced and oncoviral experimental models contained unique tumor 
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antigens39. However, evidence for the existence of human antigens was absent, and 

whether these models accurately reflected human cancer remained unclear. 

The field of tumor immunology would soon face a setback that would again cause 

skepticism about the perceived ability of the immune system to ward off cancer cells. A 

logical extension of the cancer immunosurveillance hypothesis was an absence of 

immune function (‘immunodepression’) would result in higher incidence of tumor 

formation. The development of athymic (Nu/Nu) mice in the late 1960s made it possible 

to experimentally test this idea40,41, as these mice largely lacked mature T lymphocytes. 

Working with these ‘nude’ mice at Memorial Sloan Kettering, Osias Stutman 

demonstrated in the 1970s that MCA induction at birth did not lead to a statistically higher 

number of sarcomas in Nu/Nu mice compared to their normal, heterozygous counterparts 

(Nu/+)42,43. He concluded that his results did not support the immunosurveillance 

hypothesis. Additionally, no evidence of increased susceptibility to spontaneous tumors 

was found when 27 murine lines were systemically investigated by Harold Hewitt and 

colleagues44. Indeed, even Foley, Prehn, and Main, in their landmark papers during the 

1950s, had noted the differences between carcinogen-induced and spontaneous tumor 

models32,33, raising doubts that the MCA-induced tumors were just an anomaly. 

While these results certainly dampened the excitement around cancer 

immunotherapies over the next decade, we now know that Stutman’s studies were flawed 

by several technical factors unknown to him. While athymic mice have severely 

compromised immune responses to infectious agents, some basal T cell functionality is 

maintained45–47. Additionally, natural killer (NK) cells, developing normally in these mice, 

can make significant contributions to anti-tumor immunity48–50. Finally, tumor induction 
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with MCA is highly efficient in the CBA/N strain (the only Nu/Nu model available to 

Stutman), raising the possibility that early tumor induction simply overwhelmed an 

immature immune system51. Indeed, later studies using mouse strains lacking T, B, and 

NK cells (Rag2-/-; gc-/- mice), the interferon-g receptor (Ifngr1-/-) or the cytotoxicity-

mediating protein perforin (Prf1-/-) have shown elevated susceptibility to MCA-induced 

tumorigenesis52–55. Thus, Stutman’s rejection of tumor immunity ultimately proved 

premature; rather, genetic murine models as well as epidemiological observations of 

elevated cancer incidence in immunocompromised humans have firmly cemented the 

immune system’s role in cancer surveillance. 

 

1.1.5. Cellular immunology comes of age 

While tumor immunology remained focused on experimental models of cancer, 

discoveries made in different immunological fields during the 1960s and 1970s would lay 

the foundation for our modern understanding of the cellular components of the anti-tumor 

response. Drawing upon Medawar’s concepts of transplant tolerance, James Gowans 

and colleagues showed that thoracic duct lymphocytes (TDLs) were involved in the 

initiation of alloreactive immune responses, although they could not distinguish cellular 

from humoral responses56. Jacques Miller soon followed these results by demonstrating 

that neonatal thymectomized mice were unable to reject their skin grafts, which suggested 

that the thymus was the source of these reactive immune cells57,58. His results stood in 

stark contrast to the widely held belief that the thymus was simply a vestigial organ where 

lymphocyte would “go to die”. Additionally, Miller found that adult thymectomized mice 

were unable to regenerate their lymphocytes upon total body irradiation or initiate immune 
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responses upon antigenic challenges with sheep erythrocytes, further solidifying the role 

of the thymus in immunocompetence59–61. In a series of experiments using irradiated CBA 

mice grafted with syngeneic thymi, TDLs, and allogeneic bone marrow, Mitchell and Miller 

then unequivocally proved that thymus-derived lymphocytes (‘T cells’) were 

immunologically distinct from bone marrow-derived lymphocytes (‘B cells’)62–65.  

Subsequent use of different antisera helped to further distinguish these 

lymphocytic cell types by their respective cell surface markers66,67, and led to the 

subdivision of T cells into CD8+ (originally Ly-2, Ly-3) and CD4+ (Ly-4) cells68,69. The 

development of monoclonal antibodies in 1975 by Kohler and Milstein70 would usher in a 

new age where lymphocytes could be studied in increasingly greater detail, particularly 

with the advent of flow cytometric methods71. 

In an effort to dissect immune responses in vitro, Mishell and Dutton developed an 

assay during the 1960s that mixed antigens with splenic lymphocytes, which led to the 

realization that antibody formation required an additional cell type present in this 

mixture72. Working with these cultures in 1973, Steinman and Cohn first described the 

dendritic cell (DC) as the third cell type73,74. Steinman and colleagues would go on to 

decipher much of the biology of DCs over the next decades75–78, and establish a critical 

role for this antigen-presenting cell (APC) in the initiation of adaptive immune responses. 

The structure of antibodies was uncovered in an influential set of studies during 

the 1950s and 1960s79,80, setting the stage for the discovery of immunoglobulin (Ig) 

rearrangement by Hozumi and Tonegawa81. By early 1980s it was well accepted that the 

B cells used Ig molecules to recognize soluble antigen, however the nature of the T cell 

receptor (TCR) and how T cells recognized antigens remained topics of debate82,83. The 
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latter was clarified by Zinkernagel and Doherty, who established that T cell recognition 

was governed by the MHC molecule of the syngeneic host, a concept that became known 

as ‘MHC restriction’84–86. Importantly, their results argued that a single TCR could 

recognize both antigen and MHC—a model proven correct when the first MHC peptide 

epitopes were uncovered87,88. The nature of the TCR was uncovered when Davis and 

Mak isolated the first murine and human TCR chains89,90, before rapidly cloning of the 

remaining TCR chains91–93. Collectively, these studies demonstrated that primary antigen 

sensing receptors (the TCRa,b chains) were part of a larger transmembrane protein 

complex that associated with g, d, and the two e, z polypeptide chains94,95. 

Additional discoveries in cellular immunology made in the 1970s and 1980s 

included with the discovery of interleukin-2 (IL-2)96, which allowed the sustained in vitro 

culture of cytotoxic lymphocytes, and the generation of transgenic TCR mouse strains97. 

Together, these advancements would form the basis for novel immunotherapeutic 

strategies pioneered over the following decade, as the field of tumor immunology 

regained its former momentum. 

 

1.1.6. The beginning of a modern era in tumor immunology 

While tumor immunologists still grappled with the implications of Stutman’s results 

throughout the 1980s, Thierry Boon’s work offered a glimmer of hope for the field. In 1982, 

Boon and van der Pel showed that vaccination with mutagenized leukemia clones could 

induce the immune rejection of spontaneous tumors of the same origin98, which 

suggested that these tumors, rather than lacking antigens, failed to stimulate strong 

immune responses. These findings called the results obtained with experimental models 
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in the decades before into question, and raised the possibility that human tumors could 

be antigenic as well.  The Boon group would continue their focus on tumor antigens, which 

culminated with the identification of the first human T cell antigen in 1991, encoded by the 

MAGE-1 gene3. MAGE proteins are part of a diverse group of cancer-testis antigens 

(CTAs), which are normally restricted to immunoprivileged reproductive organs, but 

become aberrantly expressed in many tumor types99. In the immediate years following 

the initial identification of MAGE-1, a wealth of other murine and human antigens were 

characterized, including MAGE, BAGE, GAGE, RAGE (all CTAs), Tyrosine, gp100/pmel 

17 (differentiation antigens), E7 (a viral antigen), HER2/Neu (an overexpression antigen), 

CDK4, and b-catenin (neoantigens)100. 

Further mechanistic insights into the relationship between the immune response 

and cancer antigenicity were generated by Bob Schreiber and Lloyd Old. In a landmark 

study published in 2001, Schreiber, Old and Shankaran carefully compared the re-

transplantation kinetics of MCA-induced sarcomas derived in the absence of an immune-

selective environment (Rag2-/- mice), or derived in an immunocompetent environment 

(wild-type 129/SvEv mice)54. They were able to demonstrate that tumor immune escape 

was intimately linked to the prior elimination of immunogenic cancer clones by T cells. 

These experiments, together with data from genetic knockout mice that showed increased 

susceptibility to cancer formation, and the experimental demonstration of an intermediate 

state of “stasis” between the actions of immune cells and tumor emergence101, have led 

to the definition of the ‘cancer immunoediting’ process. Cancer immunoediting is thought 

to occur in three distinct phases: immune elimination, immune equilibrium, and finally 

immune escape2,38. 
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The 1990s would also set the stage for much of the clinical excitement around 

immune checkpoint inhibitors nearly two decades later. In a landmark study published in 

1996, James Allison and Max Krummel demonstrated that the cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) was a negative regulator of T cell responses in murine 

transplant models4. Just two years later, Tasuku Honjo and Hiroyuki Nishimura used a 

genetic Pdcd-1 knockout mouse to elucidate the function of PD-1 in the maintenance of 

peripheral tolerance102. The discovery of these two ‘immune checkpoints’ has had 

enormous impact on the field. Research into the mechanisms of immune tumor detection, 

tumor immune evasion and efficacy of novel immunotherapies is now truly flourishing. 

Indeed, much of the biology described in the following sections of this introduction has 

only been fairly recently elucidated; a testament to incredible pace of discovery in this 

field. 
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1.2. The cancer immune response 

The immune response to a growing tumor can be conceptualized as a multistep 

iterative process, termed the “cancer-immunity cycle” by Chen and Mellman103. As will be 

reviewed in detail below, this immunological sequence begins with the release of tumor 

antigens, which trigger immune recognition and the mobilization of a T cell response. This 

culminates in destruction of antigen-expressing cancer cells by effector T cells, which in 

turn liberates additional antigens and thus amplifies the existing response (see Figure 

1). 

 

Figure 1: The various stages of the anti-tumor immune response visualized as a 
cycle. Source: Daniel S. Chen & Ira Mellman, Immunity (2013) 
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1.2.1 Tumor antigen release leads to the initiation of immune responses 

The oncogenic transformation of normal cells is characterized by a number of 

altered cellular processes, including uncontrolled proliferation, altered metabolism, 

resistance to cell death and the acquisition of invasive motility1. Cancer cells often 

experience genetic instability over the course of neoplastic growth, leading to the 

acquisition of many single nucleotide variations (SNVs) and can even gain or lose whole 

chromosomes104. While this instability may seem detrimental to individual cells, these 

genomic alterations are thought to be beneficial to the bulk tumor by increasing clonal 

heterogeneity, which enables rapid selection of the “fittest” clones. However, as a 

consequence of mutagenic processes, cancer cells can also produce altered proteins that 

contain neoepitopes with strong binding affinity to MHC molecules105. As these 

‘neoantigens’ essentially represent foreign peptides when presented to the human 

immune system, they are not subjected to immunological tolerance and can thus elicit a 

strong T cell attack. Indeed, accumulating evidence over the past decade has implicated 

neoantigens as a critical source for tumor-directed immune responses, both during 

endogenous immune recognition106,107 as well as upon therapeutic modulation108–110. 

Many neoantigens identified through the use of high-throughput screening and T cell 

reactivity assays are contained in mutated proteins that are unlikely to fulfill oncogenic 

roles. However, on rare occasion, driver mutations have been found to generate 

neoepitopes capable of strongly binding HLA alleles (e.g. KRASG12D on HLA-C*08:02111 

and TP53R175H on HLA-A*0201112). Targeting these driver neoantigens with 

immunotherapy is attractive, as these mutations are often highly clonal and T cell 

cytotoxicity can be precisely directed to cancer cells while sparing normal tissues. 
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Viral antigens constitute a different type of neoantigens and are foreign to the 

immune system as well. For example, the E6/7 oncoproteins that drive cervical and 

oropharyngeal carcinomas can mediate protective immunological responses in 

therapeutic settings113,114. 

Finally, aside from neoantigens, several other classes of tumor antigens are 

present in many cancer types. These antigens are the result of aberrant re-expression of 

early lineage proteins (differentiation antigens), endogenous DNA viruses (retrovirus 

antigens), or the misexpression of proteins from immunoprivileged sites (cancer-testis 

antigens)115. These antigens derive their immunogenicity from a partial or complete lack 

of tolerance116. 

It is clear that antigen release by tumor cells initiates the cancer-immunity cycle 

(step 1, see Figure 1). Cellular stress (ER or oxidative stress) or therapeutic treatment 

(chemotherapy or radiotherapy) can trigger a type of ‘immunogenic’ cell death (ICD) that 

is distinct from apoptosis117,118. ICD results in the release of damage-associated 

molecular patterns (DAMPs, e.g. calreticulin, ATP, and HMGB1) into the 

microenvironment, which in turn induces phagocytotic activity and intracellular Toll-like 

receptor signaling in responding innate immune cells119. This allows antigen-presenting 

cells, such as dendritic cells (DCs), to capture and process tumor antigens, and undergo 

maturation to upregulate co-stimulatory surface ligands (CD80, CD86, MHC class II)120. 

Dendritic maturation is critical for productive T cell engagement, as the absence of co-

stimulation can lead to a T cell anergy and clonal deletion121. The inflammatory cues 

innate cells receive are thus critically important in determining the outcome of this early 

phase of cancer immunity. 
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1.2.2 Dendritic cells traffic to lymph node and interact with naïve T cells 

DC maturation allows an APC to migrate to nearby lymph nodes, where they 

encounter naïve T cells cycling through lymph nodes via the circulation (step 2, see 

Figure 1). In the lymph node, the APC and T cells congregate in a discrete anatomical 

location (the ‘T cell zone’) supported by a network of reticular cells122. Each T cell carries 

a uniquely rearranged TCR capable of recognizing its ‘cognate’ antigen. It has been 

estimated that the odds of a “match” between an APC and T cell are on the order of 1 in 

105-106, based on the precursor frequency of naïve antigen-specific CD8+ T cells123. 

Therefore, during this initial phase of antigen presentation, multiple T cells transiently 

engage with the APC; their motility resembling an unguided, random walks124. Rapid T 

cell scanning of the surface of APC increases the likelihood of successful T cell antigen 

encounter. Once a T cell has found its cognate antigen, the search pattern changes to 

more a directed movement124, and the process of T cell priming is initiated. 

 

1.2.3 T cell priming triggers clonal expansion and effector cell differentiation 

T cell recognition of cognate antigen leads to the formation of a stable 

immunological synapse with the APC, known as ‘signal 1’ in T cell priming (step 3, see 

Figure 1)125. The CD8 co-receptor is required to form a stable interaction with the MHC 

class I for antigen binding, while the CD4 co-receptor forms a complex with MHC class II. 

The immune synapse recruits the transmembrane phosphatase CD45 to the TCR protein 

complex, setting an intracellular signal transduction pathway in motion. CD45 activity at 

the synapse allows for the dephosphorylation of the basally active kinase Lck125, which in 
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turn phosphorylates the immunoreceptor tyrosine-based activation motif (ITAM) residues 

on the TCR. The ITAMs are then are bound by ZAP70 kinase to initiate proximal TCR 

signaling and activation of the MAPK, PI3K, and NFAT pathways125,126. 

While the interaction between TCR and peptide-bound MHC molecules (pMHC) is 

relatively low affinity (in the millimolar range), T cells are nonetheless exquisitely sensitive 

to cognate antigen stimulation; even 1 pMHC molecule can trigger cytokine secretion127. 

Although several models have been put forward to reconcile these seemingly paradoxical 

findings, the mode by which the TCR transduces signals remains a topic of 

debate125,128,129. 

A second positive signal results from the interaction between co-stimulatory 

receptors on the T cell surface and the ligands expressed on the APC (CD80, and CD86). 

This ‘signal 2’ is required to achieve full activation of naïve T cells. The intracellular 

pathways engaged upon co-stimulatory receptor ligation largely overlap with TCR 

signaling, thereby reinforcing T cell activation, differentiation and acquisition of effector 

function130. Co-stimulatory receptor expression is regulated in a complex spatiotemporal 

manner; while certain receptors are found on naïve T cells (e.g. CD28, CD27), other 

receptors are induced upon activation and impact differentiation and effector functionality 

(e.g. OX40, HVEM)130. 

To balance the activity of co-stimulatory receptors, co-inhibitory receptors also 

become upregulated upon T cell activation131. These receptors provide critical feedback 

inhibition by negatively impacting TCR signaling pathways. Co-inhibitory receptors are 

thus thought to act as ‘immune checkpoints’ to restrain excessive T cell proliferation, 

ensuring that T cell responses are inherently self-limited. Robust prolonged engagement 
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of T cell co-inhibition can render T cells dysfunctional, a state also termed ‘T cell 

exhaustion’. This dysfunctional state will be further examined later in this chapter. 

Following extended T cell priming and the engagement of proliferative, survival, 

and cellular differentiation pathways, T cells undergo a period of rapid cell divisions 

leading to clonal expansion. During clonal expansion, CD8+ T cells receive significant 

cytokine support from CD4+ T cells through the secretion of interleukin 2 (IL-2), as well 

as ‘licensed’ APCs. The majority of activated T cells ultimately acquire a terminal effector 

cell state, characterized by an ability to produce cytotoxic molecules (granzymes, perforin, 

FasL) to kill a pMHC-expressing target cell. 

 

1.2.4 T cells use chemotactic cues to migrate to the tumor microenvironment 

T cell migration through the body is not a passive process, but instead finely tuned 

through the surface expression of cell-adhesion molecules and chemokine receptors. For 

example, expression of CCR7 and CD62L endows naïve T cells with the ability to home 

to lymphoid tissues132,133, where they can receive antigen stimulation. During the clonal 

expansion phase of the CD8+ T cell response, a different homing profile is imprinted upon 

terminally differentiated cytotoxic T lymphocytes (CTLs). CTLs downregulate CCR7 and 

instead upregulate the chemokine receptor CXCR3, which allows re-entry into the 

circulation and migration to the tumor site (step 4, in the cancer-immunity cycle, see 

Figure 1)132. The canonical CXCR3 ligands CXCL9 and CXCL10 have been shown to 

correlate with increased T cell infiltration in several tumor types134–136, indicating that 

these chemokines also play a crucial role in guiding T cells to the tumor microenvironment 

(TME). Although other chemokine axes (e.g. CCR5-CCL5 and CCR2-CCL2) have also 
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been implicated in T cell migration, genetic evidence suggests that CXCR3 is absolutely 

required137. 

 

1.2.5 T cells infiltrate into the tumor microenvironment 

As T cells access tumors through the circulation, the endothelial cells (ECs) lining 

blood vessels are critically important mediators of entry to the tumor microenvironment 

(step 5, see Figure 1). The movement across endothelial cells (‘diapedesis’) is a 

coordinated, multistep process, where T cells first initiate rolling movements across the 

EC barrier, before arresting and adhering to ECs138,139. These cell-cell adhesions are 

guided by the interactions of lymphocyte integrin receptors (LFA-1, Mac-1, and VLA-4) 

with their respective endothelial ligands (ICAM-1, ICAM-2, and VCAM-1)138. Both T cells 

and endothelial cells subsequently undergo extensive intracellular cytoskeletal 

remodeling, which allows the extravasation of T cells through endothelial cell junctions 

(‘paracellular migration’) or even directly through individual endothelial cells (‘transcellular 

migration’)140,141. 

Given the importance of chemotactic cues for proper immune cell homing to tumor 

sites, it is perhaps not surprising that cancer cells frequently deregulate chemokine 

expression132. By attracting immunosuppressive cell types such as myeloid-derived 

suppressor cells (MDSCs) and T regulatory cells (Tregs) and avoiding anti-tumorigenic 

effector T cells, cancer cells can shape the immune composition of the tumor 

microenvironment. These “immunoevasive” strategies will be described in more detail 

later in this chapter. 
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1.2.6 Effector T cells recognize cancer cells through antigen presentation 

Upon successfully crossing the endothelial barrier, the positioning of T cells in the 

tumor microenvironment depends on the presence of chemoattractive molecules 

(‘chemokines’), stromal cells, and crucially, the extracellular matrix (ECM) (step 6, see 

Figure 1). 

The ECM has well-established roles in sustaining tumor proliferation, invasive 

motility, maintenance of cancer stem cell niches, and drug resistance142. Although the 

composition and “stiffness” of the ECM can vary considerably between different tumors, 

components of the ECM include collagen, proteoglycans, laminin, and fibronectin143,144. 

Both cancer cells, as well as cancer-associated fibroblasts (CAFs), are active contributors 

to the ECM, which can make up 60 percent of the tumor mass by some estimates145. It 

was shown that ECM density of lung tumors plays an important role in the T cell 

localization: tumor islets that contained abundant ECM components, largely excluded T 

cells146. The initial movement of CTLs through the TME is believed to be largely 

random124,147. However, when effector T cells come in contact with tumor cells expressing 

their cognate antigen, migration halts and long-lasting connections between the two cells 

are formed147,148. 

When cytotoxic T lymphocytes detect cognate antigens on a tumor, this triggers a 

series of cell-surface and intracellular cytoskeletal changes in the effector cell (step 7, 

see Figure 1). The first step involves the formation of an ‘immunological synapse’ 

between the CTL and the tumor cell, and tight clustering of TCR receptors (also referred 

to as the ‘central supramolecular activation cluster’; cSMAC) with pMHC molecules on 

cancer cells149. The synapse is reinforced by a peripheral ring of adhesion receptors 
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(LFA-1 and talin proteins; the ‘pSMAC’)149. The intracellular cytoskeletal network of the T 

cell also undergoes dynamic rearrangement, leading to the positioning of the microtubule 

organizing center (MTOC) near the cortex of the cSMAC150. This allows for directed 

delivery of a “lethal hit” by the T cell, while preventing potential exposure of nearby cells 

to cytotoxic molecules. CTLs appear to be capable of cooperating in the killing of target 

cells and in some instances, can serially kill several target cells151. 

Cytotoxic T cells employ two distinct mechanisms to kill their target cell. The Fas 

and TNF-related apoptosis-inducing ligand (TRAIL) pathways mediate cytotoxicity 

through the binding of complementary ‘death receptor’ ligands on the surface of target 

cells152. In contrast, the granule exocytosis pathway relies on disruption of the target 

plasma membrane by perforin molecules for intracellular delivery of toxic granzyme 

molecules153,154. After intracellular release in the target cell, granzymes are capable of 

triggering apoptotic cell death directly through proteolytic cleavage of the effector 

caspases 3 and 7, and indirectly through the mitochondrial intrinsic pathway and 

apoptosome formation153,154. The Fas and TRAIL pathway also converge on caspases 3 

and 7 activation, but instead mediate signaling through the Fas-associated death domain 

(FADD) adaptor and procaspase 8 proteins152,153. 

This final step in the cancer immunity cycle thus involves the killing of cancer cells. 

In the course of dying, cancer cells may release new tumor antigens in the TME. These 

tumor antigens are required to initiate the next cancer immunity cycle, and may also 

redirect T cell responses to different antigens, a process known as ‘epitope spreading’. 

While the immune cycle described in detail in the previous sections is an idealized 

example of an effective anti-tumor response, it nonetheless forms the basis of what most 
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cancer immunotherapies aim to achieve. However, cancer immunosurveillance appears 

defective in most, if not all, cancer types. This dysfunction can be driven by both tumor-

intrinsic and tumor-extrinsic (microenvironmental) mechanisms, leading to tumor escape 

from immune pressure, and ultimately, the clinical manifestation of a tumor. In the 

sections below, several mechanisms that can suppress a productive anti-tumor response 

will be reviewed. 

 

1.3. Tumor-intrinsic mechanisms of immune escape 

Robust evidence for extensive crosstalk between the immune system and human 

tumors has only recently accumulated. Many aspects of tumorigenesis appear to be 

shaped by selective immune pressure; and conversely, several tumor cell oncogenic 

pathways impact and disrupt immune function. These ‘tumor-intrinsic’ (cell-autonomous) 

mechanisms allow tumors to evade and escape detection of immune cells. 

 

1.3.1. Antigenicity is a critical determinant in immune escape 

Lack of tumor antigenicity was one of the earliest recognized mechanisms of 

immune escape155. As initiation of an effector T cell response fundamentally requires the 

presence of immunogenic peptides that are presented by APCs, a paucity or complete 

lack of antigens would naturally not lead to a T cell response. Several pathways have 

shown to be involved in driving a loss of tumor antigenicity, including loss of antigens, 

and deregulation of the antigen presentation machinery (APM). Tumor antigenicity can 

also be shaped by the immune response, which can lead to the escape of non-antigenic 

‘immunoedited’ tumors.  
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As described in the previous section, many human antigens are simply the product 

of ‘neutral’ mutations (leading to neoantigens), deregulated transcription (cancer-testis 

antigens, differentiation antigens, endogenous retroviruses), or oncogenic viral etiology 

(viral antigens). Therefore, cancer cells can often repress or genetically delete these 

antigenic sequences without overtly affecting their cellular fitness. Indeed, many 

experimental cancer models have documented the emergence of ‘antigen-loss variants’ 

that evaded immune control106,156–159. More recently, antigen loss has also been 

documented in clinical settings; both treatment with TILs160, as well as chimeric antigen 

receptor (CAR)-T cell therapy161–163 have led to patient relapses harboring antigen-

negative tumors. 

The surface presentation of antigens on tumors, and indeed on all nucleated cells, 

is a complex biological pathway involving peptide import into the ER by the TAP1/2 

transporters, peptide loading on MHC-b2-microglobulin complexes, and the transport of 

pMHCs to the plasma membrane164. At steady state, a cell will constantly present many 

peptides resulting from protein turn-over in the cell; the vast majority of these will not 

provoke an immune response. Exposure of the cell to IFN-g can lead to upregulation of 

several components of the antigen presentation machinery (APM). Tumors have been 

shown to frequently deregulate components of their APM, including downregulation of 

HLA alleles through genomic hypermethylation165,166, acquisition of inactivating B2M 

mutations167–169 and subsequent loss of heterozygosity of the β2m region on chromosome 

15q21170, and genetic loss of TAP transporter proteins164,171,172. Similarly, mutations in 

JAK/STAT transducers of the IFN-g pathway can dampen a cancer cell’s ability to present 

antigens through HLA molecules169. Further evidence of the impact of selective, 
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endogenous immune pressure comes from longitudinal studies documenting B2M loss in 

metastatic melanomas samples in the absence of immunotherapy173,174, and 

computational analyses showing frequent subclonal and focal HLA loss of heterozygosity 

in metastatic lung cancer sites175. Thus, frequent loss of antigen and wide-spread 

deregulation of antigen presentation across many cancers demonstrates that lack of 

tumor antigenicity is a major component in driving immune escape. 

 

1.3.2. Immunoediting can mediate tumor immune escape 

It is now well appreciated that structural alterations in antigenicity and the 

presentation machinery of cancer cells can arise as a result of immune cell pressure 

during the early phases of tumor growth. To explain how the immune system may target 

and “sculpt” tumor cell antigenicity, the process of ‘immunoediting’ was defined by 

Schreiber, Old, and Smyth. Immunoediting occurs through three distinct phases: 

elimination, equilibrium, and escape (the three “E’s”)2,38. 

During the elimination phase, innate and adaptive immune cells cooperate to 

detect and kill antigenic tumors. One of the initiating factors of these anti-tumor responses 

is the immunogenic cell death of tumor cells, leading to the release of antigens and 

DAMPs119. Other factors, such as expression of stress-induced ligands that activate NK 

cells, may play a role in recruiting additional immune cells, and promote a tumor 

microenvironment that favors immune tumoricidal activity2,176. Direct evidence for the 

existence of an elimination phase in human cancer has been difficult to obtain, and 

instead has been drawn from different lines of correlative studies. First, the presence of 

tumor infiltrating lymphocytes (TILs) is associated with favorable disease prognoses in 
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many cancer types, including breast cancer177,178, melanoma179–181, and colorectal 

cancer182–184 (reviewed in refs. 185,186). Second, several retrospective studies have 

demonstrated correlations between increased cancer susceptibility and the use of 

immunosuppressive drugs in patients with organ transplants187–190 or HIV/AIDS191–193. 

These associations suggest that the immune system at baseline is involved in elimination 

of (pre-)malignant clones before these cancer cells can manifest as a clinical disease. 

Finally, immune elimination has been inferred from the greater frequency of chemical-

induced tumors or spontaneous tumor penetrance in mice lacking key components of the 

immune system (e.g. Rag2-/-, Prf1-/- (perforin), IFNGR1-/- (IFN-g receptor) and others, 

as summarized in ref. 194). 

The equilibrium phase is characterized by the continuous emergence of new tumor 

clones and subsequent immune cell removal of particularly antigenic clones, thereby 

gradually “sculpting” the immunogenicity of the tumor. Although the existence of a 

clinically non-apparent, dormant tumor state has not been observed in human disease, 

evidence from a number of experimental models suggests that the equilibrium phase can 

persist for extended periods. For example, in a model of low-dose MCA-treatment, only  

disruption of the immune system (through CD8+ T cell or IFN-g depletion) led to rapid 

sarcoma formation, suggesting that cytotoxic T cells previously had controlled 

tumorigenesis101. Although it is still largely unknown which factors dictate the equilibrium 

state, the cytokine milieu in the TME195, and the balance between (anti-tumorigenic) 

CTLs, NK cells and γδ T cells and (pro-tumorigenic) monocytic MDSCs are likely to be 

important196. 
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The final phase of immunoediting, tumor escape, is initiated by the acquisition of 

immunoevasive alterations that completely curtail an existing anti-tumor response and 

allow for uncontrolled tumor growth. As described above, during the escape phase tumor 

may be entirely devoid of antigenicity, have downregulated MHC molecules, or have 

deregulated the antigen presentation pathway. Additionally, some tumors develop 

resistance to T cell cytotoxicity through the upregulation of antiapoptotic molecules197,198 

or mutate death receptors199,200. Alternatively, tumors can recruit immune-regulatory cells 

through the secretion of chemokines to the tumor microenvironment to promote a state 

of immunosuppression. These tumor-extrinsic mechanisms will be reviewed in detail in 

the next section 1.4. 

 

1.3.3. Oncogenic pathways drive T cell exclusion 

In addition to deregulation of tumor antigenicity, tumor cells may also escape 

immune pressure through the activation of oncogenic pathways that impact and disrupt 

immune function. 

One of the pathways is the Wnt-b-catenin signaling axis. Binding of the growth 

factor Wnt activates an intracellular signal transduction cascade that triggers the 

cytoplasmic release of the transcription factor b-catenin, and its subsequent translocation 

to the nucleus to activate a host of genes involved in diverse biological functions, including 

(cancer) stem cell renewal201. In a preclinical genetically engineered mouse model 

(GEMM) of melanoma expressing constitutively active b-catenin (BrafV600E, Pten-/-,CAT-

STA mice), Wnt signaling repressed transcription of the Ccl4 chemokine gene, leading to 

impaired recruitment of CD103+ dendritic cells into the TME202. As these cross-presenting 
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DCs are crucial for the initiation of adaptive immune responses120, T cells were actively 

excluded from the tumor microenvironment202,203. This immunosuppressive axis does not 

appear to operate solely in melanoma, as a number of other cancers with alterations in 

the Wnt-b-catenin pathway have similarly revealed T cell exclusion phenotypes204. 

The loss of the tumor suppressor PTEN can also mediate immunosuppressive 

functions through the PI3K-AKT pathway. PI3K pathway alterations are among the most 

frequently found alterations in human cancers, and impact a wide range of cellular 

processes, including cellular proliferation, metabolism, and motility (invasion)205. In an 

analysis of cutaneous melanoma samples collected in the Cancer Genome Atlas (TCGA) 

database, PTEN deletions or loss-of-function mutations were associated with reduced T 

cell number and function206. Mechanistically, immunosuppression through PTEN loss 

appeared to be mediated through increased expression of VEGF (which can promote 

endothelial barrier function, see 1.4.1) and reduced sensitivity to T cell cytotoxicity206. 

In lung cancers, two oncogenic pathways have been identified that cooperate with 

Kras-driven adenocarcinomas. Activation of the oncogene Myc leads to stromal 

reprogramming through the tumor-derived cytokines CCL9 and IL-23, causing 

macrophage influx into the TME and immune exclusion of T cells, B cells, and NK cells207. 

Additionally, these macrophages appeared to be critically involved in mediation of an 

angiogenic switch that sustained further adenocarcinoma development207. A second 

oncogenic pathway involving STK11/LKB1, was examined in lung adenocarcinoma 

patients treated with PD-1 blockade. Genetic alterations in STK11/LKB1 were significantly 

associated with poorer progression-free survival (PFS) and overall survival (OS)208. 

Furthermore, these alterations were enriched in PD-L1 negative patients with 
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intermediate or high mutational burden208, suggesting that loss of STK11/LKB1 may 

operate as an immunosuppressive mechanism that distinct from PD-1-mediated 

pathways. In lung GEMMs, genetic ablation of this pathway leads to increased neutrophil 

recruitment through elevated IL-1a and IL-6 production209 and repression of the 

cytoplasmic DNA-sensor STING210. LKB1 restoration leads to upregulation of PD-L1 

expression on tumor organoids210. The therapeutic blockade of IL-6 significantly inhibits 

tumor progression, and improved survival209. Interestingly, checkpoint blockade with 

CTLA-4 or a combination of PD-1 and TIM-3 did not demonstrate any efficacy in this 

model209, further suggesting that STK11/LKB1-mediated immunosuppression is a unique 

mechanism of therapeutic resistance and immune escape. 

A third oncogenic pathway that has received significant attention over the past few 

years, involves the cyclin-dependent kinases 4 and 6 (CDK4/6). CDK4/6 are critical 

regulators of cell-cycle progression: they cooperate with D-type cyclins to phosphorylate 

Rb (pRB), thereby releasing E2F to trigger transition from G1 into the S-phase211. It was 

shown recently that CDK4 promotes proteasomal degradation of PD-L1212. Additionally, 

downstream pRB was shown to transcriptionally repress PD-L1 through NF-κB 

signaling213. These studies suggest that restoration of CDK4/6 or Rb may promote tumor 

immunity. Howver, in vivo pharmacological inhibition of CDK4/6 in breast carcinoma, 

colorectal carcinoma and melanoma mouse models is associated with improved anti-

tumor immunity, rather than resistance214–217. These effects appear mediated through 

tumor-intrinsic factors (increased antigen presentation and type III interferon signaling214) 

as well effects on T cells (NFAT potentiation of T cell activation)215,216. An open question 

is how increased PD-L1 expression impacts these therapeutic responses. The 
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paradoxical nature of these complex in vivo responses illustrates that there is undoubtedly 

more to learn about the role of the CDK4/6-Rb pathway in tumor immune escape. 

 

1.4. Tumor-extrinsic mechanisms of immune escape 

Over the course of malignant progression, tumors modulate their surrounding 

microenvironment extensively to create favorable conditions for oncogenic growth. A key 

aspect of these adaptations involves the preferential recruitment of pro-tumorigenic 

immune cell subsets, and suppression of anti-tumorigenic T cells and NK cells. In the next 

sections, the different aspects of the tumor microenvironment intimately involved in the 

creating immunosuppression will be described. 

 

1.4.1. Endothelial cells 

Cancer cells extensively modulate the surrounding blood vasculature to access 

critical nutrient supplies that sustain rapid tumor proliferation218. Compared to healthy 

tissue vasculature, tumor vessels exhibit several abnormal morphological features, 

including erratic branching (“tortuous” vessels), loose endothelial lining, and sparse 

coverage of pericytes that control vascular permeability219,220. Consequently, tumor 

vessels are highly “leaky” and blood flow is irregular, contributing low-oxygen environment 

(known as ‘hypoxia’). Hypoxia in turn drives the secretion of vascular endothelial growth 

factor (VEGF) by tumor cells221 and cells in the TME222, which binds VEGF receptors on 

nearby endothelial cells to stimulate “sprouting” of new blood vessels (‘neo-

angiogenesis’)223. As T cells critically depend on coordinated interactions with the 
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endothelial vasculature to facilitate T cell migration into the TME, these aberrant tumor 

blood vessels may be more difficult to navigate for lymphocytes. 

VEGF (and fibroblast growth factor) may also directly exert immunosuppressive 

functions through the promotion of endothelial barrier function and upregulation of FasL. 

VEGF leads to downregulation of ICAM-1/2, VCAM-1, and CD34 on endothelial cells224, 

referred to as ‘anergic ECs’. EC anergy prevents the engagement of T cell integrin 

adhesion receptors (LFA-1, Mac-1, and VLA-4) that participate in endothelial 

extravasation138. VEGF can also upregulate the Fas ligand (FasL) on endothelial cells as 

an additional mechanism to stave off anti-tumorigenic T cells225. Recent effector CD8+ T 

cells may be particularly sensitive to endothelial FasL, as the death receptor Fas becomes 

upregulated during T cell activation226. Certain tissues (for example, the eye) actively 

exclude immune cells through FasL expression227, which has led to the suggestion that 

tumor sites acquire a degree of “immune privilege”228. 

The endothelial B receptor (ETBR) pathway has been implicated in suppressing T 

cell adhesion to ECs as well229. ETBR expression was shown to be inversely correlated 

with the presence of tumor-infiltrating lymphocytes (TILs) in ovarian carcinomas, while 

pharmacological inhibition of ETBR led to improved T cell vessel adhesion138. 

 Tumors thus extensively impact T cell migration through aberrant vasculature and 

promotion of endothelial barrier function.  

 

1.4.2. Cancer-associated fibroblasts (CAFs) 

Cancer-associated fibroblasts (CAFs) are abundant stromal cells in the tumor 

microenvironment, and can even outnumber cancer cells in certain tumors. Their role in 
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supporting cancer progression is highly pleiotropic in nature, and includes enabling tumor 

metabolic adaptation to hypoxia, facilitating cancer motility and invasion through 

remodeling of the ECM, promoting therapy resistance, and suppressing immune 

function230. As a result of continuous mechanical tissue disruption by growing cancer 

cells, tissue repair responses are typically chronically activated in the tumor parenchyma 

(cancers are a “wounds that never heal”). As a result, normal fibroblasts participating in 

tissue repair of the tumor microenvironment irreversibly differentiate into CAFs in 

response to chronic stimuli, which increases their migratory capacity and alters their 

secretome230. Attempts at defining several subtypes of CAFs with specialized functions 

have been made, however there is considerable heterogeneity based on their cellular 

origin231,232. To add to this complexity, a number of fibroblast subtypes can perform 

overlapping tumor-supportive functions. 

Cancer-associated fibroblasts may exert both direct and indirect effects on the 

surrounding immune cell infiltrate. CAFs are known to secrete a plethora of different 

cytokines, chemokines, and pro-angiogenic factors that can have extensive effects on 

nearby innate immune cell polarization and T cell function. A comprehensive description 

of these factors is beyond the scope of this thesis, but is well summarized in a recent 

review231. Instead, a few key CAF-secreted factors will be highlighted below. 

CAFs are a major source of transforming growth factor b (TGF-b), which, aside 

from context-dependent roles in cancer progression233, can suppress the effector function 

of NK and T cells234,235, impair T cell memory responses236, and promote T cell 

exclusion237–239. Additionally, TGF-b can promote CD4+ T cell transdifferentiation into T 

regulatory cells240. TGF-b, and the CXCL12 chemokine can also recruit 
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immunosuppressive M2-polarized macrophages to the tumor microenvironment241–243, 

and thereby indirectly impact T cell function. CAFs also secrete abundant IL-6, which can 

impair dendritic cell maturation and antigen presentation capacity244,245, and skews 

monocyte differentiation towards macrophage fates246. Finally, modulation of the ECM by 

CAFs through the deposition of fibronectin, hyaluronic acid and collagens can lead to 

poor T cell infiltration and stromal trapping, as well as enhance M2-polarized macrophage 

migration into the TME146,247,248. 

 

1.4.3. Myeloid-derived suppressor cells (MDSCs) and tumor-associated 

macrophages (TAMs) 

Myeloid-derived suppressor cells (MDSCs) are a heterogenous and highly plastic 

population of bone marrow-derived myeloid precursor cells. At least two distinct types of 

MDSCs exist in mice and humans: polymorphonuclear MDSCs (PMN-MDSCs), which are 

more closely related to neutrophils, and monocytic MDSCs (M-MDSCs), which are related 

to monocytes249. While both PMN-MDSCs and M-MDSCs are thought to mediate 

immunosuppressive roles during immune responses, PMN-MDSCs are typically localized 

to peripheral lymphoid organs, where they function to maintain immune tolerance249. In 

contrast, M-MDSCs migrate to tumors, where they can further acquire tumor-associated 

macrophage fates249. MDSCs are actively recruited by tumors through the secretion of a 

number of chemokines, including CCL2, CXCL1, and CXCL12250–253. In the tumor 

microenvironment MDSCs fulfill potent, but largely non-specific immunosuppressive 

roles. Persistent inflammation and hypoxia in tumors induces the upregulation of arginine 

1 (Arg1) and inducible nitric oxide synthase 2 (iNOS2) proteins, which leads to local L-
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arginine depletion and inhibition of IL-2 signaling through nitric oxide249,254. Furthermore, 

MDSCs can also deplete tryptophan levels through IDO1 expression255, can directly 

upregulate PD-L1256, and recruit CCR5+ T regulatory cells through the release of CCL3 

and CCL4257. 

 

1.4.4. Tumor-associated macrophages (TAMs) 

Macrophages are phagocytic cells that mediate key roles in the clearance of 

infectious agents, and maintenance of tissue homeostasis258. In tumors, macrophages 

are thought to derive from circulatory conventional monocytes or monocytic myeloid-

derived suppressor cells259. Macrophage fate is highly plastic, and context-dependent, 

referred to as ‘polarization’. In describing the different roles of tumor-associated 

macrophages (TAMs), a distinction between M1 (anti-tumorigenic) and M2 (pro-

tumorigenic) has historically been made. However, it is now appreciated that macrophage 

polarization represents a spectrum260. 

TAMs exert clear immunosuppressive roles in the primary tumor 

microenvironment, and can promote metastatic tumor dissemination. Their recruitment is 

mediated through chemokines (including CCL2 and CCL5), and cytokines (CSF-1 and 

VEGF)259,261,262. CSF-1 plays a particularly important role in attracting and polarizing 

TAMs to a “M-2-like” state262–264. TAMs promote tumor growth and immunosuppression 

of effector T cell responses through a number of different pathways. TAM stimulation by 

IL-4 and Wnt7b promotes an angiogenic switch through the release of VEGF, leading to 

the de novo development of blood vasculature in tumors265–267. TAMs are also known to 
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directly aid extravasation of invasive mammary cancer cells into the circulation268, and 

can remodel the ECM to further promote tumor migration269. 

In addition to these tumor promoting functions, TAMs also exert a myriad of 

immune-regulatory roles through direct and indirect inhibition of T cell and NK cell anti-

tumor responses. Direct mechanisms include expression of the nonclassical MHC class 

I molecules (HLA-G) which functions to inhibit T cells and NK cells270,271, cell-surface 

upregulation of PD-L1 and the alternate B7-H4 receptor272–276, and expression of the 

TRAIL death receptor277. Indirect mechanisms include the depletion of L-arginine (through 

Arg1)278–280, recruitment of T regulatory cells through CCL20 and CCL22281,282, and the 

secretion IL-10 and TGF-b which may locally convert convention CD4+ into T regulatory 

cells283,284. 

 

1.4.5. T cell-intrinsic dysfunction 

Upon cognate antigen stimulation in the lymph node by an APC, CD8+ and CD4+ 

T cells rapidly upregulate a number co-stimulatory (SRs) and co-inhibitory receptors 

(IRs)130. As T cells must “pass” these co-inhibitory functions in order to acquire full effector 

functionality, IRs are sometimes referred to as ‘immune checkpoints’. The spatiotemporal 

relationship between SR and IR expression has been conceptualized as a “tidal wave”285. 

In this model, a “wave” of signals triggered by SR engagement pulls naïve and recently 

activated T cells into a proliferative state. The peak of the wave is balanced by the 

opposing actions of SR and IR signals, before the wave recedes when the balance shifts 

to inhibitory signals130,285. Therefore, T cell responses are inherently self-limited in nature 

to control immune homeostasis. Furthermore, IR expression on CD4+ T regulatory cells 
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ensures that peripheral tolerance is maintained to restrain pathogenic host-directed 

adaptive immunological responses. Indeed, mutation or deficiency of several co-inhibitory 

receptors is associated with the development of murine and human autoimmune 

disorders102,286–289. 

It has long been appreciated that T cells fail to clear certain experimental viral 

infections (e.g. lymphocytic choriomeningitis virus (LMCV) clone 13) and instead acquire 

impairments in their effector, proliferative and memory-formation capacities290–293. This 

distinct state has been defined as ‘T cell exhaustion’, and is thought to be driven by an 

aberrant differentiation program in the context of pathogen persistence, 

immunosuppressive cytokines, and lack of CD4+ T cell help294. Exhausted T cells in 

chronic LMCV exhibit several characteristics, including the sustained transcriptional 

upregulation of several IRs (Pcd-1, Ctla-4, Lag-3, 2b4, Gp49b, and others), defects in 

cytokine production (IFN-g, TNF-a, IL-2), upregulation of chemokine genes (Ccl3, Ccl4, 

Cxcl5), transcription factors (T-bet, Eomes, Blimp-1, and Tcf-1), and altered cellular 

metabolism (bioenergetic deficiency)295. Epigenetic profiling of exhausted T cells has 

reinforced the idea that these cells exhibit distinct differentiation from effector or memory 

T cells296,297. Recently, the transcription factor Tox was identified as a key regulator of 

this epigenetic program in chronic LCMV298–300 and a mouse model of cancer301. 

As T cells experience persistent antigen load, they gradually become impaired in 

several effector functions302. High proliferative capacity, IL-2 production and ex vivo 

cytotoxicity are impaired first, before TNF-a production, and finally IFN-g production and 

the ability to degranulate302. Severely exhausted T cells that have lost effector 

functionality may get physically deleted from the host291–293. Although these progressive 
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impairments highlight that T cell responses can become highly dysfunctional, it is 

important to note that T cell exhaustion is a crucial safeguard against rampant 

pathological inflammatory reactions, and exhausted T cells are capable of maintaining 

some control over the infection302,303. Furthermore, exhaustion is not irreversible, as T cell 

functionality can be restored by a therapeutic blockade of PD-1-PD-L1 axis, which has 

been shown to decrease systemic viral load304.  

Several lines of evidence demonstrate that T cells acquire a dysfunctional program 

in tumors that is analogous to T cell exhaustion. Tumor-specific T cells isolated from 

multiple types of cancers upregulate multiple IRs, including PD-1, CTLA-4, LAG-3, and 

TIM-3305–307. Furthermore, tumor-specific T cells are impaired in their ability to produce 

cytokines (IFN-g, TNF-a) in multiple human tumors305–311. T cell proliferative capacity is 

another functional attribute that appears to decrease as intratumoral T cells become more 

dysfunctional, as early progenitor T cells exhibit more cell-cycle gene expression and Ki67 

marker positivity than more dysfunctional T cells312. 

Similar to T cell exhaustion, T cell tumor dysfunctionality is thought to be driven by 

chronic antigen exposure, and may be acquired early during tumorigenesis313. However, 

it is not a fixed state, and rather phenotypically heterogenous, as evidenced by several 

reports over the past few years314–316. Several attempts at defining precursor states (“pre-

dysfunctional”, “transitional” or “progenitor exhausted” cells) have been made by the gene 

expression patterns of unique genes (e.g. GZMK, TCF-7, IL7R, ZNF683 and others) and 

the surface (co-)expression of different IRs (reviewed in 317). For example, pre-

dysfunctional T cells in a mouse model of melanoma are marked by Slamf6+TIM-3-TCF-

1+, and can give rise to Slamf6-TIM-3+TCF-1 dysfunctional T cells (but not vice versa)318. 
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The impact of a number of transcription factors on the T cell dysfunctional program 

has also been extensively investigated in murine and human cancer. The pre-

dysfunctional responsive state appears maintained by Tcf-1318–320, while dysfunctionality 

is driven by Tox301. A number of other transcription factors, such as Gata3, Blimp-

1/Prdm1, c-Maf, T-bet, and Eomes appear play roles in maintaining this state as well321–

323. 

 A more detailed review of the biology of the major co-inhibitory receptors is 

provided in the sections that follow: 

 

CTLA-4 

 Although the cytotoxic T-lymphocyte associated protein 4 (CTLA-4) was originally 

thought to be a potentiator of T cell activity, research in the 1990s demonstrated that it 

was a negative regulator4. The expression of CTLA-4 is driven the NFAT transcription 

factor, which is activated by TCR and CD28 stimulation during T cell activation324. Upon 

expression, CTLA-4 locates to the TCR proximal plasma membrane, where it is subject 

to constitutive endocytosis. As a result ~90% of CTLA-4 is intracellular325. At the cell 

surface, CTLA-4 has high affinity for the CD80 (B7.1) and CD86 (B7.2) molecules on 

mature APCs326, and can form bivalent interfaces with both ligands, which allows it to 

outcompete CD28 binding327,328. CTLA-4 may also exert cell-extrinsic negative regulation 

through the trans-endocytosis of CD80 and CD86329,330. Through these actions, CTLA-4 

counteracts CD28-mediated PI3K-AKT and RAS-MAPK signaling. Surprisingly, the 

intracellular pathways downstream of CTLA-4 receptor engagement are not fully 

elucidated (reviewed in 331); conflicting data exists on whether CTLA-4 can 
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dephosphorylate proximal TCR complex components, recruit of SHP2 through YVKM 

sequence in the CTLA-4 cytoplasmic tail or directly inhibits PI3K-AKT pathway signaling. 

It is clear however that CTLA-4 plays a critical role as a negative regulator during T cell 

priming. 

 

PD-1 

Programmed cell death protein 1 (PD-1) principally functions to maintain peripheral 

tolerance and restrain excessive inflammatory responses to preserve tissue homeostasis. 

PD-1 is upregulated on activated effector CD8+ and CD4+ T cells332, and PD-1 

expression is sustained in the context of chronic antigen exposure304. A number of 

transcription factors (NFAT, FOXO1, T-Bet, and BLIMP-1) have been shown to regulate 

PD-1 expression333. PD-1 interacts with the PD-L1 and PD-L2 molecules in peripheral 

tissues. PD-L1 is widely expressed on both hematopoietic (T cells, B cells, macrophages, 

DCs, and mast cells) and non-hematopoietic cells (e.g. tumor, endothelial, corneal 

epithelial, placental syncytiotrophoblast, and pancreatic islet cells, as well as 

keratinocytes and astrocytes)334. In contrast, PD-L2 expression is restricted to 

macrophages, DCs, and mast cells. PD-L1 and (to a lesser degree) PD-L2 upregulation 

can be induced by IFN-g signaling335,336. PD-1-PD-L1 signaling has inhibitory effects on 

proximal TCR signaling components through the direct recruitment of the SHP2 

phosphatase to the PD-1 cytoplasmic tail, and downregulates signaling outputs of CD28-

mediated pathways337. The latter may represent a central axis of co-inhibitory regulation 

that is shared between CTLA-4 and PD-1338. Thus, PD-1 broadly acts to decrease T cell 
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activation, affecting cell survival, proliferation, and cytokine production as well as altering 

the cellular metabolism of effector T cells333,339. 

 

TIGIT 

The T cell immunoglobulin and ITIM domain (TIGIT) is a relative recent addition to 

the co-inhibitory receptor family, after being discovered on effector T cells, Tregs and NK 

cells by several groups 340–343. TIGIT is expressed on effector and memory T cells, Tregs, 

follicular T helper cells, and NK cells340–345. Tumor-specific T cells have been shown to 

co-express TIGIT with PD-1, which is thought to mark a dysfunctional CD8+ subset346,347. 

TIGIT binds two ligands, poliovirus receptor (PVR; CD155) and PVRL2 (CD122), although 

its affinity for PVR is 100-fold higher affinity than PVRL2348. Crystal structures of the 

TIGIT-PVR interaction have demonstrated that the complex exists in a tetrameric state, 

with each surface protein contributing cis-homodimers349.  

TIGIT (and the Tactile/CD96 receptor) functions in opposition of the co-stimulatory 

receptor DNAM-1 (CD226), which also binds PVR, albeit with lower affinity than TIGIT350. 

TIGIT may counteract DNAM-1 through several mechanisms. First, TIGIT is capable of 

outcompeting DNAM-1 for PVR binding on the cell surface350, similarly to CTLA-4 and 

CD28. Second, TIGIT may regulate DNAM-1 in cis by impairing homodimerization of this 

receptor351 and can mediate signals in trans through the ITIM motif in the cytoplasmic tail 

of PVR342. Finally, and perhaps most crucially, PVR binding leads to Grb2-SHIP2 

sequestration to the cytoplasmic tail of TIGIT in NK cells, preventing downstream PI3K-

AKT, MAPK, NF-kB signaling348. TIGIT thus broadly impacts T cell activation, proliferation 

and differentiation programs. However, TIGIT can also have positive roles, including the 
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promotion of cell survival through upregulation of IL-2R, IL-7R, and IL-15R and the anti-

apoptotic Bcl-xL protein344. 

In addition to roles on effector T cells and NK cells, TIGIT also promotes the 

functionality of T regulatory cells. The TIGIT gene is transcriptionally regulated by the 

Treg-lineage defining transcription factor Foxp3352. TIGIT+ Tregs are more activated, as 

indicated by increased Foxp3, CD25, CTLA-4, and Fgl2, which mediates suppression of 

TH1 and TH17 responses345,353. 

 

TIM-3 

T cell immunoglobulin-3 (TIM-3) is a co-inhibitory receptor that is part of a larger 

family of TIM proteins, which also encompasses TIM-1 and TIM-4. TIM-3 is expressed on 

activated TH1 CD4+ T cells, effector CD8+ T cells, T regulatory cells, dendritic cells, 

monocytes and NK cells. TIM-3 is upregulated on intratumoral T cells, where it is thought 

to mark severely impaired effector T cells. Tumor-resident TIM-3+ Tregs are thought to 

more immunosuppressive, and have increased expression of Foxp3, IL-10, granzymes, 

and Perforin. Several TIM-3 ligands have been identified, including Galectin-9, Ceacam-

1, phosphatidyl serine (PtdSer), and HMGB1, although the latter two appear important for 

interactions on TIM-3+ innate immune cells. 

Similar to LAG-3 (see section below), TIM-3’s cytoplasmic domain does not 

contain any canonical immunoreceptor tyrosine-based inhibitory motifs (ITIMs). Instead, 

several evolutionary conserved tyrosine residues (Y256 and Y263) have been implicated 

in recruiting Bat3 (in the absence of ligand) or Fyn (upon Galactin-9, CEACAM-1 binding). 
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Upon association with the cytoplasmic tail of TIM-3, Fyn recruits the Csk kinase, which, 

through sequestration of Lck, can inhibit proximal TCR signaling. 

 

LAG-3 

Lymphocyte activation gene 3 (LAG-3) was discovered three decades ago354, and 

encodes a co-inhibitory receptor expressed on activated CD8+ and CD4+ T cells, T 

regulatory cells, NK cells354,355, murine plasmacytoid dendritic cells356, B cells357, and 

even neurons358. LAG-3 expression on T regulatory cells is associated with an activated 

phenotype, and LAG-3+ Tregs may play a role in T cell homeostasis355,359. LAG-3 is 

capable of binding several ligands, including MHC class II molecules, galectin-3, LSECtin, 

and a-synuclein358,360,361. As LAG-3 is structurally similar to the CD4 co-receptor362, the 

interaction with MHC class II has been a major focus of investigation. The biophysical 

nature of this interaction however still remains poorly defined. The recent identification of 

fibrinogen-like protein 1 (FGL1) as a cognate ligand suggests that LAG-3 may have 

functions in immune cells do not typically interact with MHC class II molecules363. 

LAG-3 closely associates with CD3 chains, which is thought to drive inhibition of T 

cell proliferation, cytokine production, and calcium flux364. However, as the cytoplasmic 

tail of LAG-3 contains poorly characterized motifs355, LAG-3 downstream intracellular 

signaling remains to be fully elucidated. 

 

1.4.6. CD4+ T cells 

CD4+ T cells are critically involved in orchestrating immune responses, and can 

adopt many effector lineages upon antigen stimulation through MHC class II molecules. 
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In addition to stimulating antibody-production responses, CD4+ T cells can provide “help” 

during effector CD8+ T cell differentiation, regulate macrophage polarization, maintain 

tissue homeostasis and peripheral tolerance365. These effector functions are achieved by 

cellular differentiation into distinct fates, including TH1, TH2, TH17, TFH, and T regulatory 

cells fates. Each of these CD4+ “helper” lineages are further characterized by the 

production of certain cytokines: TH1 CD4+ predominantly produce IFN-g, TNF-a, CCL2 

and CCL3, TH2 produce IL-4, IL-5, and IL-13, TH17 produce IL-17A and IL17F, TFH 

produce IL21, and Tregs produce IL-10, IL-35 and TGF-b366,367. While a number of TH 

CD4+ T cells can exert anti-tumorigenic roles, these functions are highly context-

dependent (reviewed in 366).  

T regulatory cells are critical mediators of peripheral tolerance, and function to 

suppress excessive host-directed immune responses368. T regulatory cell lineage is 

defined by the transcription factor forkhead box protein P3 (Foxp3). A role for Tregs in 

peripheral tolerance further supported by mice strains carrying mutations in the Foxp3 

gene (“scurfy” mice) that develop rapid, lethal autoimmune responses369. Tregs can play 

a crucial roles at multiple stages of the anti-tumor immune response, notably during T cell 

priming and during the effector response in peripheral tissues. During antigen 

presentation in lymph nodes, Tregs can act as a “cytokine sink” by sequestering available 

T cell growth factor (IL-2)370,371, and can suppress antigen stimulation through 

upregulation of the co-inhibitory receptor CTLA-4372,373. Both tumors and macrophages 

have been shown to actively recruit T regulatory cells to the TME through the secretion 

of inflammatory cytokines CCL2, CCL21, and CCL22281,374,375. In the tumor tissue Tregs 

can effectively suppress effector CD8+ T cell responses through direct inhibition or even 



 58 

killing of CTLs (through perforin and granzymes)376, the production of T cell inhibitory 

metabolites (adenosine)377,378, and the secretion of a number of immunoregulatory 

cytokines (IL-10, IL-35 and TGF-b) that further dampen T cell activity379–382. Tumor-

infiltrating T regulatory cells have been shown to be “activated”, and upregulate a number 

of IRs and SRs upon activation (PD-1, TIGIT, TIM-3, LAG-3, ICOS, and OX40)383. It has 

been suggested that Treg activation is mediated by the (abundant) release of self-

antigens in the tumor microenvironment384, however the precise mechanisms remain to 

be established. 

 

1.4.7. Tumor microenvironments can exist in distinct inflammatory states 

The previous sections illustrated that cancer cells, stromal cells and immune cells 

collectively influence the inflammatory state of the tumor microenvironment. Based on 

localization and density of lymphocytic infiltrates and presence of immune-associated 

soluble factors, a distinction between ‘cold’ (non-T cell-inflamed), ‘altered’, and ‘hot’ (T-

cell inflamed) tumor microenvironments has been made385,386. 

Non-T cell-inflamed tumors largely lack infiltrating T cells, but may still harbor 

macrophages and vascular endothelial cells386. Defective T cell priming is thought to 

underlie the absence of T cells in these cold tumors, however these priming defects 

cannot be explained by a lack of tumor antigens (at least in the case of melanoma)386,387. 

As described in 1.3.3, oncogenic alterations in Wnt/b-catenin or PTEN pathways may 

promote a non-T cell-inflamed microenvironment. Patients with immunologically cold 

tumors typically respond poorly to current approved immune checkpoint inhibitors385, 
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suggesting that fundamentally different strategies such as dendritic cell vaccination may 

be required to initiate and enhance anti-tumor immune responses. 

In altered (or immune excluded) tumor microenvironments, effector T cells are 

confined to the invasive margins of the tumor bed. Several tumor-intrinsic and tumor-

extrinsic factors can promote T cell exclusion, including altered chemokine signaling, 

presence of immunosuppressive innate immune cells, and stromal barriers (e.g. severe 

hypoxia in the tumor core, an impenetrable ECM, or abnormal endothelial vessels)388–390. 

Finally, in a hot tumor microenvironment, cytotoxic T cells are abundantly present, 

and several soluble factors and cytokines (IFN-g, IDO1) indicate significant T cell 

reactivity. However, persistent antigen load as well as the presence of immune-regulatory 

subsets in the tumor microenvironment renders most of these effector T cells 

dysfunctional. Dysfunctional T cells may express a number of co-inhibitory surface 

markers, including CTLA-4, PD-1, TIGIT, TIM3, LAG-3, and CD39. These T cell 

dysfunctional programs are driven by transcription factor such as TOX. Patients with 

these hot tumor microenvironments are typically respond well to immune checkpoint 

inhibitors, and are most likely to derive clinically durable benefit from these immune-based 

therapies. 

 

1.5. Pancreatic cancer 

Pancreatic cancer is a deadly malignant disease in one of the body’s major 

digestive organs. The pancreas has both exocrine functions (secretion of enzymes such 

as trypsin, chymotrypsin, and lipase) and endocrine functions (regulation of glucose 

homeostasis). These functions are carried out by specialized cells contained in the 
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pancreatic parenchyma. Acinar cells are the major producers of digestive enzymes, which 

are released into tubular networks formed by ductal cells. Acinar cells constitute the bulk 

of the pancreatic tissue (80%), while islets of Langerhans lay interspersed in the 

parenchyma391. Islets contain several hormone-producing cell types, including a cells 

(glucagon), b cells (insulin), d cells (somatostatin), e cells (ghrelin), and pancreatic 

polypeptide (PP) cells. Accordingly, tumors arising from either the exocrine or endocrine 

tissue have distinct classifications; pancreatic ductal adenocarcinomas (PDACs) are by 

far the most common (exocrine) pancreatic tumors, while pancreatic neuroendocrine 

tumors (pNETs) are relatively rare (endocrine) tumors (~7% of all pancreatic cancer 

cases)392. 

Pancreatic cancer accounts for an estimated 57,600 new cases in 2020 in the U.S. 

alone, and for 47,050 deaths. It is the 10th most commonly diagnosed cancer, but the 4th 

leading cause of cancer death392. Risk factors for pancreatic cancer include smoking 

history, type 2 diabetes, obesity, and a family history of pancreatic cancer or chronic 

pancreatitis392. BRCA1/2 germline mutation carriers also carry increased risk for 

pancreatic cancer (4-7% of PDAC patients). In December 2019, the FDA approved a 

PARP inhibitor (Olaparib/Lynparza) as maintenance therapy for BRCA1/2-mutant 

metastatic PDAC393. 

The 5-year overall survival (OS) rate (9%) remains dismal for PDAC. The standard 

of care for local PDAC is surgical resection, often combined with adjuvant chemotherapy 

or radiotherapy.  Surgery currently provides the only curative benefit for this disease, with 

5-year OS rates at 37%392,394. However, as the majority of PDAC patients are diagnosed 

with locally advanced or distant metastatic disease, combination chemotherapy (either 
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FOLFIRINOX or nab-paclitaxel with gemcitabine) is the only treatment option395. While 

combination chemotherapy regimens extends patient survival to 8.5-11.1 months, 5-year 

OS rates are low (12% for regional disease, 3% for metastatic disease)392,396,397. These 

sobering figures underline that novel therapies for the treatment of pancreatic cancer are 

urgently needed. 

 

1.5.1. The disease progression and the genetic basis of pancreatic 

adenocarcinoma 

Similar to other cancers arising in the gastrointestinal tract, pancreatic 

adenocarcinoma is thought to progress through several tumor stages, characterized by 

increasingly neoplastic and invasive growth. Pancreatic cancer is initiated by the 

acquisition of oncogenic mutation(s) and loss of tumor suppressor genes in a founding 

clone, before progressing to precursor lesions. The most common precursor lesions are 

pancreatic intraepithelial neoplasias (PanINs), although other lesions have been defined 

(mucinous cystic neoplasms (MCNs), and intraductal papillary mucinous neoplasms 

(IPMNs))391,398. Several stages of PanINs (I-III) have been described, and are associated 

with increasing neoplastic morphology and disruption of ductal architecture399. 

Progression of PanIN to frank adenocarcinoma is demarcated by local invasion through 

the ductal basement membrane into the surrounding tissue parenchyma. The final stage 

in the development of PDAC is metastatic spread to distant tissues. 

During the initiation phase, an oncogenic driver mutation transforms cells of the 

exocrine pancreas. Although PDAC typically arises in the head of the pancreas, the exact 

cell of origin remains a topic of debate. In fact, multiple lines of experimental evidence 
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have suggested that ductal, acinar and even endocrine cells can give rise to PDAC under 

certain chronic inflammatory conditons400–402, suggesting that transformative event is 

highly context-dependent. Acinar cells are thought to be the most permissive to oncogenic 

transformation, and undergo an acinar-to-ductal metaplasia, possibly driven by extrinsic 

inflammatory cues403–405. 

Mathematical models based on mutational analyses of advanced-stage pancreatic 

cancer patients have estimated that the founding somatically acquired mutation occurs 

around a median of ~7.1 years (3.3-12.2 years) before the establishment of a PanIN 

lesion, while development to adenocarcinoma occurs over a period of ~4.3 years (2.3-7.2 

years)406. Thus, the acquisition of driver mutations is marked by a relatively long latent 

period prior to becoming fixed in the population through cell division. 

KRAS mutations are the initiating genetic event in PDAC, and indeed are highly 

prevalent as the sole founding mutation in early PanIN lesions407. Genetic studies have 

demonstrated that over 90% of PDAC contains activating KRAS mutations408. KRAS 

mutations occur at several residues, with G12D being most prevalent (41% of KRAS-

mutated PDAC), followed by G12V (34%), G12R (16%), Q61H (3.9%) and other 

alleles409. Pancreatic cancers can also acquire mutations in different Ras isoforms 

(HRAS, NRAS) that may have isoform-specific intracellular signaling outputs410. An open 

question is whether the wild-type KRAS allele plays a causal role in oncogenic 

transformation409,411. One report documented the loss of heterozygosity of the wild-type 

KRAS allele, suggesting that it may have tumor-suppressive functions412. However, other 

studies have observed oncogenic roles for wild-type KRAS, NRAS or HRAS in KRAS-

mutated pancreatic cancer cell lines413,414. A second outstanding question that remains 
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to be answered is how KRAS mutations leads to the outgrowth of early lesions, as studies 

from mouse models have suggestive that Kras by itself induces PanIN formation with 

relatively long latency415,416. Indeed, retrospective autopsy studies have revealed that 

PanIN frequency ranges from 18-28% in otherwise normal individuals417,418. The answer 

for the development of early PanINs may lie in tumor-induced microenvironmental 

changes, as Kras signaling can lead to GM-CSF production, and recruitment of 

inflammatory IL-17+ CD4+ T cells419,420. 

While KRAS mutations are acquired before the PanIN stages, a number of 

additional genetic events occur during PanIN progression. Mutational studies by the 

Cancer Genome Atlas (TCGA) of 150 surgically resected (mostly stage I-III) patient 

samples revealed that TP53 (73%), SMAD4 (32%) and CDKN2A (30%) are the most 

recurrently mutated genes in PDAC, and are frequently co-mutated with KRAS408. Loss 

of these three tumor suppressors is well-established in the progression of PDAC 

(reviewed in 391,421). 

Genetically engineered mouse models such as LSL-KrasG12D/+; LSL-Trp53R172H/+; 

Pdx-1-Cre (KPC) mouse have been crucial in evaluating the role of putative oncogenes 

and tumor suppressor genes in PDAC progression422,423. In the KPC model, Cre-mediated 

recombination of an oncogenic Kras allele and a dominant-negative point mutant Trp53 

allele in pancreatic tissue progenitor cells leads to the development of multifocal 

pancreatic lesions around 10 weeks after birth, and progression to frank adenocarcinoma 

and distant metastatic disease. Careful examination of this mouse model has led to a 

“genetic progression” model, where oncogenic Kras activation and telomere shortening 

drives the initial development PanIN I lesions. The loss of CDKN2A occurs during the 



 64 

transition to PanIN II lesions, while TP53, SMAD4 alterations that lead to PanIN III and 

frank adenocarcinoma424. Whether a genetic basis for metastatic spread exists remains 

an open question, as primary adenocarcinoma and metastatic samples have shown a 

surprising high degree of overlap in somatic mutations425,426. Alternative hypotheses such 

as an altered epigenetic landscape have been put forward427, but remain to be further 

explored. 

In addition to these top four recurrently mutated genes, PDAC samples also 

contain many less frequently recurrent alterations (<10% of patients). These alterations 

are associated with diverse biological pathways, such as Kras-MAPK, Wnt, Notch, and 

TGF-b signaling, regulation of the cell cycle, transcriptional control by epigenetic 

modifiers, and repair of DNA damage408,421. 

 

1.5.2. The pancreatic tumor microenvironment 

Over the course of histopathological disease progression, pancreatic tumors 

interact extensively with their tumor microenvironment. The PDAC stroma milieu is 

marked by desmoplasia (a dense fibrotic reaction), poor vascularization, and contains 

distinct populations of stromal and immune cells. In aggregate, stromal components can 

account for more than 90% of the total tumor volume428. 

 

Cancer-associated fibroblasts 

Pancreatic stellate cells (PSCs) are myofibroblast-lineage cells that compromise 

the majority of the stromal compartment in PDAC. In the healthy pancreas, PSCs are 

located basolateral to acini and in perivascular regions, where they are involved in vitamin 
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A homeostasis, amylase secretion and preservation of pancreatic tissue integrity429. 

Under certain inflammatory and stress conditions, including in the pancreatic tumor 

microenvironment, PSCs can become activated, leading to the upregulation of a-smooth 

muscle actin (a-SMA) and fibroblast activation protein-a (FAP-a). Activated PSCs acquire 

proliferative capacity, can produce growth factors that stimulate tumor proliferation and 

invasive motility, and extensively modulate the ECM. PSC-derived ECM components, 

such as collagen, generate the characteristic desmoplasia observed in PDAC430. In the 

KPC GEMM it was shown that FAP-a+ fibroblasts mediate T cell exclusion through the 

CXCL12 chemokine431. Depletion (or pharmacological inhibition) of FAP-a+ fibroblasts 

restored the efficacy of immune checkpoint inhibitor therapy in this model431. 

However, PSCs are not the only cancer-associated fibroblast population present 

in PDAC. Rather, CAFs constitute a heterogenous group of cells that includes 

mesenchymal stem cells, bone-marrow derived cells, and resident activated 

fibroblasts432,433. Moreover, CAFs are highly plastic and are capable of transdifferentiating 

into other cell types, such as chondrocytes, adipocytes, myocytes and endothelial cells, 

which adds further complexity to delineating these populations432. 

Although CAFs were initially suggested to have pro-tumorigenic roles in PDAC, 

this view has been challenged more recently. Early Kras-mutant lesions secrete abundant 

Hedgehog (Hh) ligands, which were shown to promote stroma differentiation, and 

therapeutic resistance to gemcitabine434–436. Inhibition of Hh improved vascularization, 

elevated drug concentrations in the tumor microenvironment and extended overall 

survival of KPC mice435. However, the clinical results with Hh inhibitors were 

disappointing, and even led to premature trial termination due to decreased survival in 
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the experimental arm (gemcitabine + IPI-926)437. Mechanistic studies with conditional Hh 

gene knockout, as well as drug studies and CAF depletion studies in GEMMs of PDAC 

have demonstrated that tumors acquire a more undifferentiated morphology under these 

settings438,439, which may explain their increased aggressive tumor growth. Thus, CAFs 

may have both tumor promoting functions through the induction of aberrant vasculature, 

and tumor restraining functions through paracrine maintenance of cancer cell 

differentiation. However, a number of questions remain to be addressed in this field432. 

 

Tumor-associated macrophages  

In addition to a heterogenous population of CAFs, the pancreatic stroma also 

contains abundant innate and adaptive immune cells. Macrophages are one of the most 

abundant immune cells in human PDAC, and are also highly prevalent in genetically 

engineered mouse models. As described in section 1.4.4, macrophage differentiation is 

a plastic process; the ‘polarization’ of a macrophage is highly dependent on inflammatory 

factors in the microenvironment. In pancreatic cancers, tumor-associated macrophages 

have been reported to acquire immunosuppressive markers such as CD86, CD206 

(mannose receptor), and IL-10, which are typically associated with a “M2” fate440. A 

number of different tumor-promoting functions have been attributed to TAMs in pancreatic 

cancer, including driving early tumor cell differentiation (acinar-to-ductal metaplasia)441–

443, remodeling of the ECM441,443, and mediating resistance to gemcitabine444. Given the 

tumor-promoting roles of TAMs, several studies have investigated the impact of 

macrophage depletion. Inhibition of colony-stimulating factor 1 receptor (CSF-1R), which 

is involved in macrophage migration and proliferation in peripheral tissues445, selectively 



 67 

reduced M2 TAM numbers, reprogrammed macrophage polarization to a less T cell-

suppressive phenotype and enhanced immune checkpoint therapy in an orthotopic model 

of pancreas cancer446. Similar therapeutic responses were observed in the KPC GEMM, 

where CSF-1R reprogrammed macrophages to enhance local adaptive immune 

responses, and extended overall survival of these mice264. Consistent with a role in 

promoting tumor invasion, macrophage depletion in KPC mice with clodronate led to a 

reduction in metastases447. Interestingly, pancreatic cancer cells are capable of recruiting 

macrophages upon metastasis to the liver, which resulted in extensive stromal and fibrotic 

responses in this distant site448. In human PDAC, the presence of CD68+ TAMs in human 

PDAC is prognostic for an increased risk for metastasis440,449. However, absence of TAMs 

can also lead to decreases in angiogenesis and T cell infiltration447, highlighting that TAMs 

have pleiotropic functions in the TME. This is further illustrated by CD40 agonist 

therapeutic responses in PDAC mice, which were shown to be macrophage-

dependent450. 

 

Myeloid-derived suppressor cells and tumor-associated neutrophils  

In addition to the tumor-promoting roles of TAMs, the PDAC TME is also infiltrated 

by a number of other myeloid cell types, such as myeloid-derived suppressor cells 

(MDSCs), and neutrophils. A number of studies have investigated the recruitment of these 

innate cells to the PDAC TME through chemokine receptors or tumor-derived cytokines. 

In the KPC and in an orthotopic pancreatic model, MDSC recruitment is mediated 

through the secretion of granulocyte-macrophage colony-stimulating factor (GM-

CSF)451,452. GM-CSF induced the differentiation and proliferation of splenic precursors 
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into Gr1+CD11b+ cells, which were capable of suppressing T cell function in vitro452,453. 

Abrogation of MDSC recruitment through knockdown of GM-CSF expression or 

neutralization of GM-CSF reduced pancreatic tumor growth451,452, and was accompanied 

by an increase in CD8+ T cell infiltration451.    

The chemokine receptor CXCR2 is a critical regulator of MDSC and neutrophil 

migration454,455. Genetic deletion of CXCR2 abrogated the seeding of liver metastases 

and extended survival of KPC mice456. Similarly, CXCR2 inhibition in an orthotopic model 

of PDAC reduced tumor burden by decreasing tumor-associated neutrophil infiltration into 

the tumor microenvironment457. Combination therapy with FOLFIRINOX (the standard of 

care for metastatic PDAC) led to improvements in the overall survival of KPC tumors, and 

CCR2 blockade (abrogating TAM recruitment) further enhanced these therapeutic 

effects457. 

 

T cell infiltration 

Several T cell subsets, including effector CD8+ T cells, conventional CD4+ T cells, 

and T regulatory cells can infiltrate pancreatic tumors458. The presence of cytotoxic CD8+ 

and effector CD4+ tumor infiltrating T cells can be used to stratify patient outcomes458. 

Analyses of TILs isolated from human PDAC samples (including CD8+ T cells and Tregs) 

revealed expression of co-stimulatory and co-inhibitory receptors (CD137/4-1BB, PD-1, 

LAG-3, TIM-3, and CD244)459 and CD45RO+460, suggesting that these T cells are 

antigen-experienced and may be tumor-reactive. 

Within the TME, T cells have been shown to predominantly localize to the tumor 

stroma (a sign of immune exclusion), possibly caused by ECM-dysregulated chemokine 



 69 

gradients459,461. Observations in PDAC GEMMs indicate that T cell tumor exclusion can 

be mediated by CXCL12-expressing FAP+ fibroblasts431,462. Additionally, CD4+ TIL 

recruitment may be regulated through Ly6Clow F4/80+ TAMs463. Depletion of TAMs, in 

combination with CD40 agonists and gemcitabine, is capable of restoring CD4+ and 

CD8+ T cell infiltration in KPC mice463. 

Non-canonical gd CD4+ T cells play a pro-tumorigenic role through the secretion 

of pro-inflammatory IL-17 cytokines, and suppression of adaptive immune responses. 

Gamma delta T cells have been suggested to be the dominant T cells in human PDAC460. 

PanIN initiation appears to be particularly dependent on these gd CD4+ T cells, as genetic 

deletion of IL-17, Tcrd or gd T cell depletion led to delayed tumor kinetics in KC mice420,460. 

Pancreatic gd T cells upregulated co-inhibitory ligands (PD-L1, and Galectin-9), which 

could be therapeutically targeted to reduce growth of orthotopically transplanted KPC 

tumors460. 

Tregs can also contribute to IL-17 in the TME by acquiring a RORgt+Foxp3+ 

phenotype464. In human PDAC, Tregs are actively recruited to the TME and constitute a 

significant fraction of the T cell infiltrate465.  Knockdown of Ccl5 expression in a pancreatic 

transplant model reduced the migration of CCR5+ Tregs into the TME, and slowed tumor 

growth374. Similarly, depletion of Tregs (by anti-CD25 antibody therapy) in combination 

with KrasG12D vaccination led to reduced PanIN formation, and extended overall survival 

of KPC mice466. 
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1.5.3. Immunotherapy in pancreatic cancer 

Combination chemotherapy for the treatment of metastatic pancreatic cancer 

provides limited clinical benefit, and overall patient survival remains poor395. Therefore, 

novel therapeutic agents for the treatment of pancreatic cancer are urgently needed. 

Immune checkpoint inhibitors (ICIs) have revolutionized cancer therapy over the last 

decade, demonstrating that targeting the immune system in cancer is safe and can lead 

to durable, long-lasting anti-tumor responses5. Therefore, harnessing the immune system 

in PDAC may improve therapeutic outcomes for patients with this devastating disease. 

 

Antigenicity of PDAC 

A critical question in harnessing the immune system for therapeutic use is whether 

pancreatic tumors contain sufficient (neo)antigens that can elicit T cell responses. 

Although pancreatic cancer has historically considered to be “antigenically poor” based 

its relative low overall mutation burden467, recent studies have suggested that PDAC can 

indeed harbor antigens6,468. An analysis of the TCGA, and International Cancer Genome 

Consortium (ICGC) datasets has revealed that almost all patient samples contain 

neoantigens (ranging from 4-4000 per sample)468. Among these, KRAS codon 12 

mutations (G12D, and G12V) are the most frequently occurring. Therapeutic benefit with 

KRASG12D-reactive adoptive T cell therapy in a patient carrying the (infrequent) HLA-

C*08:02 allele has been demonstrated469, suggesting that KRAS neoantigens could be 

therapeutically exploited. A study of the neoantigen quality in rare long-term survivors 

(median survival 6 years) revealed a median of 38 predicted neoantigens per tumor6. In 

this patient cohort, the presence of CD8+ T cell infiltrate and higher neoantigen quantity 
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stratified patients with a better disease outcome6. Intriguingly, peripheral T cell reactivity 

to PDAC neoepitopes and microbial epitopes was observed in patients with a high 

neoantigen burden6, suggesting that structural resemblance between the two classes 

(“microbial mimicry”) may drive the particular immunogenic nature of neoantigens in this 

setting. At least a subset of pancreatic cancer patients thus harbor antigenic tumors that 

are amenable to immunotherapeutic approaches. 

 

Clinical landscape of immunotherapy in PDAC 

The development of immune checkpoint inhibitors (ICIs) reached a milestone with 

the approvals of an anti-CTLA-4 antibody (ipilimumab) in 2011, and an anti-PD-1 antibody 

(pembrolizumab) in 2014. Since these initial approvals, several ICIs have been approved 

for NSCLC, renal carcinoma, small cell lung cancer (SCLC), triple negative breast cancer, 

MMR-deficient cancers, Hodgkin’s lymphoma, and other types of cancer470. 

Unfortunately, these clinical successes have largely failed to translate to 

pancreatic cancer to date. A number of different ICIs have been investigated as 

monotherapy or combination therapy for the treatment of metastatic PDAC. 

The sole clinical success to date was achieved with pembrolizumab in a clinical 

“basket” trial enrolling a total of 86 patients with MMR-deficient cancers (colorectal, 

endometrial, pancreatic, gastric, prostate and a number of other cancers). Although 

PDAC patient numbers were small (n=8), 2 complete responses (CRs), 3 partial 

responses (PRs), and 1 stable disease (SD) response were reported. On the basis of the 

positive outcomes achieved in this trial, the FDA approved pembrolizumab for treatment 

of MMR-deficient cancers in 2017471. 
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A combination chemoimmunotherapy approach has shown promise in an early 

phase Ib study, although the data is not yet fully mature. In an interim report investigating 

gemcitabine+ nab-paclitaxel + a CD40 agonist (APX005M) with or without nivolumab 

(anti-PD-1), 14 out of 24 (58%) evaluable patients at the cut-off had achieved PRs, while 

8 patients achieved disease stabilization472. Full results of this trial are highly anticipated. 

Two clinical trials have investigated ICI monotherapy in MMR-proficient PDAC 

patients. A phase II trial conducted in 2010 evaluated anti-CTLA-4 (ipilimumab), but did 

not observe any responses in the 20 evaluable patients by standard RECIST criteria473. 

However, two patients showed minor responses, and the best responder (30% tumor 

regression), achieved ~9 months of clinical benefit473. A second phase I trial evaluated 

the safety and tolerability of anti-PD-L1 (BMS-936559) in 14 advanced-stage pancreatic 

cancer patients, but no objective responses were noted in the trial474.  

Three clinical studies have investigated ICIs in combination with chemotherapy. A 

phase I study investigating pembrolizumab plus chemotherapy (gemcitabine + nab-

paclitaxel for the PDAC arm) included 11 pancreatic cancer patients475. The study only 

achieved modest efficacy signals, achieving 2 PRs, 6 SDs, 2 PDs in this cohort. 

Unfortunately, nti-PD-1 did not seem to provide any additional clinical benefit in this 

setting, as an 18% ORR is similar to gemcitabine + nab-paclitaxel combination therapy.  

A similar conclusion was drawn from a phase I study investigating ipilimumab plus 

gemcitabine476. In this trial, 3 patients (out of 21 patients) achieved a PR, while 7 patients 

achieved SDs. The 14% ORR is in line with responses to gemcitabine alone. A third phase 

I study combined anti-CTLA-4 (tremelimumab) plus gemcitabine, but also reported 
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modest results (2/26 patients achieving a PR, and 7/27 patients achieving stable 

disease)471. 

Four other phase I/II studies have investigated combinations of an ICI with non-

chemotherapeutic modalities477–479. Unfortunately, therapeutic responses across these 

different treatment regimens, which included anti-PD-L1 (durvalumab) + stereotactic body 

radiotherapy (2 PRs), pembrolizumab + acalabrutinib (a BTK inhibitor; 3 PRs), and 

pembrolizumab + BL-8040 (CXCR4 antagonist; 1 PR) have been limited. 

Lastly, a highly anticipated phase II trial comparing anti-PD-L1 (durvalumab) alone 

or in combination with anti-CTLA-4 (tremelimumab) reported clinical results recently480. 

To date, this is the only trial that has investigated the efficacy combination ICIs in PDAC. 

While the treatment regimen was generally safe and well-tolerated (14% of patients had 

grade 3 or higher treatment-related adverse events), only two patients (out of 65 enrolled) 

achieved PRs480. It thus appears that combining these distinct immune checkpoint 

inhibitors does not improve therapeutic efficacy. A number of other combination immune 

checkpoint inhibitor therapies remain to be explored for the treatment of metastatic PDAC. 
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1.6. Synopsis 

Cancer immunology has a long and storied history. In this introductory chapter, the 

roots of this field were traced back to clinical observations made by William Coley in the 

late 1890s. However, the immunological concepts (e.g. vaccination) employed by Coley 

date even further back to Edward Jenner, and the practice of variolation during the 18th 

century. While the idea that the immune system is capable of recognizing the body’s own 

cancerous cells has been challenged several times, notably in the late 1920s and the 

1970s, these rejections have ultimately proved to be premature. Our understanding of the 

process of immunosurveillance, as well as the cellular players involved in the anti-tumor 

immune response, has enabled the clinical application of increasingly sophisticated 

immunotherapeutic strategies. 

The complex, multistep processes involved in the anti-tumor immune response 

were described in detail in this introductory chapter. Tumor immune responses begin with 

the release of tumor antigens, which are presented by specialized innate immune cells to 

the adaptive immune arm in lymphoid tissues. This then triggers the clonal expansion and 

migration of effector T cells to the tumor microenvironment, and culminates in the killing 

of cancer cells and the release of new antigens. However, immune responses are often 

thwarted by a number of tumor-intrinsic mechanisms and tumor-extrinsic factors, which 

enable tumor proliferation to continue unchecked. Tumors may deregulate antigen 

presentation, activate oncogenic pathways that lead to exclusion of T cells from the tumor 

microenvironment, or simply suppress the expression of tumor antigens. The immune 

system may also shape the tumor by selectively eliminating immunogenic cancer clones, 
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fueling immune escape of cancer cells that have evolved mechanisms of evading immune 

cell recognition. Additionally, several immune and non-immune cells may be recruited to 

the tumor microenvironment that further limit effective anti-tumor immune responses. 

Finally, T cell proliferation and persistence is inherently self-limited, through the action of 

immune co-inhibitory receptors that dampen T cell functionality. Indeed, much of the 

recent clinical successes with immunotherapy has been achieved by counteracting the 

inhibitory effects of these receptors expressed on T cells, rather than directly 

therapeutically targeting the tumor. 

While there much to celebrate about the widespread impact immunotherapy has 

made on the clinical practice in many types of hematopoietic and epithelial cancers, 

pancreatic cancer has largely remained refractory to current immune-based approaches. 

Pancreatic cancer is driven by the acquisition of defined genetic alterations and 

undergoes a histopathological progression culminating in invasive adenocarcinomas 

capable of metastasizing to distant tissue sites. Over the course of pancreatic tumor 

progression, pancreatic tumors recruit additional (non-)immune cells that contribute to a 

desmoplastic, immunosuppressive tumor microenvironment. 

The unique therapeutic challenge posed by pancreatic cancer is perhaps most 

clearly illustrated by multiple immunotherapeutic approaches yet to make a clinical 

impact. A key part of solving this challenge is translation of biological insights gained from 

preclinical models to effective strategies to combat this devastating disease in the clinic.  

 Chapter 2 will describe the generation and development of two novel mouse 

models of pancreatic ductal adenocarcinoma. Extensive characterization of these models 

uncovered unexpected roles for immunoediting and T cell dysfunction in driving 
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immunoevasion in pancreatic cancer, and has revealed potentially clinically actionable 

therapeutic strategies. Chapter 3 will discuss relevance of these results in the broader 

context of the cancer immunology field, and concludes with a perspective on the promise 

of immunotherapy in pancreatic cancer. 
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2.1 Abstract 

Pancreatic adenocarcinoma (PDAC) carries a dismal prognosis and remains largely 

recalcitrant to immune checkpoint blockade1–3. Recent sequencing efforts have 

demonstrated that the majority of human PDAC contains predicted high affinity 

neoantigens4,5,  despite harboring a relatively low mutational burden6. Human PDAC is 

also characterized by CD8+ tumor-infiltrating lymphocytes (TILs) expressing multiple co-

inhibitory receptors, consistent with T cell dysfunction7.  However, our understanding of 

the full range of molecular and cellular mechanisms underlying immune evasion in PDAC 

remains incomplete.  Here we demonstrate, using two novel preclinical models of 

neoantigen-expressing PDAC, that antigen-specific CD8+ TILs become progressively 

dysfunctional and facilitate immune evasion in a distinct subset of tumors. Both 

autochthonous and organoid-based approaches faithfully recapitulate immune editing 

and/or clearance, consistent with prior studies4,8. However, in contrast to observations in 
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tumors derived from monolayer cell lines8, these models uncover a significant subset of 

neoantigen-expressing pancreatic tumors that successfully evade immune clearance, 

despite eliciting an antigen-specific immune response.  Using multiparameter flow 

cytometry and single-cell transcriptomic profiling, we observe multiple classes of CD8+ 

TILs with markers of dysfunction in murine PDAC, and identify analogous CD8+ TIL 

populations in human PDAC.  Additionally, we demonstrate that combinatorial targeting 

of TIGIT/PD-1/CD40 can reinvigorate an effective anti-tumor immune response. This 

detailed characterization of antigen-specific CD8+ TILs offers important insights into 

immune evasion in PDAC, which may be leveraged for rational combination 

immunotherapy to combat this devastating disease. 

 

2.2 Main results 

2.2.1 Preclinical modeling of immunogenic pancreatic cancer 

To model the subset of PDAC patients with predicted high affinity neoantigens, we 

adapted retrograde pancreatic duct delivery9 of lentiviruses that did or did not express a 

defined neoantigen in conjunction with existing Cre/LoxP-regulated genetically 

engineered mouse models (Figure 1a,b).  Pancreatic tumors were induced in either 

immune-competent KrasLSL-G12D/+;Trp53fl/fl (KP) or immune-deficient (KP + CD8a 

depletion) mice using lentiviral vectors that expressed Cre recombinase alone (‘Cre’) or 

Cre in addition to the T cell antigens (OVA257–264 [SIINFEKL] and OVA323–339) fused to the 

carboxy terminus of mScarlet10 (‘mScarletSIIN’). Retrograde ductal instillation of Cre-

expressing lentivirus led to histologically confirmed pancreatic intraepithelial neoplasia 

(PanIN)/PDAC formation in ~90% of immune-deficient or immune-competent animals by 
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9 weeks post-initiation (Extended Data Figure 1a).  Similarly, 88% of immune-deficient 

animals transduced with lentivirus expressing mScarletSIIN developed histologically 

confirmed PanIN/PDAC by 9 weeks post-initiation (Extended Data Figure 1a).  

Importantly, 100% of these tumor-bearing animals retained mScarlet positivity within 

PanIN/PDAC lesions (Figure 1c,e and Extended Data Figure 1a,c).  In contrast, less than 

50% of immune-competent animals transduced with lentivirus expressing mScarletSIIN 

developed PanIN/PDAC by 9 weeks post-initiation, suggesting that antigen-expressing 

cells were cleared by CD8+ T cells during tumor development (Figure 1d,f and Extended 

Data Figure 1a).  Of those tumors that did ultimately develop in immune-competent 

animals transduced with mScarletSIIN, 80% exhibited lack of tumor-associated mScarlet 

fluorescence, as determined by both fluorescence stereomicroscopy and 

immunohistochemical analysis (Figure 1d,f and Extended Data Figure 1c), highly 

suggestive of immune editing. Of note, a subset (~10%) of immune-competent animals 

transduced with mScarletSIIN developed macroscopic tumors that retained mScarlet 

positivity, suggestive of immune evasion (Figure 1d,f and Extended Data Figure 1c). No 

differences in tumor burden was observed in animals transduced with Cre or 

mScarletSIIN lentivirus, with or without CD8a-depletion (Extended Data Figure 1b). 

Delivery of mScarletSIIN induced a robust CD8+ T cell response that facilitated the 

tracking and immunophenotyping of antigen-specific (CD44hiH-2Kb-SIINFEKL+ [hereafter 

referred to as ‘CD44hiTetramer+’]) CD8+ T cells both peripherally and within the tumor 

microenvironment (Figure 1g-i). Intriguingly, we observed that antigen-specific CD8+ TILs 

isolated from ‘immune evasive’ tumors displayed co-expression of multiple co-inhibitory 

receptors, suggestive of T cell dysfunction (CD44hiTetramer+PD1+TIGIT+ (Extended Data 
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Figure 1d). However, the rarity of these ‘immune evasive’ autochthonous tumors 

precluded a more extensive analysis of T cell phenotypes in this model. 
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2.2.2 Immune evasive pancreatic tumors retain antigen expression and presentation  

As immune editing in cancer can occur through epigenetic silencing or genetic 

deletion of the locus containing the neoantigen11, we developed a genetic approach in 

which SIINFEKL, linked to mScarlet on a polycistronic transcript, was knocked into the 

Hipp11 safe harbor locus12 using CRISPR/Cas9-assisted homology-directed repair 

(HDR) (Figure 2a). Following PCR and Southern blot validation of correctly targeted KP 

murine embryonic stem cell (mESC) clones (Extended Data Figure 2), we derived a 

homozygous-targeted pancreatic organoid line from chimeric animals, which maintained 

robust and uniform mScarletSIIN expression ex vivo (‘KP;H11-SIIN’) (Figure 2b and 

Extended Data Figure 2).  Consistent with our observations in autochthonous 

immunogenic pancreatic cancer, orthotopic transplantation of genetically-defined 

KP;H11-SIIN pancreatic organoids into immune-deficient recipients resulted in 100% 

mScarlet-positive tumor formation after 8 weeks (Figure 2c). Conversely, orthotopic 

transplantation into immune-competent recipients resulted in 40% immune clearance 

(mScarlet-negative and histologically normal pancreas; termed ‘non-progressor’) and 

50% immune evasion (mScarlet-positive macroscopic tumor; termed ‘progressor’).  

However, we observed no incidence of macroscopic tumors that had lost antigen 

Figure 1. Divergent tumor and antigenic outcomes in autochthonous immunogenic pancreatic 
cancer.
a, Lentiviral vectors used to generate immunogenic (‘mScarletSIIN’) and control (‘Cre’) autochthonous 
PDAC.  b, Retrograde pancreatic duct instillation of lentivirus. c, Brightfield (left) and fluorescence 
stereomicroscopic (right) images of representative 9-week tumors generated using mScarletSIIN in 
CD8_<depleted animals.  d, Brightfield (left) and fluorescence stereomicroscopic (right) images of 
representative tumor and antigenic outcomes (“cleared”, “edited”, “evaded”) using mScarletSIIN in 
immune-competent animals. e, Percent of mScarlet-positive tumors as assessed by fluorescence stereo-
microscopy at 9 weeks post-initiation (n=8 immune-deficient; n=13 immune-competent).  f, Quantification 
of tumor and antigenic outcomes in mScarletSIIN immune-competent animals (n=27).  g, Longitudinal 
tracking of antigen-specific (CD44hiTetramer+) CD8+ T cells in the peripheral blood of Cre (n=6) and 
mScarletSIIN (n=8) animals. h, Representative flow cytometric plots and i, quantification of CD44hiTe-
tramer+ (gated on single cells/live/CD8+ lymphocytes) within early-stage (3 week) pancreatic lesions 
(scatter dot plots; mean +/- SD).  Statistical analyses: i, two-sided Mann-Whitney test (** P<0.01).
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expression, as assessed by stereomicroscopy, immunohistochemical staining and tumor-

derived organoid culture (Figure 2d-e, Extended Data Figure 3a,b and Extended Data 

Figure 4a).  In addition, we observed a subset (10%) of immune-competent recipients 

that retained small areas of mScarlet-positivity in the absence of macroscopic tumor 

formation (termed ‘intermediate’), potentially reflective of a state of immune equilibrium 

(Figure 2d,e).  In line with this hypothesis, we observed that progressor tumors were 

significantly smaller than tumors that were never exposed to an immune selective 

pressure (P<0.01, Mann-Whitney), potentially suggestive of a prior state of immune 

equilibrium before ultimate immune escape (Figure 2f).  We longitudinally tracked the 

antigen-specific CD8+ T cell response in animals transplanted with either KP (no 

neoantigen) or KP;H11-SIIN pancreatic organoids and demonstrate that only KP;H11-

SIIN recipients mount a SIINFEKL-specific CD8+ T cell response. Furthermore, the 

magnitude and kinetics of the peripheral response (peaking at 3 weeks post-initiation) are 

indistinguishable between non-progressor and progressor animals (P=n.s., Mann-

Whitney; Extended Data Figure 3c). Immunohistochemical and flow cytometric analyses 

of late-stage progressor tumors revealed an ongoing CD8+ T cell response, with some 

intratumoral areas displaying T cell exclusion and others with a high degree of infiltration 

(Extended Data Figure 3a,d). 

In order to characterize the potential mechanisms of immune escape employed by 

progressor tumors, we re-derived pancreatic tumor organoids from both progressor and 

immune-deficient animals for ex vivo characterization (Extended Data Figure 4).  After 

purifying the malignant compartment through Nutlin-3a selection (see Methods), we 

performed flow cytometry to characterize surface expression of MHC Class I (H-2Kb, H-
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2Db), MHC Class II and PD-L1 on tumor-derived organoids and assayed their 

responsiveness to interferon-g stimulation.  None of the progressor tumors exhibited loss 

of antigen expression, H-2Kb MHC Class I expression or interferon-g sensitivity by this 

assay (Figure 2g, Extended Data Figure 4a-d). To further establish that progressor tumor 

cells retained full capacity to process and present the SIINFEKL neoantigen on their cell 

surface, we established an organoid/CD8+ T cell co-culture system. Progressor or 

immune-deficient tumor-derived organoids were co-embedded in a three-dimensional 

extracellular matrix with activated ‘OT-I’ CD8+ T cells (transgenic for a TCR specific for 

SIINFEKL in the context of H-2Kb)13.  Both progressor and immune-deficient organoids 

underwent T cell-dependent killing across multiple effector: target (E:T) ratios (Figure 2h 

and Extended Data Figure 4e,f), further demonstrating that progressor tumors retain 

antigen expression and antigen presentation capacity.  Additionally, these results suggest 

that progressor tumors might employ non-cell autonomous mechanisms to mediate 

immune escape in vivo.   

To characterize the tumor immune microenvironment of progressor tumors, we 

performed multiparameter flow cytometric analysis of CD45+ immune cell subsets, 

isolated directly from KP;H11-SIIN progressor tumors or KP tumors.  In line with 

observations from both human PDAC and the ‘KPC’ mouse model of PDAC14,15, we 

observed a strong myeloid predominance (neutrophils/macrophages) and a paucity of 

dendritic cells in both KP and KP;H11-SIIN tumors (Extended Data Figure 5).  While there 

was considerable inter-tumoral heterogeneity, no reproducible differences were found 

between KP;H11-SIIN and KP tumors in terms of relative abundance of neutrophils 

(CD11b+Ly6G+), macrophages (F4/80+CD64+), monocytes (CD1lb+Ly6C+), B cells 
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(CD19+MHCII+), dendritic cells (CD11c+MHCII+) or dendritic cell subsets (cDC1 [XCR1+] 

or cDC2 [CD172a+]) (Extended Data Figure 5). 
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2.2.3 Multiple classes of antigen-specific CD8+ TILs within immune evasive pancreatic 

tumors 

To further elucidate potential mechanisms of immune evasion, we performed 

single-cell transcriptomic profiling (scRNA-seq)16 on antigen-specific 

(CD8+CD44hiTetramer+) TILs isolated from progressor tumors. After quality control 

filtering (see Methods), we clustered 482 antigen-specific CD8+ TILs and computed 

differential gene expression between four distinct clusters (Figure 3a and Extended Data 

Figure 6b-e). Differential gene expression between transcriptomic clusters suggested 

distinct cell states within the antigen-specific CD8+ T cell compartment (Figure 3b).  The 

largest cluster (cluster 0) was enriched for several genes associated with both CD8+ T 

cell activation and/or exhaustion (Pdcd1, Havcr2, Lag3, Tox, Gzmb) (Figure 3d and 

Extended Data Figure 6c).  A smaller cluster (cluster 3) was enriched for hallmarks of 

CD8+ T regulatory cells (Klra6, Klra7, Ly6c2) (Figure 3c and Extended Data Figure 6e), 

previously described in both autoimmunity17,18 and cancer19.  Two clusters (clusters 1 and 

Figure 2. Orthotopic transplant of immunogenic organoids offers a robust platform to assess 
immune clearance and immune evasion in the same tissue and antigenic context.
a, ‘Hipp11-mScarletSIIN’ genomic locus after CRISPR/Cas9-assisted homology-directed repair and Cre 
recombination. b, Brightfield (left) and fluorescent (right) images of KrasG12D/+;Trp53-/-; Hipp11mScarletSIIN 
(‘KP;H11-SIIN’) pancreatic organoids.  Brightfield (left) and fluorescence stereomicroscopic (right) images 
of representative 8-week tumors following orthotopic transplantation of KP;H11-SIIN pancreatic organ-
oids into c, immune-deficient (Rag2-/-) animals or d, immune-competent animals, depicting the range of 
tumor and antigenic outcomes in this context (‘progressor’, ‘intermediate’, ‘non-progressor’).  e, Quantifi-
cation of tumor and antigenic outcomes 8-9.5 weeks post-orthotopic transplantation of KP;H11-SIIN 
pancreatic organoids into immune-competent animals (n=60).  f, Tumor/pancreas weights 8-9.5 weeks 
post-orthotopic transplantation of KP;H11-SIIN pancreatic organoids (n=5 Rag2-/-; n=24 ‘non-progressor’; 
n=6 ‘intermediate’, n=30 ‘progressor’; horizontal bars represent median).  g, Flow cytometric profiling of 
surface MHC-I (H-2Kb) on tumor-derived pancreatic organoids from progressor (n=7) or immune-deficient 
(n=5) animals with or without interferon-a stimulation, representative histogram (left) or geometric mean 
fluorescence intensity (gMFI) scatter plots (mean +/- SD; right). h, Representative images of Day 5 
tumor-derived pancreatic organoids from progressor or immune-deficient animals either in the absence 
(no T cells) or presence of pre-activated OT-I CD8+ T cells at 5:1 or 10:1 Effector:Target (E:T) ratios. 
Statistical analyses: f,g, two-sided Mann-Whitney test (n.s. P=non-signficant, ** P<0.01, *** P <0.001).
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2) were enriched for markers of naïve/memory CD8+ T cells (Sell, Ccr7, Klf2, Tcf7), 

potentially reflecting one or more aberrant memory-like cell states (Extended Data Figure 

6d).   To further characterize this data, we generated and plotted scores for gene modules 

(see Methods) derived from CD8+ T cells in defined cell states from both acute and 

chronic lymphocytic choriomeningitis virus (LCMV)20 and B16 melanoma19.  Intriguingly, 

cluster 0 was enriched for ‘T cell exhaustion’ as well as ‘chronic effector’ signatures, 

previously identified in a viral model of T cell dysfunction20 (Figure 3e and Extended Data 

Figure 7a-b).  Likewise, the mixed ‘activation/dysfunction’ gene module previously 

identified in B16 melanoma19 was overrepresented in cluster 0 (Extended Data Figure 

7c). Additionally, clusters 1 and 2 expressed a transcriptional program with a high degree 

of overlap with the ‘naïve/memory’ gene module from B16 melanoma19 (Extended Data 

Figure 7c), but interestingly also shared overlap with an effector-biased module from 

acute LMCV20 (‘AM13’; Extended Data Figure 7b), further suggestive of an aberrant 

memory-like program. We then employed flow cytometric profiling to validate the 

presence of these cell populations within antigen-specific CD8+ TILs.  Consistent with the 

hypothesis that most antigen-specific CD8+ TILs are dysfunctional within progressor 

tumors, we observed a decrease in their proliferative capacity (marked by Ki67+) 

(Extended Data Figure 8c). Both CD44hiTetramer+PD1+TIGIT+ and 

CD44hiTetramer+Ly49+ populations were disproportionately represented in late-stage 

progressor tumors compared to non-progressors (Figure 3g-i and Extended Data Figure 

8a,b).  As co-expression of co-inhibitory receptors is thought to distinguish a more 

dysfunctional phenotype from activation21,22, we sought to examine antigen-specific CD8+ 

TILs from early-stage intermediate and progressor tumors (week 5). We observed 
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increased co-expression of PD1+TIGIT+, PD1+TIM3+, and PD1+LAG3+ in intermediate 

and progressor tumors (Extended Data Figure 8a,b), suggesting that the acquisition of a 

dysfunctional phenotype may occur early in tumor development22. In order to more deeply 

characterize these antigen-specific CD8+ TILs, we employed Pathway and Gene Set 

Overdispersion Analysis (PAGODA)23 to derive de novo gene set signatures from scRNA-

seq data.  This identified three gene set signatures that overlaid clusters 1 and 2 

(Pagoda30) and cluster 0 (Pagoda36, Pagoda45) (Figure 3f and Extended Data Figure 

7e), further highlighting the heterogeneity within the antigen-specific CD8+ T cell 

compartment in immune evasive tumors. 

To determine if human PDAC harbors analogous classes of CD8+ T cells, we took 

two parallel approaches.  First, we isolated and performed flow cytometry on CD8+ TILs 

from freshly resected pancreatic adenocarcinoma specimens.  Of the 13 specimens 

tested, 9 had sufficient (>200) CD8+ TILs for further immunophenotyping.  In line with 

previous reports7, we demonstrate that the majority (64-96%) of CD8+ TILs are antigen-

experienced (CD45RO+TCF1lo) and are similarly enriched for co-expression of multiple 

co-inhibitory receptors (PD1+TIGIT+, PD1+LAG3+, and PD1+TIM3+), suggestive of a state 

of T cell dysfunctionality in the tumor microenvironment (Extended Data Figure 9a-c).   

Next, we explored the prognostic value of our de novo gene signatures in the 

human pancreatic cancer (PAAD) cohort from the Cancer Genome Atlas 

(TCGA)24.  Individual patient tumors were stratified according to their bulk RNA-seq gene 

expression correlation with Pagoda30, Pagoda36, and Pagoda45 gene modules.  We 

observed no prognostic impact of Pagoda30 (data not shown), whereas high-scoring 

patients (upper quartile, n=44), whose gene expression profiles correlated with either 
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Pagoda36 or Pagoda45, exhibited significantly worse survival compared to patients 

whose gene expression profiles were least correlated with the respective signatures 

(lower quartile, n=44) (Figure 3j and Extended Data Figure 9d). Furthermore, we utilized 

TCGA gene expression data to elucidate transcriptomic signatures that distinguish high- 

versus low-scoring patient cohorts and to query co-inhibitory receptor expression in 

relation to our de novo gene signatures.  As Pagoda36 is defined by expression of genes 

canonically associated with T cell exhaustion, it is perhaps not surprising that we 

observed a strong correlation of multiple co-inhibitory receptors with the Pagoda36 

signature (Extended Data Figure 9e). Interestingly, TIGIT expression in human PDAC 

was the most highly correlated co-inhibitory receptor to both Pagoda45 and Pagoda36 

transcriptomic signatures (Figure 3k and Extended Data Figure 9e), suggesting that 

TIGIT may represent a critical immune checkpoint in human 

PDAC.  
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Figure 3. Distinct classes of antigen-specific CD8+ TILs isolated from immune evasive PDAC.
a, UMAP projection of scRNA-seq of CD8+CD44hiTetramer+ TILs from progressor tumors. b, Heatmap of 
differentially expressed genes between clusters with selected genes highlighted. UMAP projections of the 
gene expression for c, Klra6 (Ly49F), Klra7 (Ly49G2).  d, Pdcd1 (PD-1), Tox (Tox).  e, UMAP projections 
of the gene module expression for “LCMV T cell exhaustion” (CM1) and “LCMV T cell chronic effector” 
(CM2).  f, Heatmap and UMAP projections of the expression for Pagoda signatures (Pagoda36, Pago-
da45).  g, CD8+ TIL analysis of late-stage (week 9.5) non-progressor or progressor animals.  h, CD44hiTe-
tramer+Ly49F/G2+ CD8+ TILs i, CD44hiTetramer+PD1+TIGIT+ CD8+ TILs in late-stage (week 9.5) non-pro-
gressor or progressor animals (g-i, gated on single/lymphocytes/CD45+,live, all three scatter plots show-
ing mean +/- SD).  j, Kaplan-Meier survival analysis of upper (“High”, red) and lower (“Low”, blue) quartile 
TCGA PAAD patients (n=44 each) stratified by expression correlation with the murine-derived Pagoda45 
gene signature. k, All genes ranked by absolute z-score in the human TCGA PAAD gene signature 
between most and least Pagoda45-correlated cohorts (y-axis) compared to the magnitude of their fold 
change (x-axis, log2 fold change (Log2FC) of most/least-correlated cohort expression).  Selected co-in-
hibitory receptors highly upregulated in most-correlated tumors are highlighted in red. Statistical analyses: 
g-i, two-sided Mann-Whitney test (n.s. P=non-significant, ** P<0.01), j, log-rank test (P=0.00925).
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2.2.4 TIGIT-directed combination immunotherapy as a novel therapeutic approach in 

PDAC 

While CTLA-4 and/or PD-L1 inhibition have failed to show clinical benefit in human 

PDAC1–3, recent reports have highlighted the clinical promise of combining anti-PD-1 

antibodies with CD40 agonistic antibodies and cytotoxic chemotherapy25.  In order to 

rationally guide possible combination immunotherapies in PDAC, we queried protein 

expression of the canonical ligands for co-inhibitory receptors (PD-L1 [PD-1], Galectin 9 

[TIM3], CD155/PVR [TIGIT])26, using human PDAC tissue microarrays27,28.  Consistent 

with prior reports29, we observed little to no expression of PD-L1 in human PDAC, 

whereas both Galectin 9 and CD155/PVR were expressed at “high/medium” levels on 

40% and 50% of tumors, respectively (Figure 4a,b).  

Given the elevated expression of CD155 in human PDAC and the strong 

correlation of TIGIT gene expression with Pagoda36 and Pagoda45, we evaluated TIGIT-

directed combination immunotherapy as a novel therapeutic approach for PDAC.  

Following orthotopic transplantation of KP;H11-SIIN pancreatic organoids into immune-

competent animals and confirmation of tumor establishment and progression (at 6 weeks 

post-initiation), animals were randomized by baseline tumor volume to an isotype control 

arm or one of five therapeutic arms (anti-PD-1, anti-TIGIT, anti-PD-1 + CD40 agonist, 

anti-TIGIT + CD40 agonist, anti-TIGIT + anti-PD-1 + CD40 agonist) for treatment over 4 

weeks (Figure 4c).  As expected, isotype control-treated tumors grew unabated (Figure 

4d,e), as assessed by serial high-resolution ultrasound imaging.  Consistent with clinical 

observations, anti-PD-1 monotherapy had no appreciable impact on tumor progression 

(0% objective response rate [ORR]) (Figure 4d,f).  Similarly, both anti-TIGIT monotherapy 
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(0% ORR) and anti-TIGIT + CD40 agonist (9% ORR) demonstrated minimal clinical 

efficacy (Figure 4d,g,i).  In line with the early clinical promise of anti-PD-1 + CD40 agonist 

antibodies observed in clinical trials25, we observed an 18% ORR with anti-PD-1 + CD40 

agonist therapy (Figure 4d,h).  Excitingly, in triple therapy-treated animals (anti-TIGIT + 

anti-PD-1 + CD40 agonist), we observed an increase in objective response and disease 

control rates (40% ORR, 70% DCR) with 20% durable complete responses (CR) (Figure 

4d,j).  Notably, all therapeutic arms were well tolerated as assessed by body status and 

weight (Extended Data Figure 10).  After completion of the predefined treatment period, 

many initial responders rapidly progressed. However, complete responders remained 

durable following therapy discontinuation [ongoing CRs >12 weeks after stopping therapy 

at the time of data cut-off] (Extended Data Figure 10).  This implies that continuous 

therapy may be required for all but complete responders to achieve durable benefit.  

Because all three of these targets have therapeutic monoclonal antibodies in clinical 

development or are already approved for clinical use, anti-TIGIT+anti-PD-1+CD40 

agonist combination immunotherapy may represent a promising approach for rapid 

clinical evaluation. 
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Figure 4. TIGIT-targeting combination immunotherapy reinvigorates T cells to elicit anti-tumor 
responses.
a, Quantification of ligand expression (PD-L1, CD155, Galectin 9) on human pancreatic cancer tissue 
microarrays (Image credit: Human Protein Atlas; image/gene/data available from v19.22.proteinatlas.org).  
b, Representative images of ‘Low’-, ‘Medium’-, ‘High’-expressing CD155/PVR human PDAC (Image 
credit: Human Protein Atlas; image/gene/data available from v19.22.proteinatlas.org; https://www.protein-
atlas.org/ENSG00000073008-PVR/pathology/pancreatic+cancer#Quantity).  c, Schematic of preclinical 
trial design (n=9-11 per arm).  d, Waterfall plots of treatment response after 4 weeks of therapy. e-j, 
Spider plots of treatment response during therapy. *represents animal that died prior to 4-week analysis. 
U/S = ultrasound.
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2.3 Discussion 

While pancreatic tumorigenesis is initiated by genetic events, the tumor immune 

microenvironment plays an instrumental role in shaping tumor progression.  Our present 

study using two orthogonal preclinical models of neoantigen-expressing pancreatic 

cancer reveals that PDAC undergoes all three phases of immunosurveillance30. Notably, 

this stands in contrast to a recent report using an antigen-expressing PDAC model that 

lacks detectable immune editing/clearance and paradoxically displays accelerated tumor 

progression as a consequence of antigen expression15. Future studies will be needed to 

address the potential role of model-specific differences in these results. Importantly, our 

data reveal that a subset of pancreatic cancer evades immune clearance despite 

continued expression of a high affinity neoantigen, and furthermore suggest that immune 

evasion in pancreatic cancer can be non-cell autonomous. Additionally, using high-

resolution profiling, we uncovered multiple subsets of antigen-specific CD8+ TILs within 

immune-evasive tumors.  This highlights an underappreciated heterogeneity within the 

antigen-specific TIL compartment, including cells in an exhausted state, chronic-effector 

state, memory-like state, and a state reminiscent of CD8+ T regulatory cells well-

described in autoimmunity17. 

Immune modulation has emerged as a promising therapeutic strategy for 

numerous tumor types. However, it is likely that tissue of origin, histologic subtype and/or 

genetic alterations might dictate disparate mechanisms of immune evasion31,32.  Here we 

uncover a unique dependency on the TIGIT/CD155 axis, when targeted in conjunction 

with PD-1+CD40, for continued immune evasion in PDAC.  As CD155/PVR has been 

reported to be upregulated by oncogenic KRAS33, it is tempting to speculate that the 
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TIGIT/CD155 axis might represent a critical immune checkpoint in additional KRAS-

driven tumors.  While our data implicates additional immune checkpoints for preclinical 

evaluation, combinatorial targeting of TIGIT/PD-1/CD40 represents a promising approach 

for rapid clinical translation.  
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2.5 Methods 

Mice 

All animal studies described in this study were approved by the MIT Institutional Animal 

Care and Use Committee. All animals were maintained on a pure C57BL/6J genetic 

background. Generation of KrasLSL-G12D/+ and p53flox/flox mice has previously been 

described34,35. OT-I TCR transgenic mice have been previously described13. 

 

Lentiviral constructs 

“Lenti-PGK-Cre” and “Lenti-PGK-Cre-EFS-mScarletSIIN” were generated using gBlocks 

(IDT) and Gibson assembly36.  Detailed cloning strategies and primer sequences are 

available on request. All vectors with detailed maps and sequences will be deposited into 

Addgene. 

 

Molecular cloning of targeting vector and CRISPR/Cas9-assisted targeting of 

H11;SIIN 

The “H11-mScarletSIIN” targeting vector was generated using gBlocks (IDT) and Gibson 

assembly36.  “U6-sgfiller-eCas9-T2A-BlastR” was generated using Gibson assembly.  In 

order to insert sgRNAs, the vector was digested with FastDigest Esp3I (Thermo Fisher) 

and ligated with BsmBI-compatible annealed oligonucleotides.  sgRNAs were designed 

using Benchling37, which was also used to predict potential off-target sites. All vectors 

with detailed maps and sequences will be deposited into Addgene. 

 

mESC line generation 
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“KP*1”, a C57BL/6J KrasLSL-G12D/+; Trp53flox/flox (KP) murine embryonic stem cell line, was 

generated by crossing a hormone-primed C57BL/6J Trp53flox/flox female with a C57BL/6J 

KrasLSL-G12D/+; Trp53flox/flox male. At 3.5 days post-coitum, blastocysts were flushed from 

the uterus, isolated, and cultured on a mouse embryonic fibroblast (MEF) feeder layer in 

ESC media+LIF+2i [Knockout DMEM (Gibco), 15% FBS (Hyclone), 1% NEAA (Sigma-

Aldrich), 2 mM Glutamine (Gibco), 0.1 mM β-mercaptoethanol (Sigma-Aldrich) 50 IU 

Penicillin, 50 IU Streptomycin, 1000 U/mL LIF (Amsbio), 3 µM CHIR99021 (AbMole), 1 

µM PD0325901(AbMole)]. After 5-7 days in culture the outgrown inner cell mass was 

isolated, trypsinized and re-plated on a fresh MEF layer. ES cell lines were genotyped for 

KrasLSL-G12D/+; Trp53flox/flox, and Zfy (Y-chromosome specific). Primer sequences available 

upon request. ES cell lines were tested for pluripotency by injection into host blastocysts 

from albino mice to generate chimeric mice. 

 

ESC targeting 

Briefly, DNA mixes (1:1 mix of “U6-H11sg-eCas9-T2A-BlastR”: “H11-mScarletSIIN” 

targeting vector) were ethanol precipitated prior to DNA (1 µg) transfection of 

approximately 3*105 KP*1 mESCs in a gelatin-coated 24-well plate using Lipofectamine 

2000 (Thermo Fisher) according to the manufacturer instructions.  mESCs were selected 

with Blasticidin (6 µg/mL) for 2 days, starting 36 hr post-transfection before low-density 

replating on MEF feeder lines in the absence of Blasticidin.  Large mESC colonies were 

manually picked using a stereomicroscope, expanded and evaluated for correct 

integration using PCR with primers spanning both 5’ and 3’ homology arms (primer 

sequences available on request).  Correct clones by PCR evaluation were evaluated 
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using Southern blot analysis. Briefly, genomic DNA was digested with NsiI-HF (NEB) 

overnight. Digestions were electrophoresed on 0.7% agarose gels and blotted to 

Amersham Hybond XL nylon membranes (GE Healthcare). Samples were probed with 

32P-labeled “H11 5’ external”, “H11 3’ external” and “internal” probes applied in Church 

buffer38 (annotated in Extended Data Figure 2; probe sequences available on request). 

Correctly targeted clones were injected into albino C57BL/6J 

blastocysts.  Chimerism was assessed by coat color.  Pancreatic organoids were isolated 

from chimeric animals and “donor” organoids were purified from the host pancreas using 

72 hr of puromycin (6 µg/mL) selection (leveraging the presence of the puromycin 

resistance gene within the LSL cassette upstream of KRASG12D)34. 

 

Lentiviral production/titering 

Lentiviral plasmids and packaging vectors were prepared by using endo-free maxiprep 

kits (QIAGEN). Lentiviruses were produced by co-transfection of HEK-293 cells with 

lentiviral constructs plus packaging vectors: PsPax2 (psPAX2 was a gift from Didier Trono 

(Addgene plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260) and 

Pmd2.G (pMD2.G was a gift from Didier Trono (Addgene plasmid # 12259 ; 

http://n2t.net/addgene:12259 ; RRID:Addgene_12259). Viral supernatant was harvested 

48 and 72 hr post-transfection, filtered through a 0.45 μm filter, and concentrated by 

ultracentrifugation (25,000 rpm for 2 hr at 4°C).  Concentrated virus was resuspended in 

Opti-MEM (Gibco) and lentiviral aliquots were frozen and stored at -80°C.  Lentiviruses 

were titered in Green-Go cells as previously described39. 

 



 127 

Retrograde pancreatic duct delivery 

Retrograde pancreatic duct instillation of lentivirus has been previously described9.  We 

adapted this technique in a number of ways.  Briefly, the ventral abdomen was depilated 

(using clippers or Nair) 1-2 days prior to surgery.  Animals were anesthetized with 

Isofluorane and the surgical area was disinfected with alternating Betadine/Isopropyl 

alcohol.  A small skin incision was made in the anterior abdomen (~2-3 cm midline incision 

extending caudally from the xiphoid process).  A subsequent incision was made through 

the linea alba and incision edges were secured in place with a Colibri retractor.  The 

remainder of the procedure was conducted under a Nikon stereomicroscope.  A 

moistened (with sterile 0.9% saline) sterile cotton swab was used to gently move the left 

lobe of the liver cranially towards the diaphragm.  A second moistened sterile cotton swab 

was used to gently reposition the colon/small intestine into the right lower abdominal 

quadrant, until the duodenum was visualized.  The duodenum was similarly gently 

repositioned (still in the abdominal cavity) using moistened cotton swabs until the 

pancreas, common bile duct and sphincter of Oddi were well visualized (Figure 1b). The 

common bile duct and cystic duct were gently separated from the portal vein and hepatic 

artery using blunt dissection with Moria forceps. A microclip was placed on the cystic duct 

to prevent influx of the viral particles into the liver or gallbladder, forcing the viral vector 

retrograde through the pancreatic duct. To infuse the viral vector, the common bile duct 

was cannulated with a 30G needle at the level of the sphincter of Oddi.  Virus (150 µL) 

was injected over the course of 30 sec.  Gently pressure was applied at the sphincter of 

Oddi upon needle exit.  Subsequently, the microclip and Colibri retractor were removed. 

The peritoneum was closed using running 4-0 Vicryl sutures. The cutis and fascia were 
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closed using simple interrupted 4-0 Vicryl sutures.  The entire procedure was conducted 

on a circulating warm water heating blanket to prevent intra-operative hypothermia.  All 

mice received pre-operative analgesia with Buprenorpine-SR and post-operative 

subcutaneous warmed 0.9% normal saline and were followed post-operatively for any 

signs of discomfort or distress.   

For retrograde pancreatic ductal instillation, male mice (aged 3-6 weeks) and 

female mice (aged 3-8 weeks) were transduced with 250K TU (transducing units, see 

viral titering) in serum-free media (Opti-MEM; Gibco).   

For experiments involving CD8a depletion, animals were dosed with CD8a-

depleting antibody (BioXCell, Clone 2.43, 200 µg/mouse, dosed i.p every 3-4 days) 

beginning one day prior to surgery. 

 

Organoid generation and characterization 

Pancreatic organoid isolation and propagation has been previously described40.  Briefly, 

for genetically-defined pancreatic organoids, pancreata were manually dissected from 

genetically engineered mice of the desired genotype.  Pancreata were then manually 

minced with razor blades and dissociated in pancreas digestion buffer [1x PBS, 125 U/mL 

collagenase IV (Worthington)] for 20 min at 37oC.  Cell suspensions were filtered through 

70 µm filters, washed with 1x PBS and centrifuged with slow deceleration.  Cell pellets 

were resuspended in 100% growth-factor reduced Matrigel (Corning) and solidified at 

37oC.  Cells were subsequently cultured in organoid complete media (minor modifications 

from previously described formulations40, see details below) and monitored for organoid 

outgrowth.  Organoids were passaged with TrypLE Express (Life Technologies) for at 
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least 4 passages to purify the ductal component prior to Cre recombinase-mediated 

recombination.  For recombination, organoids were spinfected with adenoviral (Ad-CMV-

Cre; University of Iowa Viral Vector Core Facility) at a MOI >100 to ensure 100% 

recombination.  All organoids were genotyped both prior to and following Ad-CMV-Cre to 

ensure proper recombination. 

Tumor-derived pancreatic organoids were isolated following the same procedure 

as above with the exception of 30 min in pancreas digestion buffer.  Tumor-derived 

organoids were passaged at least four times prior to experimental manipulation to remove 

contaminating cell types.  P53 deficient organoids were selected via resistance to Nutlin-

3a (10 µM, Sigma-Aldrich).  Pancreatic organoids were maintained in culture for <20 

passages. 

 

Pancreatic Organoid Complete Media 

The media for pancreatic organoids was formulated based on L-WRN cell conditioned 

media (L-WRN CM)41. Briefly, L-WRN CM was generated by collecting 8 days of 

supernatant from the L-WRN cells, grown in Advanced DMEM/F12 (Gibco) supplemented 

with 20% fetal bovine serum (Hyclone), 2 mM GlutaMAX, 100 units/mL of penicillin, 100 

µg/mL of streptomycin, and 0.25 µg/mL amphotericin. L-WRN CM was diluted 1:1 in 

Advanced DMEM/F12 (Gibco) and supplemented with additional RSPO-1 conditioned 

media (10% v/v), generated using Cultrex HA-R-Spondin1-Fc 293T Cells. The following 

molecules were also added to the growth media: B27 (Gibco), 1 μM N-acetylcysteine 

(Sigma-Aldrich), 10 μM nicotinamide (Sigma-Aldrich), 50 ng/mL EGF (Novus Biologicals), 

500 nM A83-01 (Cayman Chemical), 10 μM SB202190 (Cayman Chemical), and 500 nM 
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PGE2 (Cayman Chemical). Wnt activity of the conditioned media was assessed and 

normalized between batches via luciferase reporter activity of TCF/LEF activation (Enzo 

Leading Light Wnt reporter cell line).  

 

T cell culture 

OT-I splenocytes were harvested from C57BL/6J OT-I;Rag2-/- transgenic mice, and 

spleens were mashed through 70 µm filters. Red blood cells were lysed with ACK buffer 

for 2 min before cell suspension neutralization with PBS and pelleted for plating. 

Splenocytes were counted and adjusted to 1*106 cells/mL in T cell medium [RPMI 1640 

(Corning) supplemented with 10% heat-inactivated FBS, 20 mM HEPES (Gibco), 1 mM 

Sodium Pyruvate (Thermo Fisher), 2 mM L-Glutamine (Gibco), 50 µM β-mercaptoethanol 

(Gibco), 1x NEAA (Sigma), 0.5x Pen/Strep (Gibco) with 10 ng/mL hIL-2 (Peprotech) and 

1 µM SIINFEKL peptide (Anaspec)]. Splenocytes were activated for 24 hr at 37°C in a 

tissue culture incubator, before manual CD8a+ isolation according to the manufacturer 

instructions (Milteny Biotec). OT-I T cells were subsequently expanded 4-6 days in T cell 

medium with 10 ng/mL hIL-2 prior to organoid co-culture. 

 

Organoid + CD8+ T cell co-culture and imaging 

Pancreatic organoids (day 5-7 in culture) were dissociated using TrypLE Express (Life 

Technologies) and single cell suspensions were generated by vigorous resuspension. 

Activated OT-I CD8+ T cells (see above) and organoid cell numbers were determined by 

manual hemocytometer cell counting, and T cells:organoids were mixed at defined 

effector:target ratios. Matrigel was then added (5 µL per well in 96w plates for Incucyte 
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live cell imaging; 20-50 uL per well for culture in 24-48w plates; final 85% Matrigel) before 

solidification at 37°C. Cells were cultured in complete organoid medium supplemented 

with 10 ng/mL hIL-2 (Peprotech). Incucyte images of co-cultures were acquired every 4 

hr (BF/RFP channels) for 6-11 days for Incucyte live cell imaging or imaged at Day 5-7 

for larger cultures. 

 

Orthotopic transplantation 

Orthotopic transplantation of organoids was performed with minor modifications to 

previously reported protocols for orthotopic transplantation of pancreatic monolayer cell 

lines42.  Briefly, animals were anesthetized using Isofluorane, the left subcostal region 

was depilated (using clippers or Nair) and the surgical area was disinfected with 

alternating Betadine/Isopropyl alcohol.  A small (~2 cm) skin incision was made in the left 

subcostal area and the spleen was visualized through the peritoneum.  A small incision 

(~2 cm) was made through the peritoneum overlying the spleen and the spleen and 

pancreas were exteriorized using ring forceps.  A 30G needle was inserted into the 

pancreatic parenchyma parallel to the main pancreatic artery and 100 µL (containing 

1.25*105 organoid cells in 50% PBS + 50% Matrigel) was injected into the pancreatic 

parenchyma.  Successful injection was visualized by formation of a fluid-filled region 

within the pancreatic parenchyma without leakage.  The pancreas/spleen were gently 

internalized, and the peritoneal and skin layers were sutured independently using 4-0 

Vicryl sutures.  All mice received pre-operative analgesia with Buprenorpine-SR and were 

followed post-operatively for any signs of discomfort or distress. Organoid/Matrigel mixes 
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were kept on ice throughout the entirety of the procedure to prevent solidification prior to 

injection. 

For orthotopic transplantation, syngeneic mice (aged 4-10 weeks) were transplanted.  

Male pancreatic organoids were only transplanted back into male recipients. 

 

Small rodent ultrasound 

Quantification of murine pancreatic tumors by high resolution ultrasound has been 

previously described43. Briefly, animals were anesthetized using Isoflurane and the lateral 

and ventral abdominal areas were depilated using Nair. Sterile 0.9% saline (1 mL) was 

administered by i.p. injection prior to imaging to improve visualization of the pancreas. 

Animals were imaged using the Vevo3100/LAZRX ultrasound and photoacoustic imaging 

system (Fujifilm-Visualsonics). Animals were placed on the imaging platform in the supine 

position and a layer of ultrasound gel was applied over the entirety of the abdominal area. 

The ultrasound transducer (VisualSonics 550S) was placed on the abdomen orthogonal 

to the plane of the imaging platform. Landmark organs, such as the kidney, spleen, and 

liver, were identified in order to define the area of the pancreas. The transducer was set 

at the scanning midpoint of the normal pancreas or pancreatic tumor and a 3D image of 

10-20 mm, depending on tumor size, at a Z- slice thickness of 0.04 mm. Three-

dimensional (3D) images were uploaded to the Vevo Lab Software. The volumetric 

analysis function was used to define the tumor border at various Z-slices through the 

entirety of the tumor and derive the final calculated tumor volume.  

 

Preclinical trial 
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For preclinical trials, age and sex-matched recipient C57BL/6J mice were purchased from 

The Jackson Laboratory (JAX).  Orthotopic transplantation was performed as described 

above.  Mice were monitored for tumor development at 4, 5, 6 weeks post-initiation using 

high-resolution ultrasound (as described above) to confirm tumor establishment and 

interval growth.  Animals with established tumors (baseline 10-220 mm3 by 6 weeks post-

initiation) were randomized by tumor burden within 24 hr of baseline imaging to either 

control or experimental treatment arms.  Researchers performing health checks, 

ultrasound imaging and interpretation were blinded to cohort allocation.  Isotype (control) 

arm consisted of 200 µg/mouse Rat IgG2a (BioXCell; Clone 2A3) + 100 µg/mouse Mouse 

IgG1 (BioXCell; Clone MOPC-21).  Experimental arms consisted of anti-PD144 (BioXCell; 

Clone 29F.1A12; Rat IgG2a; 200 µg/mouse, dosed i.p. every 2-3 days), anti-TIGIT45 

(Absolute Antibody; Clone 1B4; Mouse IgG1; 100 µg/mouse, dosed i.p. every 2-3 days), 

CD40 agonist46 (BioXCell; Clone FGK4.5/FGK45; Rat IgG2a; 100 µg/mouse, dosed i.p. 

once every 4 weeks) monotherapy or combination therapy as described in the text.  

Animals were treated for 4 weeks and weekly weights and ultrasound imaging was 

performed as described.   

 

Tissue and blood collection for flow cytometry of murine PDAC 

Pancreatic tumor-bearing animals were euthanized by cervical dislocation, prior to whole 

organ dissection (pancreas, spleen), tumor imaging and collection in RPMI 1640 

supplemented with 1% heat-inactivated FBS. Pancreas tumors were finely minced with 

scissors in MACS C tubes (Miltenyi Biotec), and digested for 30 min at 37°C with gentle 

agitation in 5 mL digestion buffer [1x HBSS (Gibco), 1 mM HEPES (Gibco), 1% heat-
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inactivated FBS, 125 U/mL collagenase IV (Worthington), 40 U/mL DNaseI, grade II 

(Roche)]. Pancreas tumors were processed on a gentleMACS Octo Dissociator using the 

“m_spleen_04” program. Digestion buffer was neutralized with 5 mL heat-inactivated 

FBS, washed with PBS, and filtered through 70 µm filters. Single cell suspensions were 

pelleted at 1500 rpm with slow deceleration, and transferred to 96-well round-bottom 

plates for flow cytometric staining. 

Spleen samples were mashed through 70 µm filters, collected in RPMI 1640 

supplemented with 1% heat-inactivated FBS and pelleted. Red blood cells were lysed 

with ACK buffer for 2 min before cell suspension neutralization with PBS, pelleted for 

plating and transferred to 96-well round-bottom plates for flow cytometric staining.  

Peripheral blood (100-200 µL) for longitudinal tracking of T cells or prior to 

euthanasia was collected by retroorbital bleeding and added to 4% sodium citrate (50 µL) 

to prevent clotting. Red blood cells were lysed in two rounds with ACK buffer for 2 min 

before cell suspension neutralization with PBS. Single cell suspensions were transferred 

to 96-well round-bottom plates for flow cytometric staining. 

 

Tissue processing for flow cytometry of human PDAC 

Freshly resected human pancreatic adenocarcinoma specimens were transferred in 

RPMI 1640 on ice to the laboratory. Pancreas tumors were finely minced with scissors in 

MACS C tubes, and processed as described above for murine PDAC.  Human PBMCs 

from IRB-consented healthy individuals (StemCell) were thawed, washed with PBS and 

immediately stained for flow cytometry.  All studies using human specimens were 
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approved by the Massachusetts General Hospital Institutional Review Board and 

conducted according to the principles expressed in the Declaration of Helsinki. 

 

Processing for flow cytometry of pancreatic organoids 

Pancreatic organoids were grown as described above.  Prior to isolation, organoids were 

treated with interferon-gamma (10 ng/mL; PeproTech) for 48-72 hr prior to analysis.  

Organoids were dissociated using TrypLE (10 min to minimize cleavage of surface 

proteins) washed with PBS, and filtered through 70 µm filters. Single cell suspensions 

were pelleted at 2000 rpm and transferred to 96-well round-bottom plates for flow 

cytometric staining. 

 

Antibodies and flow cytometry 

Fluorochrome-conjugated antibodies directed against the following mouse antigens were 

used for analysis by flow cytometry: CD4-Alexa Fluor 647 (RM4-5, 1:400, BioLegend); 

CD4-BUV737 (RM4-5, 1:400, BD Biosciences); CD8a-BUV395 (53-6.7, 1:400, BD 

Biosciences); CD8a-BV421 (53-6.7, 1:400, BioLegend); CD8a-BV785 (53-6.7, 1:400, 

BioLegend); CD11b-BV605 (M1/70, 1:200, BioLegend); CD11b-PE-Cy7 (M1/70, 1:1400, 

BioLegend); CD11c-PE-Cy7 (N418, 1:400, Invitrogen); CD19-BUV395 (1D3, 1:200, BD 

Biosciences); CD44-BV605 (IM7, 1:400, BioLegend); CD44-BV711 (IM7, 1:200, 

BioLegend); CD44-FITC (IM7, 1:200, Invitrogen); CD45-APC (30-F11, 1:400, Invitrogen); 

CD45-BV786 (30-F11, 1:400, BioLegend); CD64-BV421 (X54-5/7.1, 1:200, BioLegend); 

CD172a-FITC (P84, 1:400, BioLegend); EpCam-PE-Cy7 (G8.8, 1:200, BioLegend); 

F4/80-APC (BM8, 1:200, BioLegend); H-2Db-FITC (28-14-8, 1:400, Invitrogen); H-2Kb-
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APC (AF6-88.5, 1:400, BioLegend); LAG3-FITC (C9B7W, 1:200, Invitrogen); Ly-6C-

PerCP-Cy5.5 (HK1.4, 1:200, BioLegend); Ly-6G-Alexa Fluor 700 (1A8, 1:400, 

BioLegend); Ly49F-BV421 (HBF-719, 1:100, BD Biosciences); Ly49G2-FITC (4D11, 

1:100, Invitrogen); MHC-II (I/A-I/E)-BV711 (M5/114.15.2, 1:600, BioLegend); PD-1-

BV510 (29F.1A12, 1:400, BioLegend); PD-L1-BV421 (10F.9G2,1:100, BioLegend); 

TIGIT-PerCP-Cy5.5 (GIGD7, 1:200, Invitrogen); TIM3-BV605 (RMT3-23, 1:200, 

BioLegend); XCR1-PE (ZET, 1:400, BioLegend). For H-2Kb-SIINFEKL tetramer staining, 

monomer was purchased from the NIH Tetramer Core Facility and tetramerized with 

Streptavidin-PE in-house. 

The following fluorochrome-conjugated antibodies against human surface 

antigens were used (all 1:40): CD3-BUV805 (UCHT1, BD Biosciences); CD8-BUV737 

(SK1, BD Biosciences); CD45RO-BUV395 (UCHL1, BD Biosciences); LAG3-PE/Dazzle 

594 (11C3C65, BioLegend); PD-1-BV510 (EH12.1, BD Biosciences); TIGIT-PE-Cy7 

(MBSA43, Invitrogen); TIM3-BV711 (7D3, BD Biosciences). 

Prior to surface staining, cell pellets were resuspended in Live/Dead dye (Ghost 

Dye Red 780, Tonbo Biosciences or Zombie Aqua Fixable Viability Dye, BioLegend) 

diluted 1:1000 in PBS on ice for 20 min in the dark. Surface staining was performed on 

cells in PBS with 1% heat-inactivated FBS on ice for 30 min in the dark. Cell pellets were 

fixed overnight in 1x fixation buffer (eBioscience), prior to permeabilization and 

intracellular staining for 1 hr in the dark at RT with the following antibodies: anti-human 

FoxP3-Alexa Fluor 700 (PCH101, 1:20, Invitrogen); Ki-67-Alexa Fluor 700 (B56, 1:200, 

BD Biosciences), Ki-67-BV786 (B56, 1:100, BD Biosciences); TCF-1-Alexa Fluor 647 

(C63D9, 1:250, Cell Signaling Technologies). Samples were acquired on BD LSR II or 
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LSR Fortessa machines, cell sorting was performed on a BD Aria IIIu. FACS data was 

analyzed using Flowjo v10 software (BD). 

For flow cytometric immunophenotyping, samples with less than 100 CD8+ cells or 

less than 50 CD44hiTetramer+ cells within a given cell population were not considered for 

further sub-setting of these populations.   

 

Immunohistochemistry and pathology review 

Isolated pancreas and spleen tissues were preserved overnight in zinc formalin fixative, 

transferred to 70% EtOH and processed for paraffin embedding. Four (4) µm paraffin 

sections were cut for Hematoxylin & Eosin staining and IHC. For IHC, upon dewaxing, 

antigen retrieval was performed in a 10 mM citrate buffer (pH 6) for 5 min at 125°C.  Slides 

were cooled to room temperature and washed with TBS + 0.1% Tween-20 (Sigma-

Aldrich). Slides were incubated with Endogenous Peroxidase Block (Dako) for 30 min and 

blocked with normal horse serum (Vector Labs) for 1 hr. Slides were incubated with 

primary antibody [rabbit anti-RFP (Rockland, 1:400), rat anti-CK19 (Troma-III, DSHB, 

1:200)] overnight at 4°C and with the corresponding anti-species HRP-conjugated 

secondary antibody (Vector Labs) for 30 min at RT. Slides were developed with DAB 

Peroxidase Substrate Kit (Vector Labs). 

For CD8a and CD4 co-staining, slides were dewaxed, and antigen retrieval was 

performed in 10 mM citrate buffer (pH 6). Slides were blocked with Bloxall Endogenous 

Peroxidase and Alkaline Phosphatase Block and normal horse serum (all Vector Labs). 

Slides were incubated with primary rabbit anti-CD8a antibody (Abcam EPR21769, 

1:1000) overnight at 4°C and with secondary Alkaline phosphatase anti-Rabbit IgG for 30 
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min at RT. Slides were then developed with Vector Black Alkaline phosphatase substrate 

(Vector Labs) and blocked again with Bloxall and normal horse serum. Slides were 

incubated with primary rabbit anti-CD4 (Abcam EPR19514, 1:400) for 3 hr at RT and 

secondary HRP conjugated anti-Rabbit antibody for 30 min. Slides were developed with 

HRP Vina Green Chromogen (Biocare Medical).  All histologic diagnoses were confirmed 

with a pathologist (R.T.B.) specialized in rodent pathology.   

 

Single-cell RNA sequencing  

Sorted cells were washed three times in 1x PBS (calcium and magnesium free) containing 

0.04% w/v BSA, and then quantified and titrated to a final concentration of approximately 

300 cells/µL. Using the Chromium Single Cell 3’ Solution (v3) according to manufacturer’s 

instructions, approximately 2000-5000 cells were partitioned into Gel Beads in Emulsion 

(GEMs) with cell lysis and barcoded reverse transcription of mRNA into cDNA, followed 

by amplification, enzymatic fragmentation, 5’ adaptor ligation and unique sample index 

attachment. The recovery rate was ~800 cells per sample after filtering for quality control. 

Sample libraries were sequenced on the HiSeq X Version 2.5 (Illumina) with the following 

read configuration: Read1 28 cycles, Read2 96 cycles, Index read 8 cycles. 

 

Single-cell RNA sequencing analysis 

Data processing, cell clustering, and differential expression analysis 

Raw sequencing data were processed using Cell Ranger, version 3.0.2, and sequencing 

reads were aligned to the mm10 reference mouse transcriptome (version 3.0.0). After 

processing, including filtering barcodes with less than 500 UMIs or those with more than 
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10% of reads matching the mitochondrial genome, Cell Ranger reported 545 cell-

associated barcodes and detected 15,065 genes. Cells lacking expression of Cd3e and 

Cd8a were discarded. After this, low-quality cells with less than 100 detected genes were 

filtered out, and cells exceeding the 97th percentile for number of detected genes were 

excluded to remove probable doublets. The resulting matrix used for downstream 

analyses was defined by 482 cells and 15,065 genes.  

Data normalization and scaling, variable feature selection, cell clustering, and 

differential gene expression analysis was performed using Seurat, version 3.1.447. Data 

were normalized by total expression per cell and scaled using a factor of 10,000 and log 

transformed (natural scale). The top 2,000 variable genes were selected using Seurat’s 

default “vst” method. The expression of these genes was then scaled and centered, and 

these genes were then used for all downstream analysis. Principal component analysis 

(PCA) was then performed for dimensionality reduction, and the first 30 principal 

components were selected using the elbow method heuristic as guidance. 

A k-nearest neighbor graph (KNN, k=20) was constructed in PC space using the top 30 

principal components. Four clusters were detected using the Louvain method of 

community detection (default parameters and resolution = 0.54)48.  Data was visualized 

using the Uniform Manifold Approximation and Projection (UMAP) algorithm implemented 

in Seurat49,50. Default parameters were used, with the following exceptions: the method 

parameter (“umap-learn”) and the metric parameter (“correlation”). Differential gene 

expression between clusters was assessed using the default Wilcoxon Rank Sum test.  

Gene Module Analysis 
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Seurat’s AddModuleScore function (control parameter = 8) was used to calculate gene 

module scores for all cells. For this analysis, gene sets were derived from previously 

published gene modules. For datasets providing human gene modules, a custom R script 

was generated to retrieve corresponding mouse orthologs from Ensembl with the biomaRt 

package (version 2.42.0)51,52. A Ly49+CD8+ T cell module score was also derived from 

bulk RNA-seq data18 available on the Gene Expression Omnibus (GEO; accession 

number: GSE130975). For these data, the raw count matrix was downloaded and 

processed using DESeq253, version 1.26.0. Specifically, differential gene expression was 

evaluated between the Ly49+CD8+ (n = 3 replicates) and the Ly49-CD8+ (n = 3 replicates) 

conditions. The top 126 differentially expressed genes with log2 fold change > 3 (all with 

adjusted P << 0.01) were selected for the Ly49+CD8+ gene module. The cells in our 

scRNA-seq dataset were then scored for this module using the method described above. 

To derive de novo gene modules from our scRNA-seq dataset, the Pathway and 

Gene Set Overdispersion Analysis (PAGODA)23 framework from the SCDE package 

(version 2.14.0) was used. The analysis was performed starting with the raw counts for 

the same 482 cells that remained after filtering in the previous analysis. The knn error 

model was fit using min.count.threshold = 2 and k = ncol(cd/4), where “cd” represented 

the matrix after clean.counts was performed with default parameters. Gene expression 

magnitudes were then normalized with trim = 3/ncol(cd) and max.adj.var=5. De novo 

gene modules were then determined using trim = 7.1/ncol(varinfo$mat) and n.clusters = 

50 and otherwise default parameters for the pagoda.gene.clusters function. The top three 

de novo gene sets (modules 30, 36, and 45) with the highest over-dispersion Z score 

(adjusted for multiple hypotheses) that best distinguished the cellular subpopulations 
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defined by SCDE were selected, and all cells were scored for these modules in Seurat as 

described above. 

 

TCGA analysis 

Human Pancreatic Adenocarcinoma gene expression analysis 

Gene expression profiles for human Pancreatic Adenocarcinoma (PAAD) patient primary 

tumors (n=178) were obtained from the TCGA repository24 (tcga-data.nci.nih.gov/tcga). 

De novo murine gene sets (Pagoda36 and Pagoda45) identified by PAGODA23 

(described above) were used to score these human gene expression profiles of individual 

tumors using ssGSEA54. Mouse gene symbols were translated to human orthologs using 

homology information from the Mouse Genome Informatics database (MGI, 

informatics.jax.org). Tumors were stratified based on standardized ssGSEA scores (z-

scores). Tumors with the most correlated (high scoring cohort, z > 1.5) and least 

correlated (low scoring cohort, z < -1.5) expression profiles were selected for 

unsupervised transcriptomic analysis. A high-resolution signature discovery approach 

(Independent Component Analysis, ICA55) was employed to analyze the transcriptomes 

of these high and low-scoring cohorts to characterize changes in gene expression 

profiles, as described previously56–58. Briefly, this unsupervised blind source separation 

technique was used on this discrete count-based expression dataset to elucidate 

statistically independent and biologically relevant signatures. ICA is a signal processing 

and multivariate data analysis technique in the category of unsupervised matrix 

factorization methods55.  The R implementation of the core JADE algorithm (Joint 

Approximate Diagonalization of Eigenmatrices)59–61 was used. Statistical significance of 
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signatures distinguishing the two human patient cohorts was assessed using the Mann-

Whitney-Wilcoxon test (alpha = 0.05) and the top human gene signature corresponding 

to each Pagoda module was selected (p=3.1e-07 for Pagoda36; p=0.00023 for 

Pagoda45). Each of these human PAAD signatures identifies up- and down-regulated 

genes between the high- and low-scoring patient cohorts where patients were stratified 

by ssGSEA scores derived using the corresponding Pagoda geneset. A volcano plot was 

used to illustrate the magnitude of fold-change (X-axis) versus the human signature score 

(Y-axis) for all genes.  All signature analyses were conducted in the R Statistical 

Programming language (www.r-project.org). 

Human clinical data analysis 

Human PAAD RNA-seq gene expression profiles of primary tumors (n=178) and relevant 

clinical data were obtained from TCGA. Genes with the highest adjusted variance (score 

> 2) per Pagoda murine expression module (Pagoda36: 17 genes, Pagoda45: 21 genes) 

were selected as driver genes and translated to human symbols using homology 

information from MGI (informatics.jax.org). Human gene expression profiles were scored 

using ssGSEA for each of these driver genesets, as described above. Patients were 

stratified based on standardized ssGSEA scores and Kaplan-Meier survival analyses 

were conducted to compare high-scoring patients (top quartile, n=44) with low-scoring 

patients (bottom quartile, n=44) and significance was assessed using the log-rank test. 

Survival analyses were conducted using the survival package in R. The log-rank test was 

used in the ‘survdiff’ call to assess the difference between Kaplan-Meier estimates of 

survival. 
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Statistical Analyses 

All graphs and statistical analyses were generated with GraphPad Prism 8 or in R as 

described above.  The following statistical tests were used in this study: (1) Two-sided 

Mann-Whitney test was performed in GraphPad Prism 8.  (2) Log-rank test was performed 

as described above in R.  
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Extended Data Figure 1
a, Quantification of histologic breakdown of control (Cre) or immunogenic (mScarletSIIN) autochthonous 
animals, with or without CD8_ depletion, at 9 weeks post-initiation (n=9-12 animals per condition).  All 
histologic diagnoses were confirmed by a pathologist specializing in rodent pathology (R.T.B.).    b-e, 
Hematoxylin and eosin (H&E) and immunohistochemical staining for cytokeratin 19 (CK19), mScarlet 
(RFP), CD8_ (CD8) and/or CD4 (CD4) on representative images for b, immune-edited c, immune-evaded 
d, immune-cleared e, immune-deficient animals.
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Extended Data Figure 2
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Extended Data Figure 2
a, Experimental schematic depicting chimera generation, isolation of organoids, purification of 
mESC-derived organoids and Cre-mediated recombination of alleles. Schematics of 
b, “U6-sgRNA-EFS-eCas9-P2A-Blast” c, Hipp11 wild-type genomic locus, d, extended H11-SIIN 
genomic locus (with southern blot probes annotated) following successful knock-in and recombina-
tion.  Southern blot validation of NsiI digested genomic DNA from mESC clones using e, internal 
probe, f, 3’ external probe, g, 5’ external probe (probes depicted graphically next to each blot).  
Highlighted in red is the clone ‘14-C2’ which was a homozygous targeted clone used to generate 
‘KP;H11-SIIN’ genetically-defined pancreatic organoids. 
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Extended Data Figure 3
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Extended Data Figure 3
Hematoxylin and eosin (H&E) and immunohistochemical staining for cytokeratin 19 (CK19), mScarlet 
(RFP), CD8_ (CD8) and/or CD4 (CD4) on representative images for a, progressor with high-magnification 
images for representative areas of “high”, “medium” (“med”) or “low” CD8+ T cell infiltration or b, 
immune-deficient animals. c, Flow cytometric assessment of CD44hiTetramer+CD8+ T cells during peak 
response in peripheral blood at 3 weeks post-initiation (scatter plots showing mean +/- SD). d, Flow 
cytometric analysis of CD8+ T lymphocytes (% of live, CD45+) in progressor tumors at 5 and 8 weeks 
post-initiation (scatter plots showing mean +/-SD). Statistical analyses: c,d, two-sided Mann-Whitney test 
(** P < 0.01). 
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Extended Data Figure 4
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Extended Data Figure 4
Flow cytometric assessment of a, mScarlet-positivity b, MHC-I (H-2Db) c, MHC-II (I-A/I-E) and d, PD-L1 
surface expression on pancreatic tumor-derived organoids from progressor (n=7) or immune deficient 
(n=5) animals (all four scatter plots showing mean +/- SD). e-f, Representative images of Day 5 pancreat-
ic tumor-derived organoids from progressor or immune-deficient animals either in the absence (no T cells) 
or presence of pre-activated OT-I CD8+ T cells at 5:1 or 10:1 E:T ratios. Statistical analyses: a-d, two-sid-
ed Mann-Whitney test (n.s. P=non-significant, * P < 0.05,** P < 0.01,*** P < 0.001).



 155 

 

a

0 10 4 10 5

0

-10 3

10 3

10 4

10 5

b

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

FSC-A

SS
C

-A

MHCII-BUV711 Ly6C-PerCP-Cy5.5

C
D

11
b-

B
U

V6
05

XCR1-PE

C
D

17
2a

-F
IT

C

MHCII-BUV711

C
D

11
c-

PE
-C

y7

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

FSC-A

FS
C

-H

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

SSC-A

SS
C

-H

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

CD45-BUV786

Li
ve

/D
ea

d-
A

qu
a

Ly6G-Alexa Fluor 700

C
D

11
b-

B
U

V6
05

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

F4
/8

0-
A

PC

CD64-BV421

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

Extended Data Figure 5

86.0

11.3

52.9

29.7

16.958.9
14.3

84.4

5.32

C
D

19
-B

U
V3

95

14.0

SIIN (Progressor) [N=7]
KP [N=4]

Neu
tro

phils

Mac
ro

phag
es

B ce
lls

Monocy
tes DCs

cD
C1

cD
C2

0

20

40

60

80

100

%
 o

f C
D

45
+

ns

ns

ns

ns

DCs
cD

C1
cD

C2
0.0

0.5

1.0

1.5

2.0

2.5

%
 o

f C
D

45
+

ns
ns

ns

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

38.6

34.9
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a, Gating strategy and b, Flow cytometric quantification of innate and adaptive (non-T cell) CD45+ 
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Extended Data Figure 6
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Extended Data Figure 6
a, Sorting strategy for CD44hiTetramer+ CD8+ TILs from progressor tumors for scRNA-Seq analysis. 
UMAP projections of the gene expression for b, quality controls: Cd3e (CD3), Cd8a (CD8_), Cd4 (CD4).  
c, UMAP projections of the gene expression (top) and violin plots (bottom) for selected genes associated 
with cluster 0: Lag3 (LAG3), Tigit (TIGIT), Havcr2 (TIM3), Pdcd1 (PD-1), Tox (TOX), Gzmb (Granzyme 
B). d, UMAP projections of the gene expression for selected genes associated with clusters 1,2,3: Tcf7 
(TCF1), Sell (CD62L), Cd44 (CD44), Ccr7 (CCR7), Klf2 (KLF2), Itgae (CD103). e, UMAP projections of 
the gene expression and violin plots for selected genes associated with cluster 3: Ly6c2 (Ly6c), Klra9 
(Ly49I), Klra6 (Ly49F), Klra7 (Ly49G2).
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Extended Data Figure 7
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Extended Data Figure 7
UMAP projections of the gene module expression for all remaining modules from a, chronic LCMV20,  b, 
acute LCMV20, c, B16 melanoma19, d, Ly49+ 18. e, Heatmap and UMAP projection of the gene signature 
expression of Pagoda30.
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Extended Data Figure 8
a, Gating strategy for immunophenotyping of CD44hiTetramer+ CD8+ TILs b, Week 5 (top) and week 8 
(bottom) analysis of CD44hiTetramer+ CD8+ TILs from orthotopically transplanted KP;H11-SIIN pancreatic 
organoids (gated as illustrated in a).  c, Ki67+ population of CD44hiTetramer+ CD8+ TILs from progressor 
tumors at defined times following tumor initiation (scatter plot showing mean +/- SD). 
Statistical analyses: b,c, two-sided Mann-Whitney test (n.s., P=non-significant, * P <0.05, ** P < 0.01).
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Extended Data Figure 9
a, Gating strategy for immunophenotyping of CD8+ TILs from human PDAC resections b, Quantification 
of co-inhibitory receptor co-expression on CD8+ T cells from healthy peripheral blood mononuclear cells 
(PBMCs) or human PDAC resection (gated as illustrated in a; scatter plots showing mean +/- SD). c, 
Quantification of antigen-experienced (CD45RO+TCF1lo) CD8+ TILs (scatter plots showing mean +/- SD). 
d, Kaplan-Meier survival analysis of upper (“High”, red) and lower (“Low”, blue) quartile TCGA PAAD 
patients (n=44 each) stratified by expression correlation with the murine-derived Pagoda36 gene signa-
ture. e, All genes ranked by their absolute z-score in the human TCGA PAAD gene signature between 
most and least Pagoda36-correlated cohorts (y-axis) compared to the magnitude of their fold change 
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receptors highly upregulated in most-correlated tumors are highlighted in red. Statistical analyses: b,c, 
two-sided Mann-Whitney test (** P <0.01, *** P <0.001). d, log-rank test (p = 0.0234)
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Extended Data Figure 10
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Extended Data Figure 10
a-f, Longitudinal tracking during and following therapy by small rodent ultrasound imaging with therapy 
start/stop times indicated (spider plot through week 10 opacified; data depicted in Figure 4e-j). g-l, 
Mouse weights during and following therapy. 
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3. Discussion 

The work presented in this thesis has focused on gaining a deeper understanding 

of the dynamics between the immune system and pancreatic tumor progression. I have 

described the development of two novel, orthogonal mouse models of pancreatic cancer: 

an “immunogenic” KrasG12D/+; Tp53fl/fl-driven autochthonous GEMM where lentiviral 

instillation in the pancreatic duct induces neoantigen expression of the SIINFEKL antigen, 

and a KrasG12D; Tp53fl/f organoid-based transplantation model stably expressing the 

SIINFEKL antigen from the H11 genetic locus. Both models faithfully recapitulate disease 

progression from early pancreatic intraepithelial neoplastic (PanIN) lesions to malignant 

pancreatic ductal adenocarcinoma (PDAC), and distant metastatic disease. These mouse 

models were leveraged to longitudinally characterize the T cell response in the tumor 

microenvironment, as well as uncover an immunosuppressive axis that promotes tumor 

immune escape in PDAC. In the next sections, I will discuss the implications of these 

findings for our understanding of immunoediting, T cell dysfunction, and the clinical 

translatability of novel combination immunotherapies. 

 

3.1. Genetically engineered mouse models offer unique insights into tumor 

immunoediting 

Seminal work from Bob Schreiber and colleagues over the last two decades has 

led to the definition of the ‘cancer immunoediting’ process1,2. During cancer 

immunoediting, tumor-immune interactions undergo three phases: elimination, 

equilibrium, and escape. The immune system recognizes and eliminates antigenic tumor 

cells early in neoplastic growth. If the immune response is unable to completely eradicate 
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malignant cells from the body, the immune response enters a state of equilibrium with the 

(dormant) tumor, where constant selective immune pressure can drive adaptive 

processes in the tumor. As a result, tumors may lose antigenicity or establish 

immunoevasive mechanisms, which ultimately allows immune escape.  

Work from our laboratory has deepened the understanding of the cancer 

immunoediting process by extending these findings from murine transplant models to 

autochthonous models. Consistent with the results in MCA-induced sarcoma models 

reported by Schreiber and others, autochthonous SIINFEKL-expressing sarcoma tumors 

undergo extensive immunoediting by T cells3. Immunoediting of these tumors leads to 

delayed emergence of antigen-negative tumors. In contrast, autochthonous SIINFEKL-

expressing tumors arising in different tissue context, the lung, are capable of evading a 

strong immune response while maintaining antigenicity4. As the genetic drivers and 

antigens are identical in these models, this suggests that tissue origin and 

microenvironment play an instrumental role in shaping anti-tumor immunity. Indeed, 

detailed characterization of the tumor microenvironment has revealed a tumor-promoting 

role for the microbiome through gd T cells5, and a role for T regulatory cells in restraining 

anti-tumor T cell responses to lung adenocarcinomas6,7. Additionally, immune responses 

in lung tumors can be potentially be restimulated through the engagement of NK cells8. 

As the KPC GEMM does not allow investigation of tumor-specific T cell responses 

in the pancreatic microenvironment, we adapted an elegant surgical technique developed 

by Monte Winslow (a former postdoc in our laboratory) and colleagues at Stanford to 

initiate autochthonous KrasG12D/+, Tp53fl/fl (“KP”) pancreatic tumors with a defined model 

neoantigen (SIINFEKL)9. 
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To our knowledge, this is the first demonstration that autochthonous pancreatic 

tumors are immunoedited by the CD8+ T cell response. Furthermore, our work 

demonstrates that a subset of autochthonous tumors is capable of evading a robust 

tumor-specific T cell response while maintaining antigenicity. These results are consistent 

with observations in murine sarcoma transplant and autochthonous tumor models, where 

antigen loss precedes the clonal outgrowth of tumors3,10,11. 

It should also be noted that a different immunogenic GEMM of pancreatic cancer 

was recently published by the DeNardo group12. While their model used a similar genetic 

background as the present study, importantly Cre-expression is controlled of the 

pancreas-specific p48 locus and the ovalbumin-IRES-GFP model antigens are under 

tetracycline-inducible control of the Rosa26 locus (denoted as “KPC-OG”). Interestingly, 

OG antigen expression accelerated PDAC progression through pro-inflammatory, 

pathogenic CD4+ (TH17) T cell responses. In contrast to the results reported here, Hegde 

et al. found no evidence for immunoediting in their model, and late-stage PDAC tumors 

maintained GFP12. A number of factors could account for the differing results observed. 

First, KPC-OG drives the expression of full-length ovalbumin, while in the present study 

a truncated ovalbumin sequence encompassing SIINFEKL was used. Full-length 

ovalbumin contains a MHC II-restricted epitope (e.g. OVA323-339)13, which may explain the 

pathogenic CD4+ T cell response in KPC-OG mice. It would be interesting to test if the 

immunoediting observed in our autochthonous tumor is influenced by a CD4+ T cell 

response. Second, while Hegde et al. position their germline encoded OG antigen as a 

true neoantigen (i.e. not subjected to thymic tolerance), they use a vaccination and 

transplantation approach to argue that SIINFEKL-specific T cell responses are unaffected 
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in KPC-OG. However, prior results from our laboratory have demonstrated that it is 

possible to “break” tolerance against germline, self-antigen (R26LSL-LSIY/+) through tumor 

vaccination14, which raises the possibility that the OG antigen may be partially tolerized 

(and therefore leads to the thymic deletion of high-affinity SIINFEKL-specific CD8 T cells). 

A critical test of this concept is assessing whether Ovalbumin-IRES-GFP expression can 

be detected in the thymus, and crossing KPC-OG with transgenic TCR-recognizing 

SIINFEKL (“OT-I”) mice15; a decrease of peripheral OT-I T cells in the latter experiment 

would demonstrate that thymic tolerance is operational. Lastly, it may be helpful to 

investigate these model-specific differences by crossing the OG allele into the 

autochthonous model described here, as this may lead to new insights how nature of 

antigen influences tumor progression. 

 

A model for immunoediting during pancreatic tumorigenesis 

The kinetics and peak expansion of the antigen-specific T cell compartment 

suggest that immunoediting in SIINFEKL-expressing autochthonous tumors may occur 

relatively early during tumor development. At three weeks post-initiation, pancreatic 

lesions are unlikely to have progressed to adenocarcinomas and T-cell mediated 

immunoediting may thus be a feature of the PanIN stage. The observed lack of tumor 

burden differences between unedited (CD8-depleted) tumors and edited tumors further 

suggests that early immunoediting may have minimal effects on the progression of PanIN 

to adenocarcinoma. 

These results suggest a model where rapid immune pressure after oncogenic 

transformation forces tumor evolution down divergent paths (Figure 1a).  



 165 

 

In the first path, pancreatic lesions are unable to escape immune detection and T 

cell-mediated cytotoxicity, leading rapid to the removal of these clones (manifesting as 

“immune-cleared” phenotypes). Thus, these lesions do not progress beyond the 

“elimination” phase of immunoediting. Prior work has identified a crucial role for type I 

interferons in tumor elimination of H31m1 (sarcoma) and B16.F10 (melanoma) 

models16,17. It would be very interesting to investigate if a similar IFN-a/b and 

CD8a+CD103+ (cross-presenting) dendritic cells axis is operational in early 

immunosurveillance of pancreatic cancer as well. 

Figure 1: Model for tumor-immune dynamics in autochthonous and organoid tumor 
models of pancreatic cancer. (Created with Biorender.com) 
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In the second path of the model, tumors are able to adapt to immune pressure, 

leading to further branching in tumor evolution. The majority of these tumors adapt by 

deregulation of antigen expression (manifesting as “immune-edited”), which then allows 

them to rapidly escape immune detection. An open question is the molecular mechanism 

that leads to antigen downregulation. Two mechanisms to explain the loss of tumor 

antigenicity could be envisioned. First, low SIINFEKL-expressing cancer cell clones may 

become selected and preferentially establish tumors. Lentiviral constructs can integrate 

in many regions of the genome18, which creates a population of initiating cancer cells with 

varying expression levels of antigen expression. Certain “hypoimmunogenic” clones may 

then subsequently evade immune detection and establish tumors lesions. Second, cancer 

cells may actively repress antigen expression, which also allows for the formation of 

immunoedited tumors. Although this needs to be experimentally validated, treatment of 

immunoedited sarcoma lines with 5-aza-2’-deoxycytidine (a DNA methylation inhibitor) 

was capable of restoring antigen expression3. Antigen loss could thus be mediated 

through the active epigenetic silencing of the lentiviral integration locus. 

A subset of immune-adapting tumors is unable to deregulate antigen expression, 

and instead develops distinct (and possibly tumor-extrinsic) mechanisms to escape 

immune responses. Although the relative rarity of these immunoevasive tumors precluded 

us from mechanistically defining immune escape, immunophenotyping of one tumor 

revealed that antigen-specific CD8+ T cells were marked by the co-expression of co-

inhibitory receptors, suggesting that these TILs may become dysfunctional in the tumor. 

T cell dysfunction is thought to be driven by chronic antigen exposure in the TME19. While 

it is possible that tumor escape in this setting involves a dysfunctional T cell response, it 
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remains to be determined whether direct tumor-CD8+ T cell interactions or additional 

immunosuppressive cells in the microenvironment play causal roles in mediating tumor 

immune escape. 

 

3.2. Outlook – the potential of autochthonous models and outstanding 

questions 

The results obtained with the autochthonous GEMM described in this thesis 

highlight a number of key strengths of autochthonous tumor models. These models can 

be leveraged to study many biological aspects of tumor progression that may be lacking 

in other cancer model systems, for example in xenograft or cell line transplantation 

models. By initiating oncogenic transformation in single (or a focal number of) cells, 

autochthonous tumors faithfully model the entire histopathological disease progression 

from pancreatic intraepithelial neoplasias (PanIN) to locally invasive pancreatic ductal 

adenocarcinoma (PDAC), and even distant metastatic disease (in advanced-stage 

tumors). This offers an opportunity to interrogate the impact and role of oncogenic 

pathways on both primary tumor progression as well as metastatic spread, and indeed 

this work is ongoing in our laboratory. In contrast, xenograft or transplantation models rely 

on a single (bolus) injection of fully transformed cancer cells, which may only accurately 

model biological aspects of end-stage disease.  Autochthonous models also allow for the 

investigation of the endogenous interactions between a developing tumor and the 

immune cells recruited to the tumor microenvironment. The autochthonous GEMM 

developed here closely recapitulated the characteristics of the human pancreatic tumor 

microenvironment, including dense stromal-rich areas with poor vasculature, and 
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extensive tissue fibrosis. While the present data has focused exclusively on the role of 

CD8+ T cells in immunoediting, this model is well-suited to explore the impact of other 

immune cells on tumor progression. 

An outstanding question is the role of CD4+ T cells and NK cells during 

immunoediting responses in pancreatic tumors. Results in CD8-depleted SIINFEKL-

expressing autochthonous tumors show that, while antigen expression is maintained, the 

majority of these “tumors” are histologically still in PanINs stages. In contrast, the vast 

majority of (non-SIINFEKL expressing) Cre tumors were adenocarcinomas, suggesting a 

tumor delay in SIINFEKL-expressing tumors, even in absence of CD8+ T cells. It is 

possible that CD4+ T cells through the skewing of T cell response or by acquisition of 

effector functions20, or alternatively, NK cells contribute to tumor control in these 

autochthonous tumors21. Combined CD8+CD4 or CD8+NK depletion may offer additional 

insights and possibly reveal a degree of functional redundancy between these immune 

cell types. 

This immunogenic autochthonous model may also enable more extensive, 

phenotypic characterization of the antigen-specific T cell response. In contrast to the 

autochthonous KrasG12D/+; Trp53R172H/+; Pdx-1-Cre (“KPC”) model developed in 200522, 

tumors can be initiated in the adult murine pancreas and model antigens can be 

introduced at will. The immunobiology of KPC tumors has been extensively investigated23, 

including detailed characterization of the CD8+ T cell infiltrate. Indeed, therapeutic effects 

achieved with treatment regimens involving combination chemoimmunotherapy in KPC 

mice suggest that CD8+ T cell responses are involved in this model24. However, the 

nature of antigens recognized by T cells in these models are unknown, thus precluding 
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further study of antigen-specific T cell response. In contrast, our autochthonous model 

enables facile longitudinal tracking of the antigen-specific T cell response. This has 

allowed both investigation of the early kinetics of the SIINFEKL-reactive T cell response, 

as well as detailed profiling of tumor-responding T cells. This system is easily adapted to 

accommodate different antigens or to explore the effect of a polyclonal population of 

neoantigens. These questions are important to consider as human PDAC is likely to 

harbor neoantigens with varying MHC I affinity25,26. 

 

3.3. Organoid tumor immune escape may be mediated by tumor-extrinsic 

mechanisms of immune evasion 

 The “immunogenic” tumor organoid system described in this thesis enabled more 

rapid elucidation of mechanisms of tumor immune escape, while still facilitating 

longitudinal tracking of the tumor-specific CD8+ T cell response. Transplantation of these 

organoids in syngeneic, immunocompetent C57BL/6J mice unexpectedly gave rise to two 

divergent antigenic phenotypes that were termed “progressor” and “non-progressor”, and 

a third intermediary state (Figure 1b). Below, I will discuss a number of implications that 

these results have on our understanding of immunoediting and immunoevasion of PDAC 

tumors.  

 

 

 

Lack of antigen downregulation in tumor organoids 
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 While autochthonous tumors are capable of escaping immune clearance through 

the loss of antigen expression, this mechanism does not appear to operate in tumor 

organoids. It is possible that the homozygous integration of the SIINFEKL allele into the 

H11 locus poses an increased barrier to rapid downregulation of antigen expression, as 

this “safe harbor” locus is known to drive relatively stable gene expression across murine 

tissue types27. Additionally, homozygous integration of the allele may further safeguard 

against loss of heterozygosity of antigen presentation, which has been observed at the 

HLA locus (e.g. in human NSCLC)28. 

 

Possible immune equilibrium state in intermediate tumor organoids 

As the burden of intermediate tumors was indistinguishable from normal, “non-

progressed” pancreatic tumor tissues, it is possible that these tumors were captured in a 

state of immune equilibrium. While many aspects of immune equilibrium biology remain 

unexplored29, experimental evidence indicates that equilibrium is associated with a 

quiescent cellular state, decreased reduced proliferation (Ki67), and increased apoptotic 

markers (TUNEL+ staining)30. Importantly, these dormant lesions are infiltrated by T cells, 

B220+ cells and macrophages30, suggesting that local immune activity controls these 

lesions. This is further functionally supported by studies demonstrating that removal of 

immune pressure (CD8 and CD4 depletion, or IFN-g neutralization) leads to rapid tumor 

outgrowth30. It would be interesting to explore if intermediate tumors are similarly 

restrained by (antigen-specific) T cell responses. Additionally, the presence of a FACS-

sortable cellular marker (mScarlet) may allow for extensive transcriptional profiling of this 
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tumor phenotype, and establish whether these lesions are undergoing regression or 

active immune escape. 

 

Pancreatic tumors may escape immune elimination through T cell dysfunction 

 Our results argue that progressor tumors did not escape immune elimination 

through the loss of antigenicity, deregulation of antigen presentation or the IFN-g pathway, 

which are established clinical resistance mechanisms to immune checkpoint inhibitor 

therapy31. Furthermore, tumor-derived progressor organoids did not develop intrinsic 

apoptotic resistance to T cell-mediated cytotoxicity32,33, and in fact, were rapidly killed by 

antigen-specific CD8+ T cells in coculture assays.  

Instead, antigen-specific activated CD8+ T cells upregulated multiple co-inhibitory 

receptors and progressively lost proliferative capacity in progressor tumors. Moreover, 

tumor-specific CD8+ T cells acquired transcriptional programs that shared extensive 

overlap with published gene expression signatures derived from exhausted T cells in 

chronic LMCV34 and dysfunctional intratumoral T cells in B16 melanoma35. Collectively, 

the data suggest that antigen-specific T cells become progressively dysfunctional over 

the course of pancreatic tumor progression. 

A number of follow-up experiments would further strengthen the conclusion that 

tumor-specific CD8+ T cells become dysfunctional in organoid tumors. Dysfunctional T 

cells have impaired effector function (IFN-g, TNF-a, IL-2 production) and degranulation 

capacity (CD107a surface marker positivity)36; and indeed, experimental assessment of 

T cell functionality in progressor tumors is in progress. A lack of proliferative capacity and 

in vivo persistence characteristic for dysfunctional CD8+ T cells can be validated by 
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adoptive transfer of antigen-specific TILs into congenically marked naïve hosts and 

challenging these naïve hosts with SIINFEKL-expressing tumors. This approach has 

recently been used to demonstrate that progenitor dysfunctional intratumoral CD8+ T 

cells are more persistent than terminal dysfunctional intratumoral CD8+ T cells37. 

Additionally, it would be interesting to compare in vivo persistence and tumor control of 

dysfunctional CD8+ T cells isolated at different stages of PDAC progression to establish 

whether TILs become progressively dysfunctional. 

 

Collectively, the maintenance of tumor antigen and the acquisition of T cell 

dysfunctionality suggests that tumor organoid persistence drives SIINFEKL-specific T cell 

progressive dysfunctionality, and ultimately, a failure to control tumor growth. 

An open question is whether tumor antigen persistence directly drives T cell 

dysfunction, or whether additional (immune) cells in the tumor microenvironment may 

impair anti-tumor T cell responses. The former model would be in line with a previous 

report from Schietinger et al., utilizing a tamoxifen-inducible, autochthonous liver cancer 

model that expresses SV40 large T antigen (Tag) as a self-antigen19. Pre-malignant 

lesions in these autochthonous liver tumors rapidly induced a fixed, hyporesponsive state 

in Tag-specific CD8+ T cells that was maintained by persistent antigen exposure. It would 

be interesting to compare the transcriptional profiles of early CD8+ effector T cells in our 

organoid tumor model with the core dysfunctional program that was elucidated in the 

SV40-expressing liver model to test whether any core gene signatures are shared, 

regardless of tumor tissue localization and antigen specificity. 
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Although no obvious differences in the innate immune composition were found, 

our current data do not conclusively rule out the involvement of innate immune, stromal 

or T regulatory cells in driving T cell dysfunctionality during organoid tumor immune 

escape. In particular, TIGIT+ regulatory T cells have been shown to be more activated, 

and suppressive cells than TIGIT- regulatory T cells in murine B16.F10 and MC38 

models38. Furthermore, genetic loss of TIGIT on Tregs, but not on CD8+ T cells, delayed 

B16.F10 tumor growth38, suggesting that Tregs actively regulated anti-tumor immunity in 

the melanoma model. It will be worthwhile to further immunophenotype immune cell 

populations in progressor tumor lesions (potentially with a focus on TIGIT) to understand 

their relative contribution to CD8+ T cell dysfunctionality, and tumor immune escape. 

Elegant genetic knockout approaches as described by Kurtulus et al., may also further be 

applied in the organoid model to dissect the contribution of different immune cells to the 

efficacy observed with anti-TIGIT therapy. Collectively, these approaches may elucidate 

into how T cell function is governed by the composition of the tumor microenvironment. 

 

3.4. Transcriptional profiling of the antigen-specific T cell compartment revealed 

heterogenous effector states 

Unexpectedly, we observed considerable transcriptional heterogeneity in the anti-

tumor T cell response, despite the uniform expression of a high-affinity MHC class I 

neoantigen (10 nM for H-2Kb)39 and the progressive outgrowth of tumors. Protein 

expression of Pdcd-1 (PD-1), Hacvr-3 (TIM-3), and Lag-3 genes (cluster 0 markers), and 

Klra6 (Ly49F) and Klra7 (Ly49G) (cluster 3 markers) was experimentally validated by flow 
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cytometry, indicating that phenotypically distinct CD8+ T cell populations are present in 

the tumor microenvironment. 

Computational analyses (PAGODA, and gene signature mapping) revealed more 

intracluster heterogeneity in the exhausted T cell population, as both exhaustion and 

chronic effector signatures mapped to the same cluster in our dataset. These data raise 

the idea that this population may reflect a “spectrum” of T cell functionality in the tumor 

microenvironment. It is possible that chronic effector T cells may still exert (some) degree 

of tumor control, while more exhausted T cells have acquired a more terminal, 

dysfunctional cellular fate. It would be interesting to leverage adoptive transfer and tumor 

challenge experiments described above to further dissect the functionality and in vivo 

persistence of these potentially distinct cell populations. 

Additionally, our scRNA-sequencing dataset also revealed the presence of a 

uniquely marked cluster (3) by the Ly49 cell-surface receptors. Ly49 proteins (and their 

human homologs, killer inhibitory receptors) have established roles in NK licensing40. 

Recently, a population of regulatory CD8+ T cells has been described in a murine 

experimental model of multiple sclerosis41. Interestingly, these Ly49+CD8+ T cells were 

antigen-specific, and suppressed CD4+ T cells in vitro through perforin-mediated killing41. 

However, antigen-specific Ly49+CD8+ T cells have not been reported in tumor models. 

It would therefore be very interesting to further establish the functional relevance of this 

population of Ly49+CD8+ T cells through adoptive transfer of co-mixed antigen-specific 

T cells (effector CD8+ T cells + Ly49+CD8+ T cells) and through in vitro T cell co-culture 

assays. 
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3.5. Outlook – The future of immunotherapy in pancreatic ductal 

adenocarcinoma through the lens of genetically engineered mouse models 

 Although pancreatic cancer has long been regarded as “immunologically silent”, 

recent advances in our understanding of this complex disease have overturned that 

dogma. Computational analyses of PDAC antigenicity have revealed that pancreatic 

tumors indeed carry antigens that may be recognized by the human immune system25,26. 

This is also supported by histological and flow cytometric studies demonstrating the 

presence of activated, dysfunctional tumor-infiltrating lymphocytes in human PDAC42, 

including the characterization presented in this thesis. Furthermore, at least a subset of 

PDAC (MMR-deficient) patients can already derive clinical benefit from currently 

approved immunotherapies43, demonstrating that this disease is not inherently resistant 

to immune-targeted therapies. Lastly, exceptional long-term survivors of PDAC appear to 

carry a unique set of high quality neoantigens capable of stimulating robust, clonal T cell 

responses26, suggesting at least a subset of patients harbor highly tumor-reactive T cells. 

 Unfortunately, despite the widespread clinical efficacy of immune checkpoint 

inhibitors in many solid and hematopoietic cancers, MMR-proficient pancreatic ductal 

adenocarcinoma has largely remained refractory to immune checkpoint monotherapy and 

combination immune therapy. This is certainly not due to a lack of clinical effort in the 

field; as described in the introduction of this thesis, numerous combinations of 

immunomodulatory therapeutics have been investigated for the treatment of metastatic 

PDAC. 

A theme that emerges from this thesis is that further clinical development can be 

driven by novel biological insights made in murine mouse models of cancer. To this end, 
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we have developed and characterized novel immunogenic genetically engineered mouse 

models of PDAC. Although many facets of the anti-tumor T cell response in these models 

remain to be explored, our preclinical studies reinforce that the biology of the pancreatic 

tumor microenvironment can guide rational design of novel immunotherapeutic 

strategies. A deeper understanding of the immunoevasive mechanisms employed by 

tumors will enable application of clinical strategies with increased sophistication. I am 

hopeful that armed with these biological insights, we can improve the lives of pancreatic 

cancer with curative immunotherapies. 
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Abstract 

 Over the past decade, cancer immunotherapies have achieved durable responses 

in many types of solid and hematological tumors. However, mismatch-proficient 

pancreatic ductal adenocarcinoma (PDAC) has remained largely refractory to immune-

based therapeutic approaches1–3. In a previous study, we described the development of 

a neoantigen-expressing organoid-based preclinical model to investigate the molecular 

and cellular mechanisms that drive immune evasion in PDAC (Freed-Pastor, Lambert et 

al., unpublished). Here we demonstrate that this preclinical organoid system remains 

sensitive to adoptive T cell therapy. These findings position this model system as a 

preclinical platform to further investigate T cell-centric approaches for the treatment of 

PDAC. 

 

Main text 

To further characterize the sensitivity of a previously described neoantigen-

expressing organoid-based pancreatic adenocarcinoma (PDAC) system (Freed-Pastor, 

Lambert et al., unpublished) to adoptive cell therapy, the following approach was taken. 

KrasLSL-G12D/+;Trp53fl/fl;H11mScarletSIIN (KP; H11-SIN) pancreatic organoids were first 

orthotopically transplanted into immune-competent mice and tumor growth was 

monitored by  small rodent ultrasound. Tumors that demonstrated increase in volume 

over two successive ultrasound scans at week 4 and 5 post-transplantation were then 

subjected to adoptive cell therapy treatment. Tumor-bearing mice were randomized to 

either control treatment (PBS; n=5), or treatment with pre-activated with transgenic TCR-

recognizing SIINFEKL (“OT-I”) T cells4 at varying doses (0.4*106 T cells (n=4); 2*106 T 
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cells (n=4); or 10*106 T cells (n=7)). As expected, progressor tumors in the control 

treatment arm continued to grow unabated (Appendix Figure 1a). In the treatment arm, 

progressor tumors treated with low dose or intermediate doses of OT-I largely continued 

to grow, albeit at a slower rate compared to control progressor tumors. Strikingly, high 

dose OT-I treatment led to robust tumor regression in the majority of animals (6/7; ~86%). 

Consistent with these observations, tumor antigen expression was maintained in control 

and low- and intermediate-dose progressor tumors, while only a minority of progressor 

tumors had demonstrable tumor antigen expression in the high-dose OT-I treatment arm 

(3/7; ~43%; Appendix Figure 1b,c). Together, these results suggest that a sufficiently 

robust anti-tumor T cell response can effectively control tumor growth. 
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Discussion 

Adoptive cell therapy (ACT) has shown tremendous clinical promise in 

hematological malignancies5–7. While a number of clinical studies have investigated ACT 

in pancreatic cancer8–12, clinical responses have been limited. Our observations that 

adoptively transferred T cells elicit robust pancreatic tumor regressions in a dose-

dependent manner are therefore notable, particularly since the endogenous T cell 

response is incapable of controlling tumor growth. These results suggest that immune 

evasion in pancreatic tumors may be overcome with sufficiently robust T cell priming and 

expansion. Furthermore, the model system described here presents a unique opportunity 
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Appendix Figure 1: Adoptive cell transfer (ACT) of pre-activated OT-I CD8+ T cells 
leads to rapid tumor regression in previously progressing tumors. a, Waterfall plots of treatment
response assessed by rodent ultrasound after transfer of preactivated OT-I CD8+ T cells
(T cell dose in brackets). b, Representative images of brightfield (left) and fluorescent (right) images
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to dissect the molecular and cellular mechanisms that limit the efficacy of ACT in PDAC. 

Leveraging these insights will be crucial for the development of novel, potent T-cell centric 

therapeutic strategies. 

 

Methods 

Mice 

All animal studies described in this study were approved by the MIT Institutional Animal 

Care and Use Committee. All animals were maintained on a pure C57BL/6J genetic 

background. OT-I TCR transgenic mice have been previously described4. 

 

Progressor organoid generation and characterization 

The generation of the parental KrasLSL-G12D/+;Trp53fl/fl;H11mScarletSIIN (KP; H11-SIIN) 

pancreatic organoid line has been previously described (Freed-Pastor, Lambert et al., 

unpublished). Briefly, progressor pancreatic organoids were isolated by manually 

dissecting pancreata from mice with established KP;H11-SIIN tumors.  Pancreata were 

manually minced with razor blades and dissociated in pancreas digestion buffer [1x PBS, 

125 U/mL collagenase IV (Worthington)] for 30 min at 37oC.  Cell suspensions were 

filtered through 70 µm filters, washed with 1x PBS and centrifuged with slow deceleration.  

Cell pellets were resuspended in 100% growth-factor reduced Matrigel (Corning) and 

solidified at 37oC.  Cells were subsequently cultured in organoid complete media (minor 

modifications from previously described formulations13 see details below) and monitored 

for organoid outgrowth.  Organoids were passaged with TrypLE Express (Life 

Technologies) for at least 4 passages to remove contaminating cell types.  P53 deficient 
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organoids were selected via resistance to Nutlin-3a (10 µM, Sigma-Aldrich).  Pancreatic 

organoids were maintained in culture for <20 passages before orthotopic transplantation 

into C57BL6/J mice. 

 

Pancreatic Organoid Complete Media 

The media for pancreatic organoids was formulated based on L-WRN cell conditioned 

media (L-WRN CM)14. Briefly, L-WRN CM was generated by collecting 8 days of 

supernatant from the L-WRN cells, grown in Advanced DMEM/F12 (Gibco) supplemented 

with 20% fetal bovine serum (Hyclone), 2 mM GlutaMAX, 100 units/mL of penicillin, 100 

µg/mL of streptomycin, and 0.25 µg/mL amphotericin. L-WRN CM was diluted 1:1 in 

Advanced DMEM/F12 (Gibco) and supplemented with additional RSPO-1 conditioned 

media (10% v/v), generated using Cultrex HA-R-Spondin1-Fc 293T Cells. The following 

molecules were also added to the growth media: B27 (Gibco), 1 μM N-acetylcysteine 

(Sigma-Aldrich), 10 μM nicotinamide (Sigma-Aldrich), 50 ng/mL EGF (Novus Biologicals), 

500 nM A83-01 (Cayman Chemical), 10 μM SB202190 (Cayman Chemical), and 500 nM 

PGE2 (Cayman Chemical). Wnt activity of the conditioned media was assessed and 

normalized between batches via luciferase reporter activity of TCF/LEF activation (Enzo 

Leading Light Wnt reporter cell line).  

 

Orthotopic transplantation 

Orthotopic transplantation of organoids was performed with minor modifications to 

previously reported protocols for orthotopic transplantation of pancreatic monolayer cell 

lines15.  Briefly, animals were anesthetized using Isofluorane, the left subcostal region 
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was depilated (using clippers or Nair) and the surgical area was disinfected with 

alternating Betadine/Isopropyl alcohol.  A small (~2 cm) skin incision was made in the left 

subcostal area and the spleen was visualized through the peritoneum.  A small incision 

(~2 cm) was made through the peritoneum overlying the spleen and the spleen and 

pancreas were exteriorized using ring forceps.  A 30G needle was inserted into the 

pancreatic parenchyma parallel to the main pancreatic artery and 100 µL (containing 

1.25*105 organoid cells in 50% PBS + 50% Matrigel) was injected into the pancreatic 

parenchyma.  Successful injection was visualized by formation of a fluid-filled region 

within the pancreatic parenchyma without leakage.  The pancreas/spleen were gently 

internalized, and the peritoneal and skin layers were sutured independently using 4-0 

Vicryl sutures.  All mice received pre-operative analgesia with Buprenorpine-SR and were 

followed post-operatively for any signs of discomfort or distress. Organoid/Matrigel mixes 

were kept on ice throughout the entirety of the procedure to prevent solidification prior to 

injection. 

For orthotopic transplantation, syngeneic mice (aged 4-10 weeks) were transplanted.  

Male pancreatic organoids were only transplanted back into male recipients. 

 

T cell culture and transfer 

OT-I splenocytes were harvested from C57BL/6J OT-I;Rag2-/- transgenic mice, and 

spleens were mashed through 70 µm filters. Red blood cells were lysed with ACK buffer 

for 2 min before cell suspension neutralization with PBS and pelleted for plating. 

Splenocytes were counted and adjusted to 1*106 cells/mL in T cell medium [RPMI 1640 

(Corning) supplemented with 10% heat-inactivated FBS, 20 mM HEPES (Gibco), 1 mM 
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Sodium Pyruvate (Thermo Fisher), 2 mM L-Glutamine (Gibco), 50 µM β-mercaptoethanol 

(Gibco), 1x NEAA (Sigma), 0.5x Pen/Strep (Gibco) with 10 ng/mL hIL-2 (Peprotech) and 

1 µM SIINFEKL peptide (Anaspec)]. Splenocytes were activated for 24 hr at 37°C in a 

tissue culture incubator, before manual CD8a+ isolation according to the manufacturer 

instructions (Milteny Biotec). OT-I T cells were subsequently expanded 4-6 days in T cell 

medium with 10 ng/mL hIL-2 prior to organoid co-culture before adoptive T cell transfer 

at varying dose of T cells (0.4*106, 2*106 or 10*106 T cells). 

 

Small rodent ultrasound 

Quantification of murine pancreatic tumors by high resolution ultrasound has been 

previously described16. Briefly, animals were anesthetized using Isoflurane and the lateral 

and ventral abdominal areas were depilated using Nair. Sterile 0.9% saline (1 mL) was 

administered by intraperitoneal injection prior to imaging to improve visualization of the 

pancreas. Animals were imaged using the Vevo3100/LAZRX ultrasound and 

photoacoustic imaging system (Fujifilm-Visualsonics). Animals were placed on the 

imaging platform in the supine position and a layer of ultrasound gel was applied over the 

entirety of the abdominal area. The ultrasound transducer (VisualSonics 550S) was 

placed on the abdomen orthogonal to the plane of the imaging platform. Landmark 

organs, such as the kidney, spleen, and liver, were identified in order to define the area 

of the pancreas. The transducer was set at the scanning midpoint of the normal pancreas 

or pancreatic tumor and a 3D image of 10-20 mm, depending on tumor size, at a Z- slice 

thickness of 0.04 mm. Three-dimensional (3D) images were uploaded to the Vevo Lab 
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Software. The volumetric analysis function was used to define the tumor border at various 

Z-slices through the entirety of the tumor and derive the final calculated tumor volume. 

 

Statistical Analyses 

All graphs and statistical analyses were generated with GraphPad Prism 8.  The two-

sided Mann-Whitney test was performed in GraphPad Prism  
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