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Abstract 

 
Leukocytes recruited to and persistent within chronically inflamed tissues play critical 

roles in fostering neoplastic progression. Immunotherapies designed to reprogram 

protumoral immune microenvironments have gained clinical traction in many solid 

tumors, but pancreatic ductal adenocarcinoma (PDAC) has thus far failed to respond to 

single-agent immunotherapy. Recent preclinical studies have indicated that combinatorial 

immunotherapy may yield improved response rates in PDAC, especially combinations 

intended to both reprogram immunosuppressive myeloid cells and antagonize T cell 

inhibitory pathways. However, the immune microenvironment of human PDAC is 

heterogeneous and has not been extensively characterized in situ. As such, functionally 

significant immune biomarkers are urgently needed to better stratify patients for 

appropriate immunotherapeutic combinations. To address this need, I used a multiplexed 

immunohistochemistry (mIHC) approach to comprehensively investigate and map the 

immune contexture – the density, composition, functional state, and spatial organization – 

of treatment-naïve and neoadjuvant chemotherapy-treated human PDAC surgical 

resections from a large, multi-institutional cohort. The resulting data affirm extensive 

immune heterogeneity in PDAC, both between patients and within histopathologically 

distinct regions of individual tumors. Our data also indicate that immune heterogeneity 

may be linked to molecular heterogeneity. We have revealed that high CD8+ T cell to 

CD68+ myeloid cell ratios are associated with improved outcomes for both treatment-

naïve and neoadjuvant-treated patients. Further, we identify subgroups of tumors based 

upon lymphocyte and myeloid complexity that may provide a basis for stratifying 

patients onto rational immunotherapy combinations. 



 x 

 

In addition to evaluation of human PDAC, my research also expands upon prior 

preclinical studies in the Coussens laboratory that identified B cells as mediators of 

PDAC progression. We previously reported a mechanism of tumor promotional crosstalk 

between B cells and myeloid cells resulting in tissue fibrosis, cytotoxic T cell 

impairment, and tumor growth. Based on these studies, I tested the hypothesis that 

therapeutic depletion of B cells with aCD20 monoclonal antibodies (mAbs), either as 

monotherapy or in combination with chemotherapy and/or aPD-1 mAb would effectively 

limit PDAC progression. In related studies, I tested the hypothesis that B cells regulate 

aspects of tissue damage and inflammation in acute and chronic pancreatitis. Using 

experimental murine models of pancreatitis, I report that establishment of chronic 

pancreatitis is B cell-independent; however, B cell deficiency is protective against acute 

inflammatory tissue damage. Despite pancreatitis disease pathology being driven by 

inflammation, immunotherapies are not currently used in disease management. These 

studies provide evidence that B cell-targeted therapies in recurrent acute pancreatitis 

could be efficacious in decreasing tissue damage and accelerating inflammatory 

resolution.    

 
Finally, I discuss the broad implications and future directions of this research, with 

particular focus on the power of mIHC to guide patient selection for immunotherapy and 

to generate new hypotheses that can be taken back into preclinical models for further 

mechanistic investigation. 
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Chapter 1: Introduction 
 
The Pancreas in Health and Disease 
 
Pancreatic Structure and Function 

The pancreas is a gland comprised of endocrine and exocrine compartments that produce 

hormones required for glucose homeostasis and digestive enzymes, respectively. The 

endocrine pancreas makes up 1-2% of total organ mass and consists of cellular clusters, 

known as pancreatic islets or islets of Langerhans, that are dispersed throughout the tissue 

and contain glucagon-producing a-cells, insulin-producing b-cells, and somatostatin-

producing d-cells [1]. Pancreatic islets are tightly interconnected to nerves and 

vasculature that instruct and facilitate hormone secretion in response to physiological 

cues [2, 3]. The exocrine pancreas constitutes the majority of the tissue area and is 

divided primarily between acinar cells and an extensive ductal network. Acinar cells are 

responsible for producing over 20 types of digestive enzymes, including amylase, lipase, 

and trypsin [1]. Acinar clusters form around central lumens, through which enzyme 

products are secreted and transported via ducts to the duodenum where they ultimately 

aid in digestion. Finally, pancreatic stellate cells (PSCs), a resident population of 

fibroblastic cells, occupy peri-acinar, peri-ductal, and peri-vascular spaces in the exocrine 

pancreas. In healthy tissue, PSCs are quiescent and are thought to regulate normal 

turnover of extracellular matrix (ECM) [4]. During injury and inflammation, PSCs are 

activated via inflammatory cytokines and exhibit a myofibroblast-like phenotype 

characterized by enhanced proliferation, cytokine and growth factor production, and 

ECM deposition. These attributes each contribute to tissue remodeling and wound 
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healing in acute inflammatory conditions but result in progressive fibrosis in the context 

of chronic inflammation.  

 

Pancreatic Disorders 

Both the endocrine and exocrine pancreas are susceptible to acute and chronic 

pathologies that significantly impact human health, including diabetes, pancreatitis, and 

cancer. These conditions are discussed in the following sections, with particular focus on 

pancreatitis and pancreatic neoplasms.  

Diabetes mellitus 
 
Nearly 10% of the United States population is estimated to have diabetes [5]. This 

chronic metabolic disease of the endocrine pancreas is characterized by b-cell 

dysfunction and is classified as either type 1 or type 2 based upon mechanism of insulin 

defect. Both types of diabetes are thought to arise through a complex interplay of genetic, 

environmental, and immune factors. Type 1 diabetes is an autoimmune disorder wherein 

multiple pancreatic islet-specific autoantibodies are generated against b-cells, resulting 

in progressive T cell-mediated b-cell destruction and consequent lack of insulin 

production [6]. Type 2 diabetes accounts for 90% of all diabetes cases and is 

characterized by impaired insulin sensitivity that causes chronic hyperinsulinemia and 

eventual b-cell failure and insulin insufficiency [7]. Unlike type 1 diabetes, type 2 disease 

does not have a clear autoimmune component but is still strongly regulated by the 

immune system. Obesity is a significant risk factor for type 2 diabetes, and obesity-

induced inflammation in adipose tissue is thought to be a dominant mediator of metabolic 

dysregulation and insulin resistance [8]. 
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Pancreatitis 
 
Pancreatitis is an inflammatory disorder of the exocrine pancreas that can present either 

acutely or as a chronic fibroinflammatory disease. Acute pancreatitis (AP) is the most 

common cause of gastroenterological-related hospital admissions, and although mortality 

rates from AP have declined over the past several decades, incidence of AP is on the rise 

worldwide [9, 10]. Idiopathic cases of pancreatitis do occur, but there are also multiple 

identified etiologies of AP. Gallstone obstruction of the pancreatic duct is the most 

frequent cause of AP onset, and alcohol use, smoking, and obesity are lifestyle factors 

that also significantly increase AP risk [9]. AP ranges in severity from mild edematous 

disease that spontaneously resolves with supportive care, to severe necrotic disease 

associated with infection and/or extrapancreatic organ failure [11]. For many patients, AP 

is an isolated event, but a continuum has been identified in which an initial incident of 

AP can lead to recurrent inflammatory episodes that ultimately develop into chronic 

pancreatitis (CP) in a subset of cases [9, 12].  

 

In contrast to AP, CP-associated inflammation does not fully resolve and instead leads to 

progressive fibrosis and tissue destruction that eventually results in exocrine and 

endocrine insufficiency. There are currently no therapeutic interventions to delay or 

reverse CP-associated tissue damage, and instead, disease management is primarily 

centered around pain control and pancreatic enzyme supplementation [13]. This lack of 

therapeutic strategies to minimize inflammation and/or slow disease progression is 

particularly problematic, given that CP is a strong risk factor for pancreatic cancer [14-

17].  
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Although not all CP arises in individuals with clinically diagnosed recurrent AP, it has 

been postulated that subclinical, episodic acute inflammation likely precedes CP 

diagnosis [18]. CP shares the same lifestyle-associated risk factors as AP, with alcohol 

being the leading cause of CP [9]. In addition, idiopathic disease comprises 

approximately 25% of all CP cases, and a fraction of these are ultimately found to have 

an autoimmune basis [19]. Some CP cases also have hereditary underpinnings. Heritable 

mutations in genes encoding cationic trypsinogen (PRSS1) or trypsin inhibitor SPINK1 

disrupt normal pancreatic protease activity, to be described below [18]. Such genomic 

alterations lead to early onset-pancreatitis and confer particularly high increased risk of 

pancreatic cancer development [9, 18].  

 

Cellular and molecular mechanisms underlying the pathophysiology of pancreatitis are 

still being elucidated, but it is now well established that aberrant activation of proteases 

within pancreatic acini is largely responsible for initial acinar injury [20]. Proteases 

produced by acinar cells, such as trypsin, are synthesized in inactive pro-forms that are 

not activated in homeostatic states until they have reached the duodenum; however, 

premature protease activation within acini and pancreatic interstitium in response to 

etiologic stressors rapidly induces acinar injury [21]. Inflammatory factors produced by 

damaged acini as well as damage-associated molecular patterns (DAMPs) generated 

during acinar cell death rapidly recruit innate leukocytes, which then propagate further 

damage-promoting inflammation [22]. 

 



 5 

Human pancreatitis tissue is scarcely available for disease research, as tissue biopsies are 

not routine. Rodent models of acute and chronic pancreatitis have therefore been 

developed to enable investigation of various biological mechanisms and cellular 

processes of disease, including how leukocytes contribute to pathogenesis and resolution. 

The most widely used of these experimental models is the caerulein hyperstimulation 

model [23]. Caerulein is a peptide analog of cholecystokinin, a hormone produced by the 

duodenum that stimulates pancreatic digestive enzyme secretion. Repeated 

intraperitoneal administration of caerulein in rats and mice induces trypsinogen activation 

and inflammation, resulting in mild to moderate edematous pancreatitis [23]. Caerulein 

can be used to model either acute or chronic pancreatitis by modulating dosing and 

treatment duration accordingly. Acute pancreatitis is usually induced over the course of 

1-2 days, after which the pancreas undergoes spontaneous regeneration and recovery, 

whereas chronic pancreatitis is induced by treating continuously for weeks or months 

[24-26]. Alternatively, severe necrotizing acute pancreatitis can be induced by injection 

of L-arginine [23]. More invasive, yet potentially more physiologically relevant, 

approaches of pancreatitis induction include sodium taurocholate bile acid infusion into 

the pancreatic duct and ductal obstruction via ligation of the pancreatic duct [23, 27]. 

Research incorporating these various experimental models has helped shed considerable 

light on immune functions in pancreatitis, particularly regarding how innate immunity 

regulates inflammation and tissue damage.  

 
Neutrophil recruitment occurs very early during AP onset in response to pancreatic 

upregulation of neutrophil chemoattractants [28] and has profound impact on disease 

pathogenesis [29-31]. Neutrophils can potently stimulate trypsinogen activation and 
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release of reactive oxygen species (ROS) in the pancreas, thus giving rise to enhanced 

tissue damage and inflammation [32, 33]. Preventing neutrophil entry into the pancreas 

through neutrophil depletion [33, 34], blockade of integrins and selectins important for 

neutrophil adhesion and transendothelial migration [30, 31], or via genetic depletion of 

intercellular adhesion molecule 1(ICAM-1) [35] results in significant reduction in acute 

pancreatic injury in rodent models. There is also evidence that blocking neutrophil 

trafficking via inhibition of chemokine receptor CXCR2 during CP significantly reduces 

tissue fibrosis and acinar atrophy, although this is most likely also influenced by 

concurrent reduction in macrophage infiltration [28].  

 

Conditional genetic deletion of monocytes/macrophages prior to caerulein-induced AP 

has also been reported to reduce pancreatitis severity [36]. Monocytes and macrophages 

mediate acute pancreatic damage through production of tumor necrosis factor-alpha 

(TNF-a) , IL-1b, IL-6, and other pro-inflammatory cytokines [37]. Interestingly, 

macrophages in AP have recently been found to intracellularly activate trypsinogen 

phagocytosed along with dying acinar cells, which then acts as a DAMP to enhance 

macrophage pro-inflammatory transcriptional programming and function [38]. 

Importantly, inflammatory macrophages have been implicated as critical instigators of 

acinar-to-ductal metaplasia (ADM), a process that occurs during cellular stress wherein 

acinar cells undergo transdifferentiation to a duct-like state that shares features with early 

pancreatic progenitor cells [24, 39-41]. In the case of acute damage, ADM is a reversible 

process, and acinar cells gradually re-differentiate as damage resolves [24]. However, 

under chronic inflammatory conditions, and especially in the context of acquired 
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oncogenic signaling, ADM persists and is speculated to be the earliest pre-neoplastic 

precursor of pancreatic adenocarcinoma [41, 42].  

 

Although macrophages have well-described pro-inflammatory function in AP, evidence 

from mouse and human CP indicates that they are primarily transcriptionally skewed to a 

Th2/“M2” phenotype during chronic inflammation [43, 44]. Consistent with this, 

crosstalk between PSCs and macrophages via the Th2 cytokines IL-4 and IL-13 has been 

identified as a significant axis in the development of tissue fibrosis during CP [43]. While 

their transcriptional programming appears to differ between AP (Th1-like/“M1”) and CP 

(Th2-like/“M2”) and it is unclear precisely how or when this phenotypic shift occurs, 

macrophages clearly foster disease progression in both settings. This is in contrast to 

dendritic cells (DCs), which are reported to have opposing roles in acute versus chronic 

injury. Depletion of DCs during caerulein or L-arginine-induced AP pathogenesis leads 

to extreme exocrine necrosis and host mortality [45], whereas DCs contribute to 

exacerbated inflammation and tissue fibrosis in CP [46]. 

 

Though roles of innate immune cells have been extensively explored in experimental 

models of AP and CP, as summarized above, contributions of adaptive immunity to 

pancreatitis-associated tissue damage and recovery are comparatively less understood. T 

cells are recruited to the pancreas during experimental AP, and interferon (IFN)-g+ Th1 

CD4+ T cells, but not CD8+ T cells, were reported to be positively associated with 

severity of tissue damage [47]. In CP, Th2 CD4+ T cells have been reported to form an 

axis with DCs that is critical for the DC-mediated fibrosis mentioned previously [46]. 
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Apart from these studies, T cell biology in pancreatitis has not been deeply investigated. 

Similarly, the functional significance of B cells in pancreatitis has, until recently, been 

largely overlooked and is the focus of Chapter 4. 

 

Currently, no immune-based therapeutic strategies have been successfully adopted in the 

clinical management of pancreatitis [48]. As experimental models of pancreatitis 

continue to deepen our understanding of immune and other cellular pathways involved in 

disease pathogenesis, tractable therapeutic targets will hopefully emerge. Therapeutic 

means to reverse or delay CP progression would not only improve patient quality of life 

but could also be cancer preventative.  

 
Pancreatic Cancer & Neoplastic Precursors 
 
Many types of tumors can form in the pancreas, and the subtypes range from aggressively 

invasive to indolent [49]. In the endocrine pancreas, pancreatic neuroendocrine tumors 

(PNETs) arise from pancreatic islet cells. More than half of PNET patients present with 

metastasis at time of diagnosis, but tumors are often slow-growing, and survival outcome 

is favorable compared to many other pancreatic malignancies, even with metastatic 

disease [50, 51]. Median overall survival for all PNET cases, including those with distant 

metastases, is estimated at 4.1 years [52].  The majority of pancreatic neoplasms arise in 

the exocrine pancreas. Of these, pancreatic ductal adenocarcinoma (PDAC) is the most 

common and will be the focus of the following sections this chapter, as well as Chapters 

2 and 3. Rarer, morphologically distinct forms of pancreatic adenocarcinoma can also 

develop, such as anaplastic adenocarcinoma and adenosquamous carcinoma, which are 

each particularly aggressive histologic subtypes with median survival rates of 3 months 
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and 7 months, respectively [49]. Other rare types of exocrine tumors include acinar cell 

carcinoma, mucinous noncystic carcinoma, solid pseudopapillary tumors, and signet ring 

cell carcinoma [49]. Because incidence of these tumors is much lower than PDAC, much 

of the literature describing them consists of individual case studies or reports of small 

patient cohorts treated at a given medical center, and robust statistics on disease 

prognosis for some of these tumor types are unavailable.  

 

In addition, two categories of neoplastic lesions have been identified as predominant 

precursors to pancreatic adenocarcinomas: intraductal papillary mucinous neoplasm 

(IPMN) and pancreatic intraepithelial neoplasia (PanIN) [53]. IPMNs are macroscopic 

cysts located in the main pancreatic duct or its major branches [54]. IPMNs are 

associated with invasive carcinoma in approximately one third of cases, and surgical 

resection is recommended if the lesion(s) are located in the main pancreatic duct or are > 

3 cm as measured by radiographing imaging [54]. Approximately 10% of PDACs are 

estimated to arise from IPMN, but cellular and molecular features of progression from 

IPMN to invasive adenocarcinoma are not completely understood [55].  

 

PanINs the most common precursor associated with PDAC.  It is estimated that 

approximately 20% or more of all individuals over 65 years old likely have low-grade 

PanINs [54]. PanIN frequency and grade increase in individuals with chronic pancreatitis 

and PDAC compared to controls without pancreatic disease [53]. PanINs are graded from 

lowest to highest degree of dysplasia, and even the earliest grade PanINs are associated 

with genomic alterations common to PDACs [53], as will be discussed in further detail in 
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a later section. PanINs are frequently located in close proximity to tissue areas containing 

ADM, leading to the hypothesis that de-differentiated acini represent the first step in 

PanIN development and, by extension, that acini are a cell of origin of PDAC [53]. This 

concept has been supported by studies using transgenic mouse models of PanIN and 

PDAC development wherein acinar to ductal conversion was demonstrated to be a much 

more frequent origin of PanIN than normal pancreatic ductal cells [56].  

 

Pancreatic Ductal Adenocarcinoma – An Overview 
 
Epidemiology, Disease Etiology, and Clinical Presentation 

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related 

mortality in the United States [57]. The median overall five-year survival rate for PDAC 

is only 9% [58], which is in part due to late clinical presentation and poor response to 

standard-of-care cytotoxic therapies. Common risk factors for PDAC include smoking, 

alcohol use, and obesity [59], but there are currently no biomarkers to identify individuals 

out of the general population who are most likely to develop PDAC.  In addition to 

lifestyle and environmentally-associated risk factors, familial history of pancreatic 

cancer, certain genetic syndromes, and chronic pancreatitis are each associated with 

significantly elevated risk of PDAC [59].  

 

Surgical resection remains the only potentially curative treatment for PDAC; however, 

only 15-20% of patients are eligible for surgery at time of diagnosis, whereas the 

majority of patients instead present with locally advanced disease involving major 

vascular and/or distant metastasis that typically precludes surgical intervention [60]. Even 
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when surgery is possible, disease recurrence rate for PDAC exceeds 80% [61]. Recent 

studies in genetically engineered mouse models (GEMMs) of PDAC have revealed that 

systemic dissemination of tumor cells likely occurs very early in the course of 

tumorigenesis [62], leading to occult metastases that become clinically detectable after 

removal of primary tumors and thereby limit the overall efficacy of surgery.  

 

Because the majority of PDAC patients present with late-stage disease, there is now 

significant effort directed towards development of diagnostic assays to for early detection 

that could lead to improved patient outcomes. Germline genetic testing is now 

recommended for pancreatic cancer patients in order to prospectively identify first- and 

second-degree relatives who may benefit from screening, and surveillance trials have 

demonstrated the success of this approach [63, 64]. A subset of chronic pancreatitis 

patients that have a hereditary form of the disease may also benefit from regular cancer 

surveillance [65]. However, these high-risk groups with clear genetic predispositions for 

PDAC represent a relatively rare subset of all PDAC cases, and until biomarkers are 

discovered that enable specific and effective screening for the general population, 

improving patient outcome after PDAC diagnosis is essential.  

 

Standard Therapeutic Approaches 

 
For decades, standard-of-care treatment for PDAC has been single-agent or combination 

chemotherapy. Gemcitabine has long been a chemotherapeutic agent of choice, given its 

relatively low toxicity profile, ability to improve patient performance status, and modest 

extension of median survival time [66]. In advanced-stage disease, combining 
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gemcitabine with nab-paclitaxel has shown therapeutic efficacy greater than gemcitabine 

alone while still maintaining low toxicity, and is currently a front-line treatment option 

[67]. FOLFIRINOX – a combination of leucovorin, fluorouracil, irinotecan, and 

oxaliplatin – also confers greater median survival than gemcitabine monotherapy as 

front-line treatment in the metastatic setting and as adjuvant treatment for early-stage 

disease following tumor resection [68, 69]. However, this regimen results in considerably 

elevated toxicity that is not well-tolerated by all patients.  Gemcitabine/capecitabine 

combination therapy is the current suggested alternative for patients with low 

performance status [70], and efficacy of gemcitabine/nab-paclitaxel compared to 

gemcitabine monotherapy is also being evaluated in the adjuvant setting (APACT trial, 

NCT01964430). 

 

Neoadjuvant therapy is also gaining traction in PDAC, as it could improve rates of 

surgical margin negative (R0) resections and also provides an opportunity to convert 

locally advanced and borderline resectable disease into cases eligible for surgery [61, 63]. 

Moreover, a neoadjuvant approach ensures that patients receive some chemotherapy, as 

not all individuals have post-operative performance status high enough to make adjuvant 

treatment feasible. Either FOLFIRINOX or gemcitabine/nab-paclitaxel regimens are 

favored for neoadjuvant treatment, sometimes in combination with radiotherapy [71].  

 

Importantly, even the most robust standard-of-care options fall short of delivering long-

term benefit to most PDAC patients. FOLFIRNOX therapy results in a median overall 

survival of just 11.1 months in the metastatic setting and 54.1 months in the adjuvant 
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setting, whereas progression-free and metastasis-free survival intervals are considerably 

shorter  [68, 69]. Although therapeutic outcomes have advanced considerably within the 

past ten years, improved combination treatments that yield more durable response rates 

are urgently needed.  

 

Molecular Features of PDAC 

PDACs generally harbor low relative mutational burden compared to many other solid 

tumors [72], but somatic alterations in four major driver genes – KRAS, TP53, CDKN2A, 

and SMAD4 – are common and are acquired in a step-wise manner during neoplastic 

progression [73] (Figure 1.1) . Activating mutations in KRAS occur earliest during 

neoplastic progression (low grade PanIN-I) and are found in nearly all (90-100%) of 

PDACs [73, 74]. Inactivation of the tumor suppressor CDKN2A also occurs early during 

progression of pre-invasive neoplasia and is found in more than 80% PDACs [75]. 

Inactivation of TP53 (50-70% of cases) and SMAD4 (approximately 50% of cases) occur 

relatively late in neoplastic progression (high grade PanIN-3) [75]. Alterations in these 

four genes are independently and combinatorially associated with worse disease-free 

and/or overall-survival, with a higher number of these alterations associated with 

significantly poorer outcome [76, 77]. 
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Figure 1.1 Morphological and genetic progression model of pancreatic carcinogenesis. Histological 
examples of a normal pancreatic duct, pancreatic intraepithelial neoplasia (PanIN) and pancreatic cancer are 
shown. Based on this progression model, the molecular alterations that accumulate during pancreatic 
carcinogenesis can be classified into early (telomere shortening and activating mutations in KRAS2), 
intermediate (inactivating mutations or epigenetic silencing of p16/CDKN2A) and late (inactivating 
mutations of TP53 and SMAD4) events. Figure originally appeared in Iacobuzio-Donahue, Gut 2012 [73], 
and is reprinted with permission from the publisher. 

 

One challenging aspect of moving PDAC treatment beyond cytotoxic chemotherapy is 

that, unlike in some other tumor types, the genomic alterations most common in this 

disease are not direct therapeutic targets. Several genomic and transcriptomic profiling 

studies of PDAC have been performed in recent years with the goal of identifying 

molecular subtypes that might be leveraged therapeutically to help stratify patient risk 

and rationally guide enrollment in clinical trials [78-83]. PDACs are reported to contain 

an average of 60 genomic alterations, though low prevalence of these various alterations 

across patient population complicates broad translation of particular targeted therapies 

and instead requires precision-based medicine approaches [80, 84]. Recent DNA 

sequencing of a cohort of 600+ PDACs revealed that roughly 25% of tumors had highly 

actionable mutations for which FDA-approved targeted therapies exist [82]. Notably, in a 

small subset of these patients who received therapy matched to their identified actionable 
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mutation, progression-free survival was significantly increased as compared to patients 

who did not received therapies tailored to their tumor mutations [82]. This underscores 

the clinical potential for targeted therapies in PDAC, at least in a subpopulation of 

patients.  

 
Therapeutic Targeting of Non-Immune Components of the PDAC Tumor 

Microenvironment 

It is now widely appreciated that neoplastic cells are but one part of the equation in tumor 

progression and that the complex network of cancer-associated fibroblasts (CAFs), 

vasculature endothelial cells, lymphatic endothelial cells, and leukocytes that make up the 

surrounding tumor microenvironment (TME) are also essential players in tumor biology 

– especially with regard to how we conceive of and approach cancer therapy. Therapies 

directed at various constituents of the PDAC TME have been and continue to be 

evaluated in preclinical and clinical settings, often in combination with chemotherapy 

[85], although none have made significant clinical traction to this point.   

 
Targeting Tumor Angiogenesis 
 
Induction of tumor neoangiogenesis is a hallmark of cancer, as blood vasculature serves 

the critical functions of providing oxygen and nutrient supplies to growing tumors and 

facilitating tumor invasion [86]. Anti-angiogenic therapies targeting vascular endothelial 

growth factor (VEGF) and VEGF receptor (VEGFR) are approved for colorectal cancer, 

non-small cell lung cancer, renal cell carcinoma, pancreatic neuroendocrine tumors, and 

others [87], but these approaches have not demonstrated improved outcomes in PDAC in 

any of the clinical trials conducted to date. Phase III clinical trials evaluating 
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combinations of bevacizumab (a VEGF-A inhibitor) or axitinib (a VEGFR inhibitor) in 

combination with gemcitabine as frontline therapy for metastatic or locally advanced 

PDAC showed no benefit as compared to gemcitabine monotherapy [88, 89]. 

Additionally, the multi-target inhibitor sorafenib – which targets VEGFR, platelet-

derived growth factor receptor (PGDFR) and rapidly accelerated fibrosarcoma (RAF) 

family kinases – did not improve progression-free or overall survival when combined 

with gemcitabine, despite the hope that it might have enhanced effects through impacting 

not only tumor angiogenesis but also signaling downstream of oncogenic KRAS [90]. In 

light of these clinical results, angiogenesis is not currently thought to be a particularly 

tractable target for further therapeutic investigation in PDAC. 

 
Targeting Desmoplastic Stroma 
 
A prominent feature of the PDAC TME is dense desmoplasia surrounding the neoplastic 

epithelium. This fibroinflammatory stroma is comprised of ECM, including collagens and 

hyaluronan, secreted by activated PSCs, which are the primary CAFs in the PDAC TME 

[91]. Dense fibrosis in PDAC increases interstitial pressure within the tumor and 

consequently compresses tumor vasculature and limits optimal drug perfusion [92, 93]. 

CAFs are also known paracrine regulators of tumor cell proliferation, angiogenesis, 

immune suppression, and tumor cell invasion [86]. Moreover, high levels of ECM 

components in human PDAC have been associated with poor survival [94]. Therefore, 

therapeutically targeting CAFs or other constituents of the fibrotic stroma has been of 

interest over the past several years. However, preclinical and clinical strategies tested 

thus far with the intention of reducing fibrosis have had mixed results.  
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Pancreas-specific deletion of aSMA+ fibroblasts at various stages of PDAC development 

was reported to associate with development of more poorly differentiated tumors, 

increased abundance of intratumoral T regulatory cells (Tregs), and reduced survival 

[95]. Similarly, genomic ablation or therapeutic inhibition of Hedgehog signaling, which 

is active in myofibroblasts, resulted in reduced desmoplasia but also in increased tumor 

cell proliferation, increased tumor vascularity, and significantly reduced survival [96]. 

Collectively, these findings indicate that stroma can in fact restrict tumor progression 

rather than promote it. On the other hand, studies depleting fibroblast activation protein 

(FAP)+ aSMA- CAFs showed enhanced CD8+ T cell recruitment to tumors and slowed 

tumor growth [97]. In addition, others have reported that reprogramming CAFs via 

modulation of Vitamin D receptor signaling potently reduces tumor fibrosis and leads to 

improved chemotherapy response and extended survival [98]. These discordant effects of 

CAF modulation are likely due at least in part to the newly recognized phenotypic and 

functional heterogeneity of pancreatic CAFs that may differentially exert pro- or anti-

tumoral effects [99, 100]. 

 

Much remains to be learned about CAF subtypes and CAF-targeted therapies in PDAC. 

As of now, one of the more successful approaches to modulate tumor stroma has been 

enzymatic depletion of hyaluronan. Preclinical administration of PEGylated recombinant 

hyaluronidase (PEGPH20) in KPC mice led to substantial stromal remodeling and 

decreased primary tumor growth and metastatic incidence [93]. A randomized phase II 

human clinical trial evaluating PEGPH20 in combination with gemcitabine/nab-paclitaxel 

versus gemcitabine/nab-paclitaxel alone in metastatic PDAC demonstrated modestly 
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improved progression-free survival (PFS), particularly in tumors with high levels of 

hyaluronan, but no overall survival benefit [101].  A phase III trial of PEGPH20 plus 

gemcitabine/nab-paclitaxel is currently ongoing in metastatic PDAs that have been pre-

determined to express high levels of hyaluronan (ClinicalTrials.gov identifier: 

NCT02715804).  If successful, this therapeutic combination will represent a milestone for 

implementation of a TME-directed therapy with standard of care chemotherapy in PDAC 

treatment. 

Immunotherapy and the Immune Landscape of Pancreatic Cancer   
 
Within the past decade, immunotherapy has revolutionized cancer treatment by 

improving outcomes of patients whose tumors are unresponsive or acquire resistance to 

standard-of-care chemo- and radiotherapies. Immune checkpoint blockade, chimeric 

antigen receptor (CAR) T cell therapy, vaccines against tumor neoantigens, and myeloid-

targeted therapies represent several immune-oncology approaches that have demonstrated 

efficacy in the treatment of a variety of solid tumors [102, 103]. A major clinical goal for 

immunotherapy is to develop diagnostic and intervention strategies that will minimize 

therapeutic resistance and maximize durable therapeutic efficacy. Given the limited 

responsiveness to standard-of-care chemotherapies in almost all PDAC patients, 

considerable effort is now being put forth to identify immunotherapeutic strategies that 

could benefit those with this disease. 

 

Although immunotherapy has become a cornerstone of cancer treatment in many 

malignancies, still only a fraction of all patients exhibit responses, and success of 

immunotherapeutic approaches in PDAC are still elusive [104]. PDAC is thought to be 
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particularly challenging due to its highly immunosuppressive TME [105]. PDACs, like 

most solid tumors, have co-opted tissue defense programs of the host immune system 

through recruitment of diverse leukocytes into the neoplastic environment that engage in 

tumor-promotional Th2-skewed immune functions. Through chemokine and cytokine 

secretion, Th2 immune programming supports tumor cell survival, angiogenesis, tissue 

remodeling, and fibrosis within the TME [106]. A common mechanism of tumor escape 

from immune surveillance is chronic activation of these Th2 responses, which is often 

characterized by myeloid recruitment and suppression of CD8+ cytotoxic T lymphocytes 

(CTLs).  

 

Tumor associated macrophages (TAMs) comprise a substantial portion of the immune 

milieu in PDACs [107] and contribute to T cell immunosuppression via multiple direct 

and indirect mechanisms [103]. Tumor-infiltrating neutrophils are also associated with 

poor prognosis and impairment of T cell responses [108]. Preclinical studies have made 

promising strides in identifying therapeutic strategies to counteract immunosuppressive 

myeloid cells. Inhibition of the colony-stimulating factor 1 (CSF1)/colony-stimulating 

factor receptor (CSF1R) with a CSF1 neutralizing antibody reprogrammed TAMs toward 

a more inflammatory phenotype, induced infiltration of T cells into PDAC tumors, and 

sensitized tumors to checkpoint inhibitors [109]. In addition, blocking 

monocyte/macrophage and neutrophil trafficking to tumors via inhibition of myeloid 

chemokine receptors CCR2 and CXCR2 also revealed enhanced T cell infiltration into 

tumors and improved T cell effector functionality [108, 110]. Clinical trials evaluating 

these therapeutic strategies in human PDAC are currently underway [104]. 
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The Coussens laboratory and others have also recently identified tumor supportive 

functions of B cells in preclinical murine models of PDAC [111-113]. B cells regulate 

immunosuppressive programming of the PDAC TME via direct secretion of 

immunosuppressive cytokines and through humoral immunity [111, 112]. We 

demonstrated that B cell-derived immunoglobulins (Igs) interact with Fcg receptors on 

TAMs, resulting in macrophage polarization to a Th2-like immunosuppressive phenotype 

associated with increased tissue fibrosis and impaired T cell effector function [111]. 

Therapeutic blockade of Bruton’s tyrosine kinase (BTK), a kinase downstream of the B 

cell receptor and Fcg receptor, induced B cell depletion, Th1-like macrophage 

reprogramming, enhanced CD8+ T cell function, and reduced tumor growth [111]. BTK 

inhibitors are clinically approved for other disease indications, and results from our 

preclinical studies prompted clinical evaluation of the BTK inhibitor ibrutinib in PDAC, 

which is currently ongoing. Alternate therapeutic strategies for targeting B cells in the 

PDAC TME are the topic of Chapter 3.  

 

T cell and antigen presenting cell (APC) agonists also show promise in improving 

antitumor immune responses in PDAC. Agonism of the CD40-CD40L signaling pathway 

licenses APCs, thereby promoting more effective antigen presentation to T cells, which in 

turn leads to T cell activation [105]. CD40 agonists used in combination with 

gemcitabine and nab-paclitaxel induced productive antitumor T cell responses and 

sensitized tumors to checkpoint inhibition in preclinical models [104, 114].  
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The therapies described above represent only a few of many examples of 

immunotherapies currently under investigation for PDAC. And while early preclinical 

and clinical results of these therapies are encouraging for a disease that urgently needs 

better treatments, more challenges are ahead with regard to identifying which subset(s) of 

patients are most likely to respond to particular immune-oncology agents. We recently 

identified mechanisms by which tumor intrinsic features give rise to extensive tumor 

immune heterogeneity [115]. Orthotopic implantation of isogenic tumor subclones 

derived from a genetically engineered mouse model of PDAC resulted in a spectrum of 

heterogeneous tumors that could be classified based on CD8+ T cell density. T cell high 

tumors exhibited reduced relative density of immunosuppressive myeloid cells and were 

sensitive to combined chemotherapy, aCD40, and checkpoint inhibition. In contrast, T 

cell low tumors were more heavily infiltrated by TAMs and neutrophils and were 

resistant to therapy [115]. Similar immune subtypes have been observed in human 

PDACs [116, 117] and have prognostic significance. Our recent evaluation of a small 

cohort of human PDAC resection specimens following treatment with a neoadjuvant 

tumor vaccine revealed a subgroup of patients that had densely myeloid inflamed tumors 

that were associated with shorter overall survival as compared to tumors with lower 

myeloid density [116]. Tumors with low myeloid infiltration, on the other hand, had 

higher densities of lymphocytes and had improved survival outcome [116]. These 

discoveries highlight the significance of immune heterogeneity and prompt further 

evaluation of immune complexity in human PDAC. A more nuanced understanding of 

immune heterogeneity will help stratify patients for immunotherapeutic combinations 

that are most likely to benefit their unique tumor landscape.  
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Introduction 
 
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related 

mortality in the United States, and the current 5-year survival rate is only 9% [58]. Most 

patients present with late-stage metastatic disease, and even patients diagnosed at earlier 

stages who qualify for surgical resection have disease recurrence rates exceeding 80% 

[61]. Standard-of-care cytotoxic therapies only minimally extend life expectancy in this 

disease [68, 69], and new therapeutic combinations are urgently needed to improve 

PDAC outcomes.  

 

Immunotherapies have been transformative in the treatment of many solid tumors but 

have yet to make an impact in PDAC [104]. With the exception of a small subset of 

PDAC patients with microsatellite instability (MSI) who respond to checkpoint inhibitors 

[118], no immunotherapeutic agents have been approved for this disease. PDAC presents 

particular hurdles to immunotherapy efficacy by virtue of its poor immunogenicity and 

highly immunosuppressive tumor immune microenvironment (TiME) [107]. A more 

nuanced understanding of immune contexture and heterogeneity of PDAC is needed to 

help stratify patients and inform rational combinations of therapies that may benefit 

individuals with particular tumor immune landscapes.  

 

Much of the current characterization of PDAC heterogeneity relies upon methodologies 

using tissue disaggregates (e.g. DNA/RNA sequencing, flow cytometry). While these 

approaches, particularly molecular subtyping, have recently revealed distinct, 

prognostically significant classes of PDACs based upon mutational and immune 
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signatures [78, 79, 81], spatial context of these tumor microenvironments are largely lost 

in these analyses. This is particularly relevant with regard to immune evaluation, as 

leukocyte spatial dynamics have demonstrated prognostic significance, as evidenced by 

approaches such as Immunoscore used in colon cancer, which takes into account 

densities of cytotoxic T cells at tumor centers and at tumor margins [119].  

 

The recent development of various multiplexed imaging approaches now enables in situ 

phenotyping and spatial characterization of multiple cell populations simultaneously 

[116, 120-122], and such techniques are facilitating significant advances in our 

understanding of immune complexity and spatial organization in PDAC. For example, 

several recent studies have revealed extensive T cell heterogeneity in PDAC and 

demonstrated that localization of CD8+ T cells in tumor centers but not tumor margins is 

prognostically significant [122-124]. However, many of these analyses focus 

predominantly on adaptive immune cells, and robust characterization of myeloid 

complexity and interpatient heterogeneity is often absent. This is particularly relevant in 

light of our recent report demonstrating that PDAC patients who received the 

neoadjuvant tumor vaccine GVAX clustered into low-myeloid inflamed and high-

myeloid inflamed tumors, with high-myeloid inflamed tumors exhibiting greater T cell 

immunosuppression and shorter overall patient survival. [116]. Expanded studies such as 

these are warranted to more holistically evaluate treatment-naïve and neoadjuvant-treated 

tumors. 
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To address this need, we employed a chromogen-based multiplexed 

immunohistochemistry (mIHC) platform capable of deeply auditing large areas of tissue 

to build a comprehensive atlas of 117 clinically- and genomically-annotated human 

PDAC surgical resections from a multi-institutional patient population. Through mIHC 

profiling of lymphocyte and myeloid immune lineages in tumor, tumor adjacent stroma, 

immune aggregates, and adjacent normal pancreas tissue, we revealed substantial 

intrapatient and interpatient tumor immune heterogeneity. We identify three distinct 

clusters of treatment-naïve cases that have potential to serve as a baseline to inform 

patient stratification for immunotherapies.  In addition, we demonstrate associations 

between immune contexture and mutational status, which has further implication for 

patient stratification.  
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Methods 

Multiplexed Immunohistochemistry (mIHC) and Image Acquisition 

Human PDAC surgical resection specimens were obtained with informed consent in 

accordance with the Declaration of Helsinki and acquired with approval from the 

institutional review board at Dana-Farber Cancer Institute/Brigham and Women’s Cancer 

Center and the Oregon Pancreas Tissue Registry under Oregon Health & Science 

University (OHSU) IRB protocol #3609. Healthy normal pancreas was acquired through 

organ transplant programs at University of California San Francisco and OHSU. Tissues 

were fixed with 10% neutral buffered formalin, dehydrated in ethanol, and embedded 

with paraffin using standard protocols. Multiplexed IHC was performed on 5 µm FFPE 

sections as we have previously described [116, 125, 126]. Briefly, slides were 

deparaffinized and stained with hematoxylin (S3301, Dako, Santa Clara, CA), followed 

by digital whole-slide scanning at 20X magnification on an Aperio AT2 scanner (Leica 

Biosystems, Wetzlar, Germany). Tissues then underwent 20 minutes heat-mediated 

antigen retrieval in pH 6.0 Citra solution (BioGenex, Fremont, CA), followed by 

endogenous peroxidase blocking in either 0.6% H2O2 for 20 minutes or Dako Dual 

Endogenous Enzyme Block (S2003, Dako, Santa Clara, CA) for 10 minutes. Protein 

blocking was performed for 10 minutes with 5% normal goat serum and 2.5% BSA in 

PBS. Primary antibody incubation was carried out for 30 to 60 minutes at room 

temperature or overnight at 4°C; antibodies and staining conditions are listed in 

Supplemental Table 2.1. Slides were then washed in TBST and either anti-rat, anti-

mouse, or anti-rabbit Histofine Simple Stain MAX PO horseradish peroxidase (HRP)- 

conjugated polymer (Nichirei Biosciences, Tokyo, Japan) was applied for 30 minutes at 
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room temperature, followed by signal detection with AEC chromogen (Vector 

Laboratories, Burlingame, CA). Slides were digitally scanned following each chromogen 

development, followed by chromogen removal in 100% ethanol. For staining cycles with 

two rounds of antibody development, protein blocking was repeated after chromogen 

removal, and tissue sections were taken through all steps listed above from primary 

antibody application through chromogen development and slide scanning. At the 

completion of a staining cycle, chromogen was removed in 100% ethanol and the next 

cycle was started at the heat-mediated antigen retrieval step, in order to remove all 

antibodies from the previous cycle.  

 

Tissue Annotation and Region of Interest (ROI) Selection 

Whole-slide digitally scanned images for each case were reviewed by a pathologist 

(S.H.), and tumor-enriched tissue regions were digitally annotated. Areas of necrosis 

were excluded. Tumor annotations in combination with CD45 IHC staining were used to 

select immune-infiltrated ROIs distributed throughout the tissue. Tumor-enriched (T) 

ROIs within pathology annotations were evaluated for each case (117/117 cases [100%], 

1-4 ROIs per case, average 21.3 mm2 total area analyzed per slide), based on tissue size. 

The following types of intra- or extratumoral regions were also analyzed in all cases in 

which they were present: tumor adjacent stroma (TAS) outside of tumor annotations 

(94/117 cases [80%], 1-2 ROIs per case, average 8.78 mm2 total area analyzed per slide); 

tumor adjacent normal pancreas (AN) outside of tumor annotations (41/117 cases [35%], 

1-2 ROIs per case, average 3.30 mm2 total area analyzed per slide), lymphocyte-dense 

immune aggregates (IA) within or outside of tumor annotations (68/117 [58%], 1-6 ROIs 
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per case, average 0.72 mm2 total area analyzed per slide). For healthy normal pancreas 

(HN), 3 ROIs were evaluated per case (average 11.09 mm2 total area analyzed per slide). 

Three serial formalin-fixed paraffin embedded (FFPE) tissue sections per PDAC case 

were used for staining of Lymphoid, Myeloid, and Functional mIHC biomarker panels. 

ROI number, size, and placement were maintained across serial sections from the same 

sample. Proximity of TAS, AN, and IA regions to nearest tumor annotation were 

classified as follows: Border, 75% or more of ROI area is £ 1 mm from tumor annotation; 

Spanning, 50% of ROI area is £ 1.0 mm of nearest annotation and 50% of area is > 1.0 

mm from annotation; Distal, 75% or more of ROI area is > 1.0 mm from nearest tumor 

annotation. A summary of ROIs evaluated from each of these spatial categories can be 

found in Supplemental Table 2.4. To calculate cell densities of immune populations in 

an individual patient within particular tissue compartments (e.g. tumor), cell counts for a 

given cell type (e.g. CD8+ T cells) from each ROI were added to get total cell count, and 

areas of each ROI were also added. Cumulative density was then calculated with the 

following equation: total cell number / total area = cumulative cell density in mm2. 

 

Image Processing and Analysis 

Image co-registration and processing was performed using methods adapted from our 

previously described image processing workflow [116, 125]. Selected ROIs from each 

RGB marker image were registered to the hematoxylin stained RGB image using the 

detectSURFfeatures algorithm in the Computer Vision Toolbox in Matlab version 

R2018b (The MathWorks, Inc., Natick, MA) to identify matching keypoints in the blue 

or red channel of the hematoxylin image with keypoints in the blue channel of the AEC 
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stained image. Using estimateGeometricTransform in the Computer Vision Toolbox, a 

geometric transformation was estimated using similarity that was applied to all channels 

of the AEC stained image. This process was used to register each marker-stained image 

region to the same region of the hematoxylin-stained image. This approach is a linear 

transformation that does not address small local, uneven deformations, however, only 

regions that were well-registered were included for downstream analysis.  

Image processing, cell quantification, and image cytometry were performed using FIJI 

(FIJI Is Just ImageJ) [127], CellProfiler Version 3.5.1 [128], and FCS Express 6 Image 

Cytometry RUO (De Novo Software, Glendale, CA), respectively. AEC signal was 

extracted for quantification and visualization in FIJI using a custom macro for color 

deconvolution. Briefly, the FIJI plugin Color_Deconvolution [H AEC] was used to 

separate hematoxylin, followed by postprocessing steps for signal cleaning and 

background elimination. AEC signal was extracted in FIJI with the NIH plugin 

RGB_to_CMYK. Color deconvoluted images were rescaled and processed in Cell 

Profiler to quantify single cell mean intensity signal measurements for every stain. The 

Cell Profiler pipeline rescaled intensity of each image by dividing by the max intensity of 

each image, resulting in an intensity range of 0-1. The binary segmentation mask 

produced in FIJI was used to identify nuclei with the IdentifyPrimaryObjects module, and 

mean intensity for each object for every marker was measured using the 

MeasureObjectIntensity module. The resulting data is a csv containing the mean intensity 

of every cell for each marker that is subsequently used in image cytometry single cell 

gating. Cells were hierarchically identified and quantified by image cytometry in FCS 

Express. Hierarchical cell classifications and image cytometry gating strategies are 
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shown in Supplemental Table 2.2 and Supplemental Figures 2.1-2.3. For mIHC 

visualization, signal-extracted images were overlaid in pseudo-color in FIJI.  

 

Molecular Status Determination 

For a subset of cases included within both cohorts, molecular status of KRAS, TP53, 

CDKN2A, and SMAD4 was also determined by using integrated DNA sequencing and 

IHC approaches. Tumors from the Dana-Farber cohort underwent pyrosequencing for 

KRAS hotspot mutations, NGS sequencing using a custom massively parallel sequencing 

panel, and standard IHC as previously described in detail [76]. Briefly, for the Dana-

Farber cohort, KRAS mutant versus wild-type status was determined based on sequencing 

results. For TP53, NGS data and IHC staining were used to make integrated 

determinations of gene status. CDKN2A and SMAD4 were classified as intact (positive) 

or lost (negative) based on IHC [76]. For OHSU samples, DNA was extracted from FFPE 

tissue sections, and KRAS, TP53, and CDK2NA alterations were identified through DNA 

sequencing with either the 595 gene Tempus xT targeted cancer genome sequencing 

panel (Tempus, Chicago, IL) or the clinical 124 gene GeneTrails Comprehensive Solid 

Tumor Panel (Knight Diagnostics Laboratories, OHSU). SMAD4 was classified as 

positive or negative based on IHC staining. 5 µm FFPE tissue sections were 

deparaffinized and subjected to 20 minutes heat-mediated antigen retrieval in pH 6.0 

Citra solution (BioGenex), followed by 10 minutes endogenous peroxidase blocking in 

Dako Dual Endogenous Enzyme Block (Dako) and 10 minutes protein blocking with 5% 

normal goat serum and 2.5% BSA in PBS. Smad4 primary antibody incubation was 

carried out overnight at 4°C (clone B-8, #sc-7966, 1:50; Santa Cruz Biotechnology, 
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Dallas, TX). Slides were washed and then incubated in secondary antibody (biotinylated 

anti-mouse IgG, #BA-9200, 1:200; Vector Laboratories, Burlingame, CA) for 30 minutes 

at room temperature, followed by ABC Elite horseradish peroxidase-conjugated avidin 

complex (Vector Laboratories) for 30 minutes at room temperature. Signal was 

developed with 3,3’-diaminobenzidine (Dako) and tissues were counterstained with 

hematoxylin. Slides were reviewed by three pathologists (J.A.N, A.D.C., and S.A.V.) 

who jointly assigned Smad4 classification as previously reported [76]. 

 

Outcome Measures 

Disease-free survival (DFS) was defined as time between date of surgery and date of 

disease recurrence. Cases with gross residual disease (R2 margin status) following 

surgery and cases with unknown date of disease recurrence were excluded from DFS 

analysis. Overall survival (OS) was defined as time between date of surgical resection 

and date of death from any cause or date of last clinical contact. For neoadjuvant cases, 

OS was defined as time from start date of neoadjuvant therapy to date of death from any 

cause or last clinical contact.  

 

Statistical Analysis§ 

Comparison of two groups was performed using an unpaired, two-tailed Mann-Whitney 

U test, and comparisons of more than two groups was performed using the Kruskal-

Wallis test. Select associations were measured using the Fisher exact test for categorical 

variables and Wilcoxon rank-sum test for continuous variables. Correlations between 
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continuous variables were measured using Spearman rank correlation. For outcomes 

analyses (DFS and OS), Kaplan-Meier curves were generated and survival differences 

were measured using Mantel-Cox log-rank test. Specific statistical tests used are 

indicated in figure legends.  * p £ 0.05, ** p £ 0.01, *** p £ 0.001. 

 

§ For the final manuscript, additional statistical analyses will be incorporated that are 

currently in progress in collaboration with the OHSU Knight Cancer Institute 

Biostatistics Shared Resource.  
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Results 
 
Density of immune infiltrate is highly variable in human PDAC  

To profile the immune landscape of PDAC, we used an established mIHC platform [116, 

125, 126] to evaluate a multi-institutional cohort of treatment-naïve (n = 104) and 

physician’s choice neoadjuvant-treated (n = 13) surgically-resected PDACs. Clinical 

characteristics of patients are shown in Table 2.1 and Table 2.2. Three serial FFPE 

sections from each patient were stained with mIHC antibody panels designed to detect 

and quantify lymphocyte and myeloid lineages, as well as lymphocyte functional 

biomarkers (Supplemental Tables 2.1 and 2.2). To compare leukocyte identity and 

density across histologically distinct areas in resected tissue, we analyzed intratumoral 

regions in all patient samples, and analyzed tumor adjacent stroma and tumor adjacent 

normal pancreas in all cases in which they were present (Figure 2.1A). Dense lymphoid-

rich immune aggregates consistent with tertiary lymphoid structures were observed in 

58% of cases and were also analyzed when present (Figure 2.1A).  
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Table 2.1 Baseline characteristics of 104 treatment-naïve patients with resected pancreatic 
adenocarcinoma 

Table continued on next page 

 Total OHSU DFCI P* 
Number of subjects 104 46 58  
Women, n (%) 57 (55%) 24 (52%) 33 (57%) 0.69 

Age in years, median (Q1, Q3) 64.0 (56.0, 
71.5) 

63.5 (58.0, 
71.0) 

64.5 (54.0, 
72.0) 0.97 

Tumor location, n (%)     
  Head/Uncinate 77 (74%) 36 (78%) 41 (71%) <0.001 
  Body/Tail 21 (20%) 4 (9%) 17 (29%)  
  Other/Unknown 6 (6%) 6 (13%) -  
Tumor size in cm, median (Q1, Q3)** 3.0 (2.5, 4.0) 3.4 (2.5, 4.5) 3.0 (2.5, 3.5) 0.23 
AJCC 8th ed. pT stage, n (%)     
  T1 11 (11%) 7 (15%) 4 (8%) 0.06 
  T2 62 (63%) 23 (50%) 39 (75%)  
  T3 23 (24%) 15 (33%) 8 (15%)  
  T4 2 (2%) 1 (2%) 1 (2%)  
  Tx (cannot be assessed)  6 - 6  
AJCC 8th ed. pN stage, n (%)     
  N0 28 (27%) 12 (26%) 16 (27%) 0.64 
  N1 38 (36.5%) 15 (33%) 23 (40%)  
  N2 38 (36.5%) 19 (41%) 19 (33%)  
Tumor differentiation, n (%)     
  Well/Moderately differentiated 53 (52%) 23 (51%) 30 (54%) 0.84 
  Poorly differentiated/Undifferentiated 48 (48%) 22 (49%) 26 (46%)  
  Unknown 3 1 2  
Resection margin status, n (%)     
  R0 61 (59%) 38 (83%) 23 (40%) <0.001 
  R1 40 (38%) 5 (11%) 35 (60%)  
  R2 3 (3%) 3 (6%) -  
Lymphovascular invasion, n (%)     
  Negative 34 (43%) 7 (28%) 27 (50%) 0.09 
  Positive 45 (57%) 18 (72%) 27 (50%)  
  Unknown 25 21 4  
Perineural invasion, n (%)     
  Negative 12 (12%) 3 (7%) 9 (16%) 0.22 
  Positive 90 (88%) 42 (93%) 48 (84%)  
  Unknown 2 1 1  
Adjuvant treatment, n (%)     
  None 12 (11%) 5 (11%) 7 (12%) 0.50 
  Chemotherapy only 32 (31%) 17 (37%) 15 (26%)  
  Radiation or chemoradiation only 10 (10%) 4 (9%) 6 (10%)  
  Chemoradiation and chemotherapy 42 (40%) 15 (32%) 27 (47%)  
  Other/Unknown 8 (8%) 5 (11%) 3 (5%)  
SMAD4, n (%)    0.11 
  Lost 56 (54%) 29 (63%) 27 (47%)  
  Intact 48 (46%) 17 (37%) 31 (53%)  
KRAS, n (%)    0.18 
  Wild-type 6 (8%) 0 6 (10%)  
  Mutant 74 (92%) 22 (100%) 52 (90%)  
  Unknown 24 24 0  
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Table 2.1 continued 

Abbreviations: Q1, 25th percentile; Q3, 75th percentile; AJCC, American Joint Committee on Cancer. * P 
value for Fisher’s exact test for categorical variables and Wilcoxon rank-sum test for continuous variables. 
**Among 98/104 patients with available tumor size data 
 
 
Table 2.2 Baseline characteristics of 13 neoadjuvant patients with resected pancreatic adenocarcinoma 

Table continued on next page 
  

 Total OHSU DFCI P* 
TP53, n (%)    0.19 
  Wild-type 28 (36%) 5 (23%) 23 (41%)  
  Mutant 50 (64%) 17 (77%) 33 (59%)  
  Unknown 26 24 2  
CDKN2A, n (%)    0.44 
  Wild-type 51 (65%) 16 (73%) 35 (62%)  
  Mutant 27 (35%) 6 (27%) 21 (38%)  
  Unknown 26 24 2  

 OHSU 
Number of subjects 13 

Women, n (%) 4 (31%) 
Age in years, median (Q1, Q3) 61.0 (56.0, 69.0) 
Tumor location, n (%)  
  Head/Uncinate 9 (69%) 
  Body/Tail 2 (15%) 
  Other/Unknown 2 (15%) 
Tumor size in cm, median (Q1, Q3)** 3.8 (2.9, 4.4) 

AJCC 8th ed. pT stage, n (%)  
  T1 3 (27%) 
  T2 4 (36%) 
  T3 2 (18%) 
  T4 2 (18%) 
  Tx (cannot be assessed)  2 
AJCC 8th ed. pN stage, n (%)  
  N0 7 (64%) 
  N1 2 (18%) 
  N2 2 (18%) 
  Nx (cannot be assessed) 2 
Tumor differentiation, n (%)  
  Well/Moderately differentiated 4 (31%) 
  Poorly differentiated/Undifferentiated 6 (46%) 
  Unknown 3 (23%) 
Resection margin status, n (%)  
  R0 9 (69%) 
  R1 2 (15%) 
  R2 2 (15%) 
Lymphovascular invasion, n (%)  
  Negative 5 (38%) 
  Positive 1 (1%) 
  Unknown 7 (54%) 
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Table 2.2 continued 
 

Abbreviations: Q1, 25th percentile; Q3, 75th percentile; AJCC, American Joint Committee on Cancer. 
**Among 11/13 patients with available tumor size data 
  

 OHSU 
Perineural invasion, n (%)  
  Negative 0 (0%) 
  Positive 13 (100%) 
  Unknown 0 
Neoadjuvant treatment, n (%)  
  Chemotherapy only 7 (54%) 
  Radiation or chemoradiation only 1 (8%) 
  Chemoradiation and chemotherapy 4 (31%) 
  Other/Unknown 1 (8%) 
Adjuvant treatment, n (%)  
  None 6 (46%) 
  Chemotherapy only 5 (38%) 
  Radiation or chemoradiation only 0 (0%) 
  Chemoradiation and chemotherapy 0 (0%) 
  Other/Unknown 2 (15%) 
SMAD4, n (%)  
  Lost 7 (54%) 
  Intact 6 (46%) 
KRAS, n (%)  
  Wild-type 0 
  Mutant 9 (100%) 
  Unknown 4 
TP53, n (%)  
  Wild-type 3 (33%) 
  Mutant 6 (67%) 
  Unknown 4 
CDKN2A, n (%)  
  Wild-type 8 (89%) 
  Mutant 1 (11%) 
  Unknown 4 
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Intratumoral density of individual leukocyte populations, especially CD8+ T cells, has 

been associated with patient prognosis in PDAC and other malignancies [116, 122, 124, 

129-131].  It is less clear, however, whether amount of total immune infiltrate in PDAC is 

similarly predictive of outcome as compared to evaluating infiltrating leukocyte 

subpopulations. To address this, we calculated cumulative cell density (cells/mm2) of all 

identified leukocyte subpopulations in each ROI type per patient to reflect overall 

leukocyte density per tissue compartment (Figure 2.1B). This evaluation revealed 

extensive heterogeneity in total leukocyte density across patients (Figure 2.1B-C), 

independent of institutional cohort (Supplemental Figure 2.4A). Comparison of tumor, 

tumor adjacent stroma, and adjacent normal pancreas from treatment-naïve cases 

revealed tumor adjacent stroma to have the highest leukocyte density (mean 913 

cells/mm2), followed by tumor (mean 712 cells/mm2) (Figure 2.1B). Adjacent normal 

pancreas had comparatively fewer leukocytes than tumor and tumor adjacent stroma, but 

had notably enhanced overall density and changes in leukocyte composition as compared 

to cancer-free healthy pancreas resected from organ transplant donors (Figure 2.1B, 

Supplemental Figure 2.4B-C). These findings indicate that even ostensibly normal 

pancreas tissue adjacent to tumors is not spared from inflammation within the organ. 

 

Intratumoral leukocyte density was strongly correlated to leukocyte density in tumor 

adjacent stroma in patient-matched samples (Figure 2.1D). However, leukocyte density 

in either compartment was not independently associated with overall survival or other 

evaluated clinical characteristics, including tumor stage and grade, perhaps indicating that 
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immune contexture is instead the critical stratification metric (Figure 2.1E, 

Supplemental Figure 2.4D, Supplemental Table 2.3).  



 39 
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Figure 2.1 Treatment-naïve PDAC tumors and adjacent tissue exhibit heterogeneous leukocyte 
density. (A) Hematoxylin and eosin (H&E) stained PDAC tissue section indicating different tissue regions 
evaluated (top), with corresponding mIHC-stained tissue shown below in pseudocolor with CD45 (pink), 
pan-cytokeratin (green), and DNA (blue). Dotted yellow lines represent pathologist tumor annotations that 
were used to guide region selection. Scale bars equal 100 µm. (B) Total leukocyte density in healthy normal 
pancreas (HN, n = 6 patients), and from tumor adjacent normal pancreas (AN), tumor adjacent stroma (TAS), 
and tumor (T) from treatment-naïve PDAC cases. Data are displayed as mean ± SEM. (C) Total leukocyte 
density in tumor (T, left, orange) juxtaposed to patient-matched tumor adjacent stroma (TAS, right, purple) 
sorted from low to high intratumoral leukocyte density (cells/mm2). (D) Spearman correlation of total 
leukocyte density in matched treatment-naive T and TAS cases (n = 81 patients). (E) Kaplan-Meier analysis 
of treatment-naïve tumors (left) and tumor adjacent stroma (right) stratified by total leukocyte density. 
Tertiles were used as cutoff values for leukocyte density. Statistical significance was determined by log-rank 
test and p £ 0.05 was considered significant. 
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Immune complexity and functional status are similar across distinct histopathological 

regions of PDAC resection specimens  

 
To investigate parameters of leukocyte identity and heterogeneity in PDAC tissue 

sections in the treatment-naïve cohorts, we first determined whether there was evidence 

of preferential skewing toward either myeloid or lymphoid infiltrates in tumor, adjacent 

stroma, and/or adjacent “normal” pancreas, and revealed equivalent infiltration of both 

lineages within region types (Figure 2.2A). For deeper evaluation of immune topography 

(cell composition, functionality, and location), we identified 15 distinct leukocyte 

populations: CD8+ T cells, T helper cells (Th0, Th1, Th2, Th17), regulatory T cells 

(Tregs), CD20+ B cells, CD20- plasmablasts and plasma cells, CD68+ CD163+ and CD68+ 

CD163-  cells (combined monocytes and macrophages), immature and mature dendritic 

cells (DCs), CD66b+ granulocytes (neutrophils and eosinophils), and mast cells 

(Supplemental Table 2.2).  

 

All audited leukocyte populations were present within tumor, adjacent stroma, and 

adjacent normal tissue in varying proportions (Figure 2.2B). Densities of individual 

populations were similar between OHSU and DFCI treatment-naïve cohorts and was 

independent of tumor grade (Supplemental Figure 2.5A-C). Overall, proportional 

densities of individual populations were similar across adjacent normal pancreas, tumor 

adjacent stroma, and tumor, although granulocyte and monocyte/macrophage density was 

lowest in adjacent normal tissue, and CD8+ T cell and CD20+ cell densities were highest 

in adjacent stroma compared to tumor and adjacent normal (Figure 2.2B-C).  



 42 

To understand the differentiation states of leukocyte populations in each 

histopathological region, we assessed CD68+ monocytes/macrophages for their 

expression of CD163, a hemoglobin scavenger receptor that is upregulated in myeloid 

cells with transcriptional programs consistent with Th2 inflammation and 

immunosuppression [132, 133]. CD163+ monocytes/macrophages were slightly more 

abundant than CD163- monocytes/macrophages in all regions, consistent with potential 

immunosuppression (Figure 2.2B). Next, DC maturation status was determined based on 

positive or negative expression of DC-LAMP, a lysosomal glycoprotein involved in 

antigen processing that is almost exclusively expressed by mature DCs [134]. Immature 

(HLA-DP+ DC-LAMP-) DCs were significantly enriched in tumor, stroma, and adjacent 

normal tissue as compared to mature DC-LAMP+ DCs (Figure 2.2B). CD20+ B cell 

densities in all regions were higher than CD20- immunoglobulin (Ig)-producing 

plasmablasts and plasma cells, indicating that the majority of B cells in and adjacent to 

tumor are not engaged in antibody-mediated responses. Within the T cell compartment, 

we delineated differentiation status of CD3- CD8- T cells based on positivity of canonical 

transcription factors (T-bet, GATA-3, RORgt, Foxp3), and found that of these T cell 

populations, Foxp3+ regulatory T cells (Tregs), Th2 helper cells, and Th0 helper cells 

were most abundant in tumor, adjacent stroma, and adjacent normal tissues (Figure 

2.2B). Th0 cells are non-polarized T cells that have not differentiated into Th1, Th2, 

Th17, or Tregs [135]. Notably, the Th0 fraction represented here may include additional 

T cell subpopulations, including innate ab T cells and gd T cells, that could not be 

specifically identified with the biomarkers in our staining panels. Both innate ab and gd 

T cell subpopulations have been reported in human PDAC and were shown in preclinical 
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murine models of PDAC to have CD8+ T cell activating or suppressive function, 

respectively [136, 137]. These studies revealed that gd T cells comprise 40% of all CD3+ 

T cells in human PDAC [137], indicating their likely inclusion in the “Th0” population 

we have detected.  

 

Collectively, our assessment of population densities and differentiation states indicates 

that tumor, adjacent stroma, and adjacent normal regions do not, on the basis of cell type, 

possess distinct immune microenvironments but instead share characteristic features of 

protumoral inflammation. Tumor resection specimens also enabled evaluation of 

lymphocytic immune aggregates, which were present in over half of treatment-naïve 

cases (Figure 2.2B). Other have previously reported lymphoid aggregates in treatment-

naïve and neoadjuvant-treated PDAC resection specimens, where they were found to 

closely resemble lymphoid follicles in secondary lymphoid organs and were correlated 

with improved patient outcome [138, 139]. As anticipated, immune aggregates had the 

highest leukocyte density of all region types we evaluated and were primarily comprised 

of CD20+ B cells and CD3+ T cells. CD8+ T cells and Th0 helper T cells were most 

abundant within the T cell compartment of IAs (mean 1871 cells/mm2 and 1527 

cells/mm2, respectively), and Th1 helper T cells, Th2 helper T cells, and regulatory T 

cells (Tregs) were present at lower relative densities. Mature DCs were also identified in 

IAs, consistent with other reports and indicative of the potential role of IAs as sites of 

intra- or peri-tumoral antigen presentation and T cell priming [138].  
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Given the heterogeneity we observed in total leukocyte density across patients in each of 

the tissue compartments (Figure 2.1B-C), we evaluated correlations between 

subpopulation densities and total leukocyte density to determine if any cell populations 

were preferentially enriched in tumors with highest overall inflammation. CD8+ T cells, 

Th0 T cells, and Tregs had the top three positive correlations with overall leukocyte 

density in tumor and adjacent stroma (Supplemental Figure 2.7A). High CD68+ 

monocyte/macrophage cell density is associated with poor survival outcomes in several 

solid tumor types, and low ratios of CD8+T cells to CD68+ cells are also linked to reduced 

survival [116, 140, 141]. Evaluation of intratumoral CD68+ cells revealed a moderate 

correlation with total leukocyte density and low correlation with CD8+ T cells in the 

treatment naïve cohorts, indicating that CD68+ density remains relatively consistent 

across hypo- and hyper-inflamed tumors and is not strongly associated with CD8+ T cell 

abundance (Supplemental Figure 2.7B-C).  

 

Next, we sought to address degree of intrapatient immune heterogeneity across region 

types. Clinical diagnostics and prospective patient stratification for cancer therapy often 

rely on biopsy tissue from a small area of tumor. Understanding how representative a 

biopsy core may be of the whole tumor immune landscape is therefore clinically relevant. 

A recent report demonstrated high variability in tumor-infiltrating lymphocyte density 

across multiple PDAC biopsies from the same patient [142]. Consistent with this finding, 

we observed a variable degree of intrapatient immune heterogeneity in the subset of cases 

evaluated, with some patients exhibiting strong similarity in immune composition across 

ROIs from the same tissue compartment and others having high discordance between 
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ROIs (Supplemental Figure 2.6). These data affirm that a single ROI may not be 

reliably representative of the entire tissue compartment from which it is captured.  

 

In addition to cellular abundance and population heterogeneity across distinct tissue 

regions, we next asked whether T cell functional status differed regionally, as T cell 

functionality is critically important for biomarker discovery and patient stratification in 

the context of emerging immunotherapies designed to impact T cell responses. We 

assessed frequency of CD3+ CD8- T cells positive for programmed cell death protein 1 

(PD-1) and inducible T cell co-stimulator (ICOS), both indicators of T cell activation, as 

well as the cell proliferation marker Ki67 (Figure 2.2D). We also assessed PD-1 and 

Ki67 positivity on CD3+ CD8+ T cells, as well as granzyme B (Gzmb) to interrogate 

cytolytic capacity (Figure 2.2E). Frequencies of T cells positive for these markers was 

similar across all tissue compartments. Notably, we observed fewer than 10% of CD3+ 

CD8-  cells in any of the tissue compartments that were positive for PD-1 or ICOS, and 

similar frequencies of PD-1 positivity were found in CD3+ CD8+ T cells (Figure 2.2D-

E), indicating that the majority of T cells in and surrounding the tumor were potentially 

antigen inexperienced or had not been recently activated [143]. This was supported by 

equally low percentages of Ki67+ proliferative T cells or CD8+ T cells positive for 

granzyme B (Figure 2.2E). Further assessment of dual expression of PD-1 and 

eomesodermin (EOMES) on CD8+ T cells revealed that a substantial proportion of cells 

(28-41%) were PD-1- EOMES+, consistent with a late effector phenotype (Figure 2.2F).  
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Finally, we interrogated CD20+ B cell characteristics in each tissue compartment using 

select differentiation and functional biomarkers and revealed that, with the exception of 

adjacent normal pancreas, all tissue compartments were dominated by CD27- 

immunoglobulin (Ig)D- B cells (Figure 2.2G). The precise function of CD27- IgD- B cells 

is unclear, as this population likely comprises a heterogeneous mix of precursor memory 

and other B cell subtypes; however, numerous studies have reported this B cell fraction 

potentially includes functionally exhausted B cells with reduced antigen presentation 

capacity [144, 145]. Normal adjacent pancreas contained a higher density of CD27- IgD+ 

non-class switched antigen inexperienced cells than any other region, whereas B cells 

were pre-dominantly antigen experienced in tumor, adjacent stroma, and immune 

aggregates  (Figure 2.2G). 
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Figure 2.2 Immune complexity in distinct histological regions of PDAC (A) Myeloid and lymphoid cell 
densities in treatment-naïve tumor adjacent normal pancreas (AN, n = 38 patients), tumor adjacent stroma 
(TAS, n = 81 patients), and tumor (T, n = 104 patients). Bars, boxes, and whiskers represent median, 
interquartile range, and range, respectively. Means are indicated by + symbols. See Supplemental Table 2.2 
for list of cell populations included in myeloid and lymphoid categories.  (B) Detailed immune complexity 
of samples shown in (A), with the addition of immune aggregates (IA, n = 61 patients). Data are shown as 
mean ± SEM. (C) Representative pseudocolored images of select immune populations from each of the tissue 
regions shown in (B). (D) Percentage of CD3+ CD8- T cells positive for PD-1, ICOS, or Ki67 from samples 
shown in (A).  (E) Percentage of CD3+ CD8+ T cells positive for PD-1, Granzyme B (Gzmb), or Ki67 from 
samples shown in (A). Each data point represents one patient. Data are displayed as mean ± SEM. (F) 
Sunburst graphs representing percentage of CD3+ CD8+ T cells positive for PD-1, EOMES, and/or Ki67 in 
the indicated regions from samples evaluated in (B-D). (G) Frequency of CD27 and IgD positive cells as 
percentage of CD20+ B Cells in the indicated tissue compartments from samples shown in in (A). Data are 
shown as mean ± SEM. 
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Immune contexture is dynamic based on proximity to tumor 

Spatial proximity of immune cells to invasive tumor has been demonstrated to have 

prognostic significance in solid malignancies [119, 121, 146]. CD8+ T cells have been a 

focus of many recent studies designed to interrogate immune topography within tumors; 

indeed, a recent report comparing density of CD8+ T cells at the tumor center versus 

tumor margin of surgically resected PDACs revealed differential prognostic value 

depending on where T cells were localized [124]. Extending this concept beyond CD8+ T 

cells alone, we hypothesized that immune milieu may differ based upon their proximity 

to tumor. To evaluate this, tumor adjacent stroma, adjacent normal, and immune 

aggregate ROIs were categorized as either “border”, “spanning border-distal”, or “distal” 

based upon individual ROI proximity to tumor (see Methods for detail). We generated 

spatial maps of tumor, border, spanning, and distal areas by averaging immune densities 

from all ROI types from all patients in each of these regions. Because immune aggregates 

have high lymphocyte abundance that would substantially skew readouts of relative cell 

density when simultaneously evaluating different tissue compartments, we analyzed these 

data both with and without immune aggregates to better appreciate their contribution to 

the PDAC immune landscape.  

 

Assessment of these spatial categories without immune aggregates in treatment-naïve 

specimens revealed that respective densities of monocytes/macrophages, mast cells, 

Tregs, Th1 cells, Th2 cells, Th17 cells, plasma cells, plasmablasts, and mature DCs were 

relatively constant across spatial categories, including intratumoral regions (Figure 

2.3A). Granulocytes (neutrophils and eosinophils), immature DCs, CD8+ T cells, and 
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CD20+ B cells exhibited greater dynamics in cell density across spatial locations (Figure 

2.3A). Granulocytes were the densest immune population in intratumoral areas, while 

CD8+ T cells, immature DCs, and Th0/gd T cells were the most abundant populations in 

all spatial areas outside of tumor. This result indicates possible exclusion of CD8+ T cells 

and immature DCs from tumor-enriched areas. Addition of immune aggregates to this 

analysis resulted in CD20+ B cell density shifting to become the highest in all spatial 

categories, particularly in border regions in which immune aggregates comprised over 

50% of analyzed ROIs (Figure 2.3B). 

 

We hypothesized that neoadjuvant therapy could potentially alter immune composition 

and immune spatial distribution in comparison to treatment-naïve cases, as previously 

described [140, 147, 148] (Figure 2.3C-D). We thus evaluated a small cohort of surgical 

resection specimens from PDAC patients that had been treated with chemotherapy and/or 

chemoradiation prior to surgery (Table 2.2). Leukocyte populations that exhibited 

consistent densities across spatial categories in the treatment-naïve cases had similar 

trends in neoadjuvant specimens (Figure 2.2A, C). Similar to treatment-naïve specimens, 

granulocytes also represented the highest density leukocyte population within 

neoadjuvant intratumoral regions, and we again observed enrichment of immature DCs 

and CD8+ T cells at tumor borders as compared to intratumoral areas (Figure 2.3C). In 

contrast to treatment-naïve cases, CD163+ monocytes/macrophages were highly enriched 

in all spatial categories of neoadjuvant samples, including intratumoral areas, which 

could indicate Th2-skewed transcriptional programming elicited in response to cytotoxic 

therapy, consistent with prior reports revealing increased myeloid cell recruitment 
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following neoadjuvant treatment [140, 148]. While Th2 responses are critical for normal 

wound healing and inflammatory resolution [132], chronic inflammation within the 

tumor microenvironment and persistence of these Th2-skewed myeloid populations also 

correlates with enhanced T cell suppression [103].  

 

When immune aggregates were evaluated in neoadjuvant specimens, we again observed 

high densities of CD20+ B cells in all locations; however, granulocytes remained the 

highest density population in intratumoral areas, perhaps due to fewer intratumoral 

immune aggregates in neoadjuvant specimens as compared to treatment-naïve. 

Collectively, these spatial maps reveal that overall immune contexture differs based on 

proximity to tumor and that immune spatial dynamics are altered in the context of 

neoadjuvant therapy as compared to untreated tumor resections. 
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Figure 2.3 Spatial heterogeneity of leukocytes. Sankey flow diagram representing indicated leukocyte 
populations sorted from highest to lowest density, where line width is scaled to cell density across four spatial 
categories based on proximity to tumor (see Methods). Pie charts represent relative contribution of cell 
densities from different tissue compartments (T = tumor, TAS = tumor adjacent stroma, AN = adjacent 
normal pancreas, IA = immune aggregate) within each spatial category. Number of ROIs represented in 
diagrams is listed in Supplemental Table 2.4 (A) Data from treatment-naïve cases shown without IAs and 
(B) with IAs included. (C) Data from neoadjuvant cases shown without IAs and (D) with IAs. 
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Unsupervised clustering reveals distinct immune subtypes in treatment-naïve PDAC 

specimens 

Previous mIHC analysis of PDACs from patients who received neoadjuvant GVAX, a 

granulocyte-macrophage colony-stimulating factor (GM-CSF) tumor cell vaccine, 

revealed that tumors clustered into two subtypes: high-myeloid inflamed and low-

myeloid inflamed [116]. High myeloid inflammation was associated with significantly 

shorter overall survival, while low-myeloid clustered tumors had improved outcome 

[116]. To determine whether treatment-naïve tumors also clustered into prognostically-

relevant groups that inform patient stratification, we performed unsupervised hierarchical 

clustering of leukocyte populations in tumor regions. Clustering revealed three broad 

immune phenotypes: myeloid-enriched, lymphoid-enriched, and a mixed population 

relatively enriched for a combination of lymphocyte and myeloid cell types (Figure 

2.4A). Myeloid enriched tumors were relatively highest in CD163+ and CD163- 

monocytes/macrophages and mast cells. Lymphoid enriched tumors were characterized 

by relative enrichment in CD20+ B cells, CD8+ T cells, Th0 and gd T cells, and Tregs. 

Mixed tumors tended to be relatively enriched for immune populations that were not 

enriched in the other two clusters, including neutrophils/eosinophils, mature DCs, plasma 

cells, and several T helper cell types. Treatment-naïve tumor adjacent stroma clustered 

into similar groups as compared to tumor, again demonstrating consistency in immune 

contexture between tumor and stroma (Figure 2.4B). 

 

Since the lymphoid enriched clusters exhibited relative enrichment in T cell populations 

determined to be most highly correlated with overall leukocyte density (Supplemental 
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Figure 2.7A), we asked whether clusters were associated with different levels of total 

immune infiltrate. Although mixed clusters in both tumor and stroma had the highest 

overall leukocyte density, differences were not statistically significant (Figure 2.4C). We 

also evaluated whether tumor clusters differentially correlated with clinical tumor 

characteristics and found that there were no significant relationships between cluster and 

tumor stage, lymph node status, tumor differentiation, or lymphovascular invasion 

(Supplemental Table 2.5). Finally, we evaluated association of tumor and stroma 

clusters with overall survival and observed no significant differences in outcome based 

on cluster group (Figure 2.4D). It is possible that this lack of prognostic significance is 

partially attributable to immune heterogeneity within clusters, since within each cluster, 

differentially enriched subgroups were apparent (Figure 2.4A-B). These subgroups may 

have different survival outcomes, but sample size in this cohort was insufficiently 

powered for deep assessment. 

  



 55 

 

 

 



 56 

 

Figure 2.4 Unsupervised clustering of treatment-naïve PDACs based on immune complexity. Cell 
densities of 15 immune populations in (A) PDACs (n = 104 patients) and (B) tumor adjacent stroma (n = 81 
patients) evaluated by unsupervised hierarchical clustering. Heatmap clusters were generated using 
the Pheatmap library in R software with correlation distance and average linkage. Data was patient scaled 
and population z-scored for visualization. Each column reflects data from one patient sample. Sample cohort 
is indicated in either yellow (OHSU) or green (DFCI) (C) Overall leukocyte density in clusters identified in 
(A) and (B) from tumor (left) and tumor adjacent stroma (right). Statistical significance was determined by 
Kruskal-Wallis test (D) Kaplan-Meier curves of overall survival of patients stratified by tumor cluster (left) 
or tumor adjacent stroma cluster (right). 
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Association Between Tumor Mutational Status and Immune Contexture 

There is growing appreciation for the role of tumor cell intrinsic features, including 

genomic alterations, in shaping the tumor immune microenvironment [149]. PDACs 

harbor a series of common genomic alterations that are temporally associated with 

disease progression. Activating mutations in KRAS are found in nearly all PDACs and 

occur at the earliest stages of pre-invasive neoplasia. Alteration in the tumor suppressor 

CDKN2A also occurs in early neoplasia in > 60% of cases, whereas inactivation of TP53 

and SMAD4 occur in late-stage progression to invasive disease in approximately 70% and 

50% of cases, respectively [73]. Smad4 is a critical downstream mediator of TGF-

b signaling, and its loss in PDAC has been associated with poorer disease-free and 

overall survival [150-154]. In addition, others have reported correlations between somatic 

loss of Smad4 in tumor epithelium and enhanced recruitment of immunosuppressive 

myeloid cells to the tumor microenvironment of other solid tumors [155]. We thus 

hypothesized that tumors lacking Smad4 in our cohort may show similar evidence of 

myeloid-mediated immunosuppression in the form of increased CD163+ 

monocyte/macrophage and/or neutrophil density that is correlated with patient survival. 

 

Smad4 status of patients in treatment naïve cohorts were determined by IHC based on 

loss of Smad4 protein in neoplastic epithelium (Figure 2.5A and Methods). 54% of cases 

were classified as Smad4 negative, and univariate survival analysis revealed that Smad4 

loss was significantly associated with shorter overall survival in the combined DFCI and 

OHSU cohort (Figure 2.5B). Assessment of total leukocyte density in Smad4 positive 

versus Smad4 negative tumors and adjacent stroma revealed that overall abundance of 
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immune cells was Smad4-independent (Figure 2.5C). We next stratified immune 

complexity based on Smad4 status and, in contrast to our initial hypothesis, we found that 

densities of all leukocyte populations were equivalent in tumor and adjacent stroma in 

Smad4 positive and Smad4 negative cases (Figure 2.5D). Since there was no evidence of 

Smad4 regulating immune complexity, we expanded our investigation to additional 

genomic alterations in a subset of treatment-naïve cases for which molecular status of 

KRAS, CDK2NA, and TP53 was known. We first compared cases based solely on KRAS 

status and found that while overall leukocyte density was comparable between wild-type 

and mutant tumors, mutant tumors exhibited increases in intratumoral neutrophils and 

CD163+ monocytes/macrophage density, and decreases in immature DCs (Figure 2.5E, 

left panel). Incorporation of TP53 status into this analysis revealed highly dynamic 

immune complexities based on mutational combinations (Figure 2.5E, middle panel). In 

particular, cases that harbor wild-type KRAS and mutant TP53 exhibited ~50% reduction 

in overall immune infiltrate as compared to cases without alterations in either gene; 

however, sample size in this comparison was very low. Comparison of KRAS mutant 

tumors without or without TP53 mutations revealed further differences in immune 

complexity. Total leukocyte density in KRAS mutant/TP53 mutant tumors was 

substantially higher than observed in KRAS mutant/TP53 wild-type cases, and this 

increased leukocyte density correlated with a striking increase in intratumoral neutrophils 

(Figure 2.5E, middle panel). These differences were still evident even with the addition 

of Smad4 status (Figure 2.5E, right panel) and indicate that while Smad4 does not appear 

to impact immune complexity of PDACs, alterations in TP53 do correspond with altered 

immune infiltrate as compared to TP53 wild-type tumors. This is consistent with recent 
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studies in murine models of PDAC and mammary carcinoma wherein loss of TP53 was 

associated with neutrophil influx into tumors [156, 157]. Comparison of T cell 

functionality in KRAS mutant/TP53 wild-type versus KRAS mutant/TP53 wild-type is 

ongoing and will result in greater insight into how TP53 alterations influence the immune 

microenvironment and what the functional consequences of this may be. 
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Figure 2.5 Association between immune complexity and common genomic alterations in PDAC. (A) 
Representative IHC of Smad4 positive (top) and Smad4 negative (bottom) PDACs. Arrowheads indicate 
Smad4 positive tumors cells; arrows indicate Smad4 positive stromal. Boxes on left are shown at higher 
magnification on right. Scale bars equal 50 µm. (B) Kaplan-Meier curve of overall survival in all treatment-
naïve cases (n = 104 patients) stratified by Smad4 status. Statistical significance was determined by log-rank 
test and p £ 0.05 was considered significant. (C) Total leukocyte density in Smad4 positive and Smad4 
negative tumor (T) and tumor adjacent stroma (TAS). (D) Immune composition of data shown in (C). (E) 
Immune complexity of tumors based on KRAS genomic status  (left), by KRAS in combination with TP53 
(middle), and by combinations of KRAS, TP53, and Smad4 (right). WT = wild-type, MUT = mutated, POS 
= positive, NEG = negative. Data are displayed as mean ± SEM.  
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Short-term and long-term survivors exhibit different leukocyte composition  

A recent report comparing exceptionally long-term PDAC survivors (6-year median 

overall survival) and short-term survivors (0.8 month median overall survival) revealed 

increased cytolytic CD8+ T cells and greater abundance of high-quality neoantigens in 

long-term survivors, consistent with enhanced tumor immunogenicity [131]. No 

individual leukocyte populations we evaluated by mIHC, including CD8+ T cells, were 

significantly associated with overall survival in treatment-naïve PDACs when assessed 

by univariate analysis (data not shown), but we hypothesized that stratifying patients by 

survival and examining only those with best and worst outcomes might more clearly 

reveal different immune landscapes that associate with patient prognosis. We stratified 

patients into short-term and long-term survivors by dividing all treatment-naïve cases into 

quartiles and evaluating lower quartile (short-term survivors) and upper quartile (long-

term survivors) for leukocyte complexity. Long-term survivors (n = 26) had an overall 

median survival of 5.2 years, and short-term survivors (n = 25) had an overall median 

survival of 0.8 months (Figure 2.6A). Evaluation of leukocyte composition in short-term 

versus long-term survivors revealed slightly higher total leukocyte density in tumor and 

adjacent stroma of long-term survivors (Figure 2.6B-C). Further, we observed trending 

increases in CD8+ T cell and trending decreases in total CD68+ monocytes/macrophages 

in tumor and stroma of long-term survivors (Figure 2.6C-D). Notably, the ratio of CD8+ 

T cells to CD68+ monocytes/macrophages was significantly elevated in tumors of long-

term survivors, with a similar trend in tumor adjacent stroma (Figure 2.6C). We did not 

observe significant increases in intratumoral mature DCs in long-term survivors, as 

previously reported by others [131], but immature DCs exhibited a trending increase 



 62 

(Supplemental Figure 2.8A). Densities of other leukocyte populations were similar 

between short-term and long-term survivors (Supplemental Figure 2.8A-C). 

 

We next evaluated whether T cell functionality in tumor and adjacent stroma differed 

between short-term and long-term survivors. Evaluation of CD3+ CD8- T cells positive 

for either PD-1, ICOS, or Ki67 revealed comparable levels of cellular activation and 

proliferation in both groups (Supplemental Figure 2.9A). Frequencies of CD3+ CD8+ T 

cells single-positive for PD-1, granzyme B, and Ki67 were also equivalent between short-

term and long-term survivors (Supplemental Figure 2.9A). Short-term and long-term 

survivors each had low frequency (< 3.0%) of PD-1+ EOMES+ CD8+ T cells, which are 

associated with dysfunction/exhaustion [158], but a slightly increased proportion of PD-

1- EOMES+ CD8+ T late effector cells were present in long-term survivors  

(Supplemental 2.9B). Together these data reveal modest but compelling differences in 

leukocyte complexity in treatment-naïve patients with different survival outcomes, and 

confirm that high ratio of CD8+ T cells to CD68+ monocytes/macrophages is associated 

with improved outcome, as has been reported in other solid tumors [140]. 
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Figure 2.6 Short-term and long-term survivors differ in leukocyte composition. (A) Kaplan-Meier 
curve of short-term survivors (n = 25 patients) versus long-term survivors (n = 26 patients) from the 
treatment-naïve cohorts. Short-term term survivors were defined as patients whose overall survival was 
within the first quartile of all treatment-naïve cases evaluated from OHSU and DFCI, and long-term 
survivors were defined as patients whose overall survival was within the 4th quartile. (B) Immune 
complexity of tumor (T) and tumor adjacent stroma (TAS) in short-term and long-term survivors. (C) Cell 
densities of total leukocytes, CD8+ T cells, CD68+ monocytes/macrophages, and ratio of CD8+ T cells to 
CD68+ monocytes/macrophages in tumor and tumor adjacent stroma). Statistical significance was 
determined by two-tailed, unpaired Mann-Whitney U test. * p < 0.05. Data are displayed as mean ± SEM. 
(D) Representative pseudocolored images of tumor from short-term (left) and long-term (right) survivors. 
Scale bars equals 50 µm. 
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Neoadjuvant therapy effects on the PDAC immune microenvironment 

Only 15% of PDAC patients are eligible for surgical resection at time of diagnosis due to 

presence of locally advanced and/or metastatic disease [60]. Neoadjuvant chemotherapy 

and/or radiotherapy affords an opportunity to attempt down-staging of locally advanced 

or borderline resectable PDACs to resectable tumors. Recent early-phase clinical trials 

have demonstrated improved margin-negative (R0) resection rates and improved survival 

outcome following neoadjuvant therapy in borderline-resectable cases [159, 160]. It is 

not fully understood, however, how neoadjuvant cytotoxic therapy impacts the immune 

microenvironment of PDAC. Based on our earlier observations from this study indicating 

that neoadjuvant therapy leads to enrichment in CD163+ monocytes/macrophages 

(Figure 2.3), we chose to profile these samples (n = 13) more deeply with regards to 

leukocyte functionality and survival outcome.  

 

Consistent with earlier data, specimens from patients that received neoadjuvant treatment 

revealed higher myeloid densities as compared to lymphoid densities in tumor and tumor 

adjacent stroma (Figure 2.7A). Further, total leukocyte density was slightly reduced in 

neoadjuvant tumors as compared to treatment-naïve tumors, and this trend was even more 

pronounced in tumor adjacent stroma (Figure 2.7B). Although size of our neoadjuvant 

cohort was substantially smaller than the treatment-naïve cohorts, we were interested to 

determine if there were trending associations with particular leukocyte populations and 

overall survival in the neoadjuvant cohort. Assessment of overall survival based on CD8+ 

T cell density revealed a non-significant but notable trend in improved survival of 

patients with high intratumoral CD8+ T cell density (Figure 2.7C). Neoadjuvant patients 
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with high intratumoral CD8+ T cell/CD68+ cell ratios exhibited a similar trend (Figure 

2.7C). Interestingly, these trends were not apparent when we evaluated tumor adjacent 

stroma from the same patients.  

 
Functional interrogation of CD3+ CD8- and CD3+CD8+ T cells revealed similarities 

between tumor and tumor adjacent stroma (Figure 2.7D). We did observe an increased 

proportion of late effector (PD-1- EOMES+) CD8+ T cells in neoadjuvant tumors (Figure 

2.7E) as compared to treatment-naïve tumors (Figure 2.2F), as well as a 3-fold relative 

increase in Ki67+ PD-1- EOMES+ cells compared to treatment naïve, perhaps indicative of 

a more active T cell response in neoadjuvant cases.  
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Figure 2.7 Immune contexture of neoadjuvant-treated PDAC. (A) Myeloid and lymphoid cell densities 
of tumor (T) and tumor adjacent stroma in 13 neoadjuvant PDAC cases from OHSU. Bars, boxes, and 
whiskers represent median, interquartile range, and range, respectively. (B) Immune complexity 
comparison between treatment-naïve (Rx Naïve, n = 104 patients) and neoadjuvant (NeoAdj, n = 13 
patients) T and TAS. (C) Kaplan-Meier analyses of CD8+ T cell density and CD8+ T cell to CD68+ 

monocyte/macrophage ratio in T (top) and TAS (bottom) of neoadjuvant cases. Patients were stratified by 
median CD8+ T cell density and CD8/CD68+ ratio, respectively (n = 6 patients/group). (D) Frequency of 
CD3+ CD8- T cells positive for PD-1, ICOS, or Ki67 (left) or frequency of CD3+ CD8+ T cells positive for 
PD-1, Granzyme B (Gzmb), or Ki67 (right) in the indicated tissue regions of neoadjuvant treated patients. 
Data are displayed as mean ± SEM. (E) Sunburst graphs representing percentage of CD3+ CD8+ T cells 
positive for PD-1, EOMES, and/or Ki67 in the indicated regions in neoadjuvant patients. 
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Discussion and Future Directions 
 
Emergence of multiplexed imaging methods that can be applied to FFPE tissues has 

opened the door to in-depth spatial characterization of human tumors and their 

microenvironments. Such approaches are facilitating biomarker discovery and have 

potential to aid in patient stratification for therapy. In this study, we utilized a 

chromogen-based mIHC platform to develop a pan-immune atlas of surgically resected 

treatment-naïve and neoadjuvant-treated PDACs. Using downstream quantitative image 

cytometry with hierarchical gating strategies analogous to those used in flow cytometry, 

we have identified and enumerated 15 individual leukocyte populations and evaluated 

their differentiation states and functional status. This represents the most extensive study 

of its kind to evaluate phenotypic and functional heterogeneity of both lymphocyte and 

myeloid lineages in histopathologically distinct regions of PDAC tumor resection 

specimens. 

 

We demonstrate extensive immune heterogeneity at multiple levels within the PDAC 

TiME. Total leukocyte abundance varied considerably between patients and also between 

tissue regions, with tumor adjacent stroma being the most leukocyte-enriched 

compartment on average. Tumor adjacent stroma was also the site with the highest T cell 

density, as others have previously observed [123]. Notably, although T cell density was 

also highly heterogeneous across patients, CD8+ T cells, T helper cells, and Tregs 

collectively represented approximately one-third of all leukocytes in tumor and nearly 

half of all leukocytes in tumor adjacent stroma in the treatment-naïve cohorts, on average. 

Consistent with other reports [161], this finding indicates that PDACs are not uniformly 
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immunological deserts, but that a subset of tumors are T cell-enriched and may already 

be poised to respond to immunotherapies, provided they are functionally capable. This is 

further reflected in unsupervised clustering of treatment-naïve tumors, where we 

identified a lymphocyte-enriched subgroup.  

 

Interestingly, the lymphocyte-enriched cluster was not associated with improved overall 

survival outcome, nor was density of CD8+ T cells in tumor or stroma when measured by 

univariate analysis. This observation is inconsistent with several other reports that 

indicate a strong survival advantage in PDAC patients with high levels of intratumoral 

CD8+ T cells [122, 124, 130, 154]; however, there are several potential explanations for 

why we did not observe this in our treatment-naïve cohorts. Firstly, ROI selection in the 

present study specifically compartmentalized immune aggregates from the regions in 

which they were found. That is, cells contained within intratumoral immune aggregate 

ROIs were evaluated separately from cells in tumor ROIs (Figure 2.1A). It is likely that 

integrating data from tumor and intratumoral immune aggregates will reveal stronger 

associations between T cells and patient outcomes, and this analysis is currently 

underway. It is also possible that univariate analysis is not sufficiently robust to discover 

prognostic associations in these cohorts and that multi-variable models would be more 

informative with respect to identifying prognostic immune signatures. This was the case 

in another recent report wherein combined assessment of CD8 and PD-L1 gene 

expression was prognostic, but CD8 expression alone was not [162].  
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Another possibility that may underlie the lack of association between CD8+ T cells and 

survival stems from our functional interrogation that revealed less than five percent of 

total intratumoral CD8+ T cells were proliferative and even fewer were positive for 

granzyme B. Further, approximately 95% of all CD3+ T cells were negative for PD-1, 

thus suggesting inactivity and lack of recent antigen stimulation. PD-1 expression 

profiling performed by others using flow cytometry and multiplex immunofluorescence 

has suggested that between 30-95% of CD8+ T cells in treatment-naïve PDACs are PD-1+ 

[123, 161]. These reports used different PD-1 primary antibody clones in their analyses 

than used in the present study, which may contribute to this disparity. Nevertheless, to 

further explore functional identities of PD-1- T cells in our study, we have designed and 

are validating a second T cell functional mIHC panel that includes additional biomarkers 

that will more clearly inform on T cell status. Among these are CD45RA and CD45RO, 

which will allow clearer delineation between naïve T cells and antigen-experienced T 

cells. Further, we are optimizing antibodies for a series of additional biomarkers that are 

implicated in T cell dysfunction in the context of cancer, including additional T cell co-

inhibitory receptors LAG-3, CTLA-4, and TIM-3, which are each upregulated in T cells 

upon activation and whose cell surface expression is maintained under conditions of 

chronic antigen exposure [163]. We will also assess a series of emerging biomarkers of T 

cell exhaustion/dysfunction, including Tox, CD38, and CD39 [164-166] and Tcf1, a 

transcription factor expressed in memory-like T cells that have capacity to expand in 

tumors and generate cytotoxic antitumor effector T cells [167]. We plan to initially stain 

a subset of samples from our treatment naïve cohorts for these biomarkers in order to 

gain a more detailed perspective of T cell functionality in tumors and adjacent stroma.  
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T cell functionality notwithstanding, we have been able to identify three main 

immunotypes of PDAC based on densities of major lymphoid and myeloid lineages. 

While the resulting clustered groups were not independently associated with patient 

outcome, they still provide a highly informative view of the variable forms a PDAC 

immune landscape can take, and they can thus be used to predict which types of 

immunotherapies might be most likely to elicit antitumor responses in each group. For 

example, patients within the myeloid-enriched cluster with relative enrichment for 

CD163+ monocytes/macrophages might preferentially benefit from agents known to 

induce macrophage transcriptional reprogramming (e.g. aCSF1), whereas patients in the 

mixed cluster with relative enrichment in neutrophils or immature DCs might respond to 

therapies that attenuate neutrophil trafficking (e.g. CXCR2 blockade) and/or activate DCs 

(e.g. CD40 agonists), respectively. Based on our results demonstrating a potential role of 

TP53 alterations in regulating tumor immune complexity, it is likely that an integrated 

evaluation of immune subtype and molecular status will further enhance our ability to 

meaningfully stratify patients. In summary, this study offers unprecedented insight into 

immune phenotypic and spatial heterogeneity of PDAC and offers a large baseline 

reference that has potential to inform prospective clinical decision-making. 
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Supplemental Data 
 

 
Supplemental Figure 2.1 Myeloid biomarker panel gating strategy. Image cytometry gating strategy 
used to evaluate myeloid cell lineages listed in Supplemental Table 2.2 
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Supplemental Figure 2.2 Lymphocyte biomarker gating strategy. Image cytometry gating strategy used 
to evaluate lymphocyte lineages listed in Supplemental Table 2.2.  
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Supplemental Figure 2.3 Functional biomarker gating strategy. Image cytometry used to evaluate 
functional status of lymphocyte lineages listed in Supplemental Table 2.2 
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Supplemental Figure 2.4 Leukocyte density comparisons between tissue types and sample cohorts. (A) 
Leukocyte densities from treatment-naïve tumors and tumor adjacent stroma in Dana-Farber Cancer Institute 
(DFCI) and Oregon Health & Science University cohorts. (B) Total leukocyte density in healthy normal 
pancreas (HN, n = 6 patients) as compared to tumor adjacent normal pancreas (AN = 38 patients). Statistical 
significance was determined by two-tailed, unpaired Mann-Whitney U test. ** p < 0.01 (C) Immune 
composition of HN versus AN. Boxes represent interquartile range, whiskers extend to the 5th and 95th 
percentiles, and values outside of this range are depicted as individual points. Means are indicated by + 
symbols. (D) Flow chart of study population evaluated in survival analyses. 
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Supplemental Figure 2.5 Multiple leukocyte subpopulations are correlated with overall leukocyte 
density in tumor and adjacent stroma. (A) Immune composition of tumor and (B) tumor adjacent stroma 
of treatment-naïve cases from DFCI (n = 58 patients) and OHSU (n = 59 patients). (C) Immune 
composition of moderately differentiated Grade 2 tumors (n = 21 patients) and poorly differentiated Grade 
3 tumors (n = 22 patients) from the OHSU treatment-naïve cohort. One Grade 1 tumor and two tumors of 
undetermined grade were excluded from analysis. 
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Supplemental Figure 2.6 Intrapatient immune heterogeneity in treatment-naïve PDAC. Stacked bar 
graphs from a representative subsample of cases from OHSU and DFCI cohorts (n = 22 patients total) 
illustrating relative cellular abundance of individual leukocyte populations in three tumor (T; orange) and 
two tumor adjacent stroma (TAS; purple) regions of interest (ROIs) from each patient. Dark gray bars 
(bottom) indicate total leukocyte density in log2 scale for each ROI. 
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Supplemental Figure 2.7 Correlations between immune subpopulation densities and overall leukocyte 
density in treatment-naive tumors. (A) Spearman correlation of total leukocyte density to CD8+ T cells, 
Th0 T cells, and Regulatory T cells (Tregs), respectively, in tumor (top) and tumor adjacent stroma (bottom). 
Tumor, n = 104 patients; Tumor adjacent stroma, n = 81 patients. (B) Spearman correlation of intratumoral 
leukocyte density and intratumoral CD68+ cells (left) and intratumoral CD68+ cells and CD8+ T cells (right). 
(C) CD8+ T cell density and CD68+ cell density in matched tumors, sorted from low to high CD8+ T cell 
density. 
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Supplemental Figure 2.8 Comparisons of leukocyte population cell densities and ratios in short-term 
vs. long-term survivors from the treatment-naïve cohorts. (A) Comparison of indicated leukocyte 
populations in tumor of short-term survivors (n = 25 patients) and long-term survivors (n = 26 patients). (B) 
Comparison of indicated leukocyte populations in tumor adjacent stroma of the short-term survivors (n = 
20 patients) and long-term survivors (n = 20) for which adjacent stroma was present. (C) Ratios of 
leukocyte populations in tumor (top row) and tumor adjacent stroma (bottom row) from same samples as 
depicted in (A-B). Statistical significance was determined by two-tailed, unpaired Mann-Whitney U test. * 
p ≤ 0.05, ** p ≤ 0.01. Data are presented as mean ± SEM. 
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Supplemental Figure 2.9 T cell functional profiles of short-term and long-term survivors. (A) 
Percentage of CD3+ CD8- T cells positive for PD-1, ICOS, and Ki67 (left) and CD3+ CD8+ T cells 
positive for PD-1, Granzyme B (Gzmb), and Ki67 in tumor (T) and tumor adjacent stroma (TAS) of short-
term survivors. Short-term survivors n = 25 tumors, 20 stroma; long-term survivors n = 26 tumors, 20 
stroma. (B) Sunburst graphs depicting combinations of PD-1, EOMES, and Ki67 positivity on CD3+ CD8+ 

T cells from same specimens as in (A). 
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Supplemental Table 2.1 mIHC biomarker panels 
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Supplemental Table 2.2 Cell lineages identified by mIHC staining 

 
  

Lineage Identification 
Epithelial cells PanCK+ 
Myofibroblastic CAFs PanCK- aSMA+ 
Lymphocytes  

CD8+ T Cells PanCK- CD45+ CD3+ CD8+ 
Regulatory T Cells (Tregs) PanCK- CD45+ CD3+ CD8- Foxp3+ 

GATA3– RORgt– Tbet– 
Th0 (naïve) Helper T Cells* PanCK- CD45+ CD3+ CD8- Foxp3- 

GATA3- RORgt- Tbet- 
Th1 Helper T Cells PanCK- CD45+ CD3+ CD8- Foxp3- 

GATA3– RORgt– Tbet 
Th2 Helper T Cells PanCK- CD45+ CD3+ CD8- Foxp3- 

GATA3+ RORgt– Tbet 
Th17 Helper T Cells PanCK- CD45+ CD3+ CD8- Foxp3- 

GATA3- RORgt+ Tbet- 
B Cells PanCK- CD45+ CD3- CD20+/- 

Plasmablasts PanCK- CD45+ CD3- CD20- CD38+ 
CD138- CD27+ 

Plasma Cells PanCK- CD45+ CD3- CD20- CD38+ 
CD138+ CD27+ 

Myeloid Cells  
Neutrophils & Eosinophils PanCK- CD45+ CD66b+ 
Mast Cells PanCK- CD45+ CD66b- Tryptase+ 
Monocytes/Macrophages PanCK- CD45+ CD66b- Tryptase- CD68+ 

CD163+/- 
Immature Dendritic Cells PanCK- CD45+ CD66b- Tryptase- CD68- 

HLA-DP+  

DC-LAMP- 
Mature Dendritic Cells PanCK- CD45+ CD66b- Tryptase- CD68- 

HLA-DP+ DC-LAMP+ 

PanCK = pan cytokeratin 
CAFs = cancer associated fibroblasts 
*Population also includes gd T Cells and innate ab T cells 
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Supplemental Table 2.3 Correlation between leukocyte density in tumor or tumor adjacent stroma 
and clinical characteristics 

Tumor Leukocyte Density 
P Fisher Tertile 1 Tertile 

2 
Tertile 

3 
AJCC 8th ed. pT stage, n (%)    0.49 
  T1 (n=11) 2 5 4  
  T2 (n=62) 19 23 20  
  T3 (n=23) 10 6 7  
  T4 (n=2) 2 0 0  
AJCC 8th ed. pN stage, n (%)    0.97 
  N0 (n=28) 9 10 9  
  N1 (n=38) 11 13 14  
  N2 (n=38) 14 12 12  
Tumor differentiation, n (%)    0.80 
  Well/Moderately differentiated (n=53) 17 20 16  
  Poorly differentiated/Undifferentiated 
(n=48) 

17 15 16  

Lymphovascular invasion, n (%)    0.96 
  Negative (n=34) 10 13 11  
  Positive (n=45) 12 17 16  
Tumor Adjacent Stroma Leukocyte Density P Fisher 

Tertile 1 Tertile 
2 

Tertile 
3 

 

AJCC 8th ed. pT stage, n (%)    0.22 
  T1 (n=9) 1 4 4  
  T2 (n=49) 17 14 18  
  T3 (n=17) 6 8 3  
  T4 (n=2) 2 0 0  
AJCC 8th ed. pN stage, n (%)    1.00 
  N0 (n=23) 7 8 8  
  N1 (n=31) 11 10 10  
  N2 (n=27) 9 9 9  
Tumor differentiation, n (%)    0.16 
  Well/Moderately differentiated (n=46) 12 19 15  
  Poorly differentiated/Undifferentiated 
(n=34) 

15 8 11  

Lymphovascular invasion, n (%)    0.86 
  Negative (n=28) 8 11 9  
  Positive (n=35) 11 11 13  
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Supplemental Table 2.4 List of regions of interest (ROIs) used to generate Sankey diagrams in Figure 2.3 

 
 
 
 
 
Supplemental Table 2.5 Correlation between tumor cluster and clinical characteristics 

 Tumor Cluster 
P Fisher Myeloid 

Enriched 
Lymphoid 
Enriched Mixed 

AJCC 8th ed. pT stage, n (%)    0.60 
  T1 (n=11) 4 5 2  
  T2 (n=62) 25 20 17  
  T3 (n=23) 9 5 9  
  T4 (n=2) 2 0 0  
AJCC 8th ed. pN stage, n (%)    0.82 
  N0 (n=28) 11 10 7  
  N1 (n=38) 14 11 13  
  N2 (n=38) 17 9 12  
Tumor differentiation, n (%)    0.15 
  Well/Moderately differentiated (n=53) 18 20 15  
  Poorly differentiated/Undifferentiated 
(n=48) 

23 10 15  

Lymphovascular invasion, n (%)    0.07 
  Negative (n=34) 11 14 9  
  Positive (n=45) 26 10 9  
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Chapter 3: CD20 as a therapeutic target in pancreatic cancer 
 
 
 
Contributions 
 
Shannon M. Liudahl and Lisa M. Coussens developed hypotheses, designed experiments, 

analyzed and interpreted data for studies described in this chapter. Andrew J. Gunderson 

performed initial studies involving aCD20 mAb therapy in FVB/n murine models of 

orthotopic PDAC. Andrew J. Gunderson and Christopher J. Chan performed initial flow 

cytometry immune complexity studies of FVB/n orthotopic PDAC tumors. Shannon M. 

Liudahl performed all other experiments, with technical assistance from Meghan B. 

Lavoie and Padraic S. Robinson for necropsy, tissue collection, and tissue processing. 
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Background & Introduction 
 
Rituximab (RTX) is a chimeric monoclonal Ab (mAb) that specifically binds the CD20 

cell surface molecule on B lymphocytes. CD20 is expressed starting at the pre-B cell 

stage of B cell development and is maintained in mature B cells, with the exception of 

immunoglobulin (Ig)-producing plasma cells, which downregulate CD20 upon 

differentiation [168]. RTX binding to CD20 induces antibody-dependent cellular 

cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC), resulting in B cell 

death [169]. RTX represents the first mAb to receive FDA approval for use in clinical 

oncology. In the decades since its first approval for non-Hodgkin’s lymphoma, RTX 

clinical indications have expanded to additional hematologic malignancies and 

autoimmune diseases, including chronic lymphocytic leukemia (CLL), rheumatoid 

arthritis, and pemphigus vulgaris [169, 170]. The clinical success of RTX has prompted 

development of second generation aCD20 mAbs that have distinct modes of cellular 

cytotoxicity compared to RTX and also demonstrate marked clinical benefit [171].  

However, clinical translation of aCD20 mAbs to solid tumors has lagged behind, despite 

preclinical evidence of pro-tumoral B cell functions in many solid tumor types [172].  

 

Using a transgenic murine model of squamous cell carcinoma (SCC), the Coussens 

laboratory previously reported that B cell-secreted Igs form circulating immune 

complexes (CICs) that are deposited into premalignant skin where they bind to activating 

Fcg receptors (FcgRs) on myeloid cells [173, 174]. This FcgR engagement leads to 

downstream proangiogenic and tissue remodeling pathways in myeloid cells that support 

progressive tumor growth [174]. Notably, depletion of B cells via administration of an 
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anti-mouse CD20 mAb led to delayed early neoplastic progression [175]. Orthotopic 

SCC growth was also slowed when aCD20 mAb therapy was combined with either 

paclitaxel or carboplatin chemotherapy. This was partially attributable to macrophage 

transcriptional reprogramming that resulted in increased expression of T cell 

chemoattractants and increased cytotoxic CD8+ T cell infiltration into tumors [175].  

 

We recently identified similar tumor supportive B cell-myeloid interactions in an 

orthotopic murine model of PDAC [111]. PDAC cells derived from primary pancreatic 

tumors from transgenic LSL-KrasG12D/+; Pdx-1-Cre mice harboring null mutations in 

either Trp53 (cell line p53 2.1.1) or p16Ink4a (cell line Ink4 2.2) exhibited delayed tumor 

growth when orthotopically implanted into syngeneic B-cell deficient mice (JH-/-) as 

compared to B cell proficient controls (JH+/-) (Figure 3.1). Orthotopic PDAC growth was 

also significantly slowed in FcRg-/- mice as compared to FcRg+/- controls [111]. The 

observed decrease in primary tumor growth in JH-/- and FcRg-/- mice was associated with 

a significant decrease in tumor desmoplasia and pronounced transcriptional skewing of 

myeloid cells to a Th1-like program, indicating similar B cell-mediated myeloid 

programming in PDAC as initially observed in murine models of SCC [111]. 
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Figure 3.1 Orthotopic PDAC growth is regulated by B cells. Ink4 2.2 and p53 2.1.1–derived PDAC tumor 
area was quantitatively evaluated in syngeneic JH+/- and JH-/- in serial H&E-stained tissue sections of tumors 
isolated on days 14, 21, and 28 after implantation. This figure originally appeared in Gunderson et al. (2016) 
Bruton Tyrosine Kinase-Dependent Immune Cell Cross-Talk Drives Pancreas Cancer, Cancer Discovery, 
and is re-printed here with permission from the publisher. 
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(Figure 3.2B-C). Although we observed a trending decrease in B cell frequency within 

tumors of aCD20 mAb-treated mice as compared to controls, differences were 

insignificant across groups (Figure 3.2B). Peripheral blood mononuclear cell (PBMC) 

assessment revealed significant B cell depletion; however, spleen, similar to primary 

tumors, contained notable residual B cell populations as revealed by 

immunohistochemistry for the B cell biomarker B220, with particular B cell density 

maintained in splenic marginal zones (Figure 3.2C). Flow cytometric evaluation of 

residual intratumoral B cells in aCD20 mAb-treated mice revealed significantly elevated 

percentages of interleukin (IL)-10+ B cells (Figure 3.2D). IL-10 expression is a hallmark 

feature of immunosuppressive regulatory B cells (Bregs) and its expression on 

intratumoral B cells was a notable observation given the reported role of Bregs in 

fostering progression of PDAC and other solid tumors [112, 179, 180]. 

 

To determine whether aCD20-resistant B cells directly regulated tumor growth, we 

treated tumor-naïve JH+/- mice with one 200 µg dose of aCD20 mAb and isolated 

remaining CD19+ B cells from spleen 7 days later. Isolated B cells were then adoptively 

transferred (1.0 x 103 cells/mouse, i.v.) into syngeneic tumor-naive JH-/- recipients. Ink4 

2.2 PDAC cells were orthotopically implanted into B cell recipient JH-/- mice 2 days post-

adoptive transfer, and tumor growth was monitored and compared to that of JH+/- mice 

and JH-/- who had not received adoptively transferred B cells. At end-stage, we observed 

that B cell reconstitution in JH-/- mice restored tumor growth to levels of JH+/- controls 

(Figure 3.2E), indicating that the residual B cell pool in aCD20 mAb-treated mice was 
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sufficient to foster tumor progression and likely contributed to lack of aCD20 mAb 

efficacy. 
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Figure 3.2 aCD20-resistant B cells subvert therapeutic efficacy in orthotopic PDAC. (A) Tumor area of 
end-stage Ink4 2.2 orthotopic tumors 28 days post-implantation in mice treated with aRW or aCD20 mAb 
+/- gemcitabine, as indicated. 200 µg aRW or aCD20 was administered i.p. on days 14 and 21 post-tumor 
implant; gemcitabine was administered i.v. at 10 mg/kg body weight on days 22 and 26 post-implant. Each 
data point represents one mouse, n = 7-9 mice/group. (B) Frequency of intratumoral CD19+ B220+ B cells as 
a percentage of total CD45+ cells from mice depicted in (A). (C) Representative flow cytometry analysis of 
CD19+ B cells in peripheral blood of mice treated as indicated (left) and representative photomicrographs of 
B220 immunohistochemistry of spleen (right), revealing residual splenic B cells in aCD20 mAb-treated 
mice. (D) Percentage of intratumoral IL-10+ CD19+ B220+ B cells at end-stage as measured by flow 
cytometry. (E) Ink4 2.2 orthotopic tumor burden in JH+/- B cell-proficient mice, JH-/- B cell-deficient mice, 
and JH-/- recipients of adoptively transferred residual B cells from tumor-naïve mice pre-treated with aCD20 
mAb (as shown in schema on right). Significance was measured by one-way ANOVA. 
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Based on these results, we were motivated to explore alternative B cell depletion 

strategies that might impact presence of aCD20 mAb-resistant B cells and could be 

leveraged therapeutically. One such option was to evaluate the type II aCD20 mAb 

obinutuzumab (GA101), which has been reported to exhibit enhanced activity compared 

to type I human aCD20 mAbs, including RTX [181]. GA101 is a glycoengineered mAb 

specific for human CD20 that functionally differs in critical ways from type I antibodies. 

Whereas type I antibodies act predominantly through induction of CDC and ADCC, type 

II antibodies are strong inducers of direct cell death and have enhanced ADCC capability 

[171, 181]. Importantly, B cell depletion following GA101 administration is more rapid 

and complete, and GA101 therapy has been reported to result in superior tumor 

eradication as compared to RTX in a xenograft model of lymphoma [182-184]. We 

therefore hypothesized that GA101 therapy, either as monotherapy or in combination 

with chemotherapy and/or other immunotherapies, might result in more extensive B cell 

depletion and reduced tumor progression in PDAC. 

 

Because GA101 is an anti-human mAb, administration in a murine model of PDAC 

required use of transgenic mice engineered to express human CD20 (hCD20 Tg+/+), 

which have been previously established [176]. Thus, we developed a breeding colony of 

hCD20 Tg+/+ mice on the C57BL/6 strain background. In addition to evaluating GA101, 

hCD20 Tg+/+ mice also allowed us to interrogate potential efficacy of anti-human RTX, 

thus representing an important distinction from our prior aCD20 mAb studies in murine 

SCC and PDAC, which utilized a murine-specific CD20 mAb. Murine-specific mAbs are 

not classified as either type I or type II antibodies, and direct comparison of mAb 
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mechanism or extent of B cell depletion between anti-mouse and anti-human CD20 

mAbs has not been reported. We hypothesized that either GA101 or RTX would exhibit 

enhanced anti-tumor efficacy in PDAC as compared to our previous findings and, if 

efficacious, would represent a more clinically relevant approach that could be rapidly 

translated to human PDAC, as both RTX and GA101 are FDA approved for other 

indications.  
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Materials and Methods 
 
Cell Lines 

p53 2.1.1 and Ink4 2.2 PDAC cell lines derived from transgenic mice on the FVB/n strain 

background have been previously described [111]. C57BL/6 murine tumor cell lines used 

in these experiments were derived from primary pancreatic ductal adenocarcinomas of 

transgenic LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) mice [185]. 4662 cells 

were kindly provided by Dr. Robert Vonderheide (University of Pennsylvania, 

Philadelphia, PA). FC1199, FC1242, and FC1245 cell lines were a gift from Dr. David 

Tuveson (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). All murine cell 

lines were expanded in the Coussens laboratory and frozen at low passage number in 

liquid nitrogen for later use in in vivo studies. Human Raji (Burkitt’s lymphoma) cells 

were generously provided by Dr. Alexey Danilov (Oregon Health & Science University, 

Portland, OR). Murine cells were grown in DMEM (Gibco) supplemented with 10% FBS 

and 1% penicillin/ streptomycin on tissue-culture treated plastic coated with 50 µg/mL rat 

tail Collagen I (Corning). Raji cells were grown in suspension culture in RPMI 1640 

Medium with L-glutamine (Gibco), 10% FBS, and 1% penicillin/streptomycin. All cell 

lines tested negative for Mycoplasma contamination, and murine cell lines were 

confirmed negative (IDEXX Laboratories) for all murine pathogen species excluded from 

the OHSU specific pathogen-free barrier housing facility. 

 

Mice  

B cell-deficient (JH) mice contain a deletion in all Jh gene segments of the Ig heavy-chain 

locus that blocks formation of mature B cells. FcRg mice lack the Fc receptor common 
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g chain, resulting in deficiency of all activating FcgRs. Full characterization of JH and 

FcRg mice has been described elsewhere[186, 187]. Generation and characterization of 

transgenic mice expressing the human CD20 protein (hCD20 Tg+/+) has been previously 

described in detail[176]. Cryopreserved sperm from hCD20 Tg mice on the C57BL/6N 

strain background was provided by Genentech, Inc., and the mouse line was re-derived at 

the OHSU Transgenic Mouse Models Core. Mice were maintained at OHSU in specific-

pathogen-free facilities. hCD20 Tg genotyping was performed by flow cytometric 

evaluation of hCD20 expression on peripheral blood B cells (Supplemental Figure 3.1), 

and only hCD20 Tg+/+ mice were enrolled in experiments. All animal experiments were 

performed in accordance with National Institutes of Health guidelines and were approved 

by the Institutional Animal Care and Use Committee at OHSU. 

 

Orthotopic Tumor Implantation and In Vivo Studies 

Orthotopic implantation of murine PDAC cell lines was performed using methods we 

have previously described [111] with age-matched male and female mice 8-13 weeks old 

at time of surgery. Briefly, abdominal hair was removed with electric clippers and/or 

depilatory cream 1-2 days prior to surgery. At the time of surgery, mice were 

anesthetized with continuous isoflurane in a sterile surgical field. After confirming depth 

of anesthesia by toe pinch, an approximately 1.5 cm incision was made in the left 

abdomen, and spleen and pancreas were exteriorized. PDAC cells suspended in 50% 

Matrigel (Corning) and 50% serum-free DMEM (Gibco) were injected into the tail of the 

pancreas with a 29-gauge insulin syringe at a total volume of 30 µL. Number of injected 

PDAC cells varied by cell line as follows: 4662 (1.25 x 104 cells); p53 2.1.1, Ink4 2.2, 
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FC1199, FC1242, and FC1245 (1.0 x 103 cells). Successful injection was confirmed by 

formation of a solidified Matrigel bleb in the pancreas and no apparent fluid escape. The 

pancreas and spleen were then returned to the peritoneal cavity, and the peritoneum was 

sutured and skin stapled with wound clips. Wound clips were removed 10 days after 

surgery. Tumors were monitored longitudinally by ultrasonography on days 10, 17, and 

27 following implantation using a Vevo 2100 high-resolution imaging system 

(FUJIFILM VisualSonics), and tumor area (mm2) was measured from raw ultrasound 

data using OsiriX DICOM Viewer software (Pixmeo). For select studies intended to 

establish tumor growth kinetics, tumors were instead measured by ultrasound on days 14, 

21, and 27 or 28. Gemcitabine was administered i.v. at 15 mg/kg of body weight on days 

18, 22, and 26 post-implantation unless otherwise indicated. mAbs were administered via 

i.p. injection. In FVB/n studies, 200 µg of anti-mouse aCD20 (clone 5D2, provided by 

Genentech) or aRW mouse IgG2a isotype was administered on days 14 and 21 post-

implantation. In hCD20 studies, RTX and GA101 (provided by Roche) and mouse IgG2a 

(clone C1.18.4, BioXCell) were administered at 10 mg/kg or 30 mg/kg on days 10, 17, 

and 24 post-implantation. 250 µg of aPD-1 (clone RMP1-14, BioXCell) or rat IgG2a 

(clone 2A3, BioXCell) was administered on days 18, 22, and 26 post-implantation. 

Animals were euthanized 28 days post-implantation, except where otherwise specified. 

 

Flow Cytometry 

Single-cell suspensions of tumor, spleen, and PBMCs used for flow cytometry were 

prepared as previously described [111, 188],with slight modifications. Whole blood was 

collected into EDTA-coated tubes via retro-orbital bleed (on-study blood collection) or 
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cardiac puncture (at study end-point). Plasma was extracted from whole blood after a 7-

minute centrifugation at 400 x g, and red blood cells were lysed with BD Pharm Lyse 

(BD Biosciences), leaving PBMCs. Tumor and spleen were collected following cardiac 

perfusion with 10 mL PBS supplemented with 10 U/mL heparin (Sigma-Aldrich) to clear 

peripheral blood. To prepare single-cell suspensions, tumor was manually minced then 

enzymatically digested at 37°C for 30 minutes with constant stirring in DMEM 

containing 1.0 mg/mL soybean trypsin inhibitor (VWR), 1.0 mg/mL collagenase IV 

(Gibco), and 50 U/mL DNase I (Roche). Cells were passed through a 100 µm mesh filter 

and washed with FACS buffer (PBS with 0.5% BSA and 2.0 mM EDTA), followed by 5 

minutes centrifugation at 400 x g. Spleen was mashed and passed through a 40 µm filter, 

followed by red blood cell lysis with BD Pharm Lyse, and 5 minutes centrifugation at 

400 x g. To prevent non-specific antibody binding, Fc blocking was performed by re-

suspending and incubating cells for 30 minutes on wet ice with rat anti-mouse 

CD16/CD32 mAb (2.4G2, 1:200, BD Bioscience) in PBS also containing Live/Dead 

Fixable Aqua stain (1:500, Invitrogen) to distinguish viable from dead cells. Cells were 

centrifuged at 400 x g for 5 minutes, then incubated for 30 minutes at 4°C  in 100 µL 

FACS buffer containing fluorescently-conjugated antibodies against cell surface antigens, 

as listed in Table 3.1 and Table 3.2. Cells were then washed in 100 µL FACS buffer and 

centrifuged as before. For intracellular staining, the Foxp3 Transcription Factor Staining 

Kit (Invitrogen) was used according to manufacturer instructions. Cells not requiring 

intracellular staining were fixed in BD Cytofix Buffer (BD Biosciences) for 15 minutes, 

followed by a final wash in FACS buffer. All cells were stored in 200 µL FACS buffer at 

4°C until running on a BD Fortessa with FACSDiva software (BD Biosciences). Data 
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were analyzed with FlowJo software (FlowJo LLC). Flow cytometry gating strategies are 

depicted in Figure 3.5 and Supplemental Figures 3.3 and 3.4. 

For B cell reconstitution experiments, splenocytes were harvested and stained as 

described above, followed by fluorescence activated cell sorting (FACS) for isolation of 

CD19+ B cells. Cells were sorted using a BD Influx sorter with FACSDiva software. 

 

In Vitro aCD20 Binding Assay 

To verify binding affinities of RTX and GA101, Raji cells (1 x 105 cells per well of a 96-

well plate) were incubated with either RTX or GA101 (0.01-10 µg/mL) diluted in FACS 

buffer for 30 minutes at 4°C. Cells were spun down for 5 minutes at 400 x g and 

incubated in Live/Dead Fixable Aqua stain (1:1000, Invitrogen) in PBS for 30 minutes at 

4°C. After washing in FACS buffer and spinning down, cells were incubated for an 

additional 30 minutes at 4°C in PE-conjugated goat F(ab’)2 anti-mouse IgG secondary 

antibody (1:50, STAR105, Bio-Rad), washed, and fixed for 15 minutes in BD Cytofix 

(BD Biosciences). All conditions were tested in triplicate. Data was acquired on an LSR-

II flow cytometer (BD Biosciences), and mean fluorescence intensity of PE in viable cells 

was calculated using FlowJo software (FlowJo LLC). 

 

Histology and Immunohistochemistry 

Tissues from cardiac-perfused mice were fixed in 10% neutral-buffered formalin for 16 

hours, processed through a series of graded alcohols and xylenes, and embedded in 

paraffin wax using standard procedures. Hematoxylin and eosin (H&E) staining was 

performed on 5 µm thick formalin-fixed paraffin-embedded (FFPE) sections on a Jung 



 101 

Autostainer XL (Leica Biosystems). For immunohistochemical detection of B cells, 5 µm 

FFPE sections were baked at 60°C for 30 minutes, deparaffinized, and subjected to heat-

mediated antigen retrieval in 95°C Citra pH 6.0 solution (BioGenex) for 15 minutes in a 

vegetable steamer (Oster 5712). Slides were cooled for 15 minutes at room temperature, 

and endogenous peroxidases were blocked by submersion in 0.6% hydrogen peroxide in 

methanol for 20 minutes at room temperature, followed by washes in TBST. Protein 

blocking was conducted for 30 minutes at room temperature in PBS containing 5% 

normal goat serum and 2.5% BSA, followed by application and incubation of rat anti-

mouse CD45R/B220 primary antibody (RA3-6B2, #550286, 1:500; BD Pharmingen) for 

1 hour at room temperature in a humidified chamber. Tissue sections were then washed 

in TBST, incubated in biotinylated anti-rat secondary antibody (#BA-4001, 1:200; Vector 

Laboratories) for 30 minutes, washed, and incubated in horseradish peroxidase-

conjugated avidin complex (ABC Elite, Vector Laboratories) for 30 minutes. 3,3’-

diaminobenzidine (DAB) chromogen was applied to tissues for 90 seconds for signal 

detection, and sections were counterstained in 0.01% methyl green for 2 minutes, 

followed by dehydration and coverslipping with Permount mounting medium (Fisher 

Scientific). Slides were scanned at 20X magnification on an Aperio AT2 digital side 

scanner (Leica Biosystems). 

 

Statistical Analysis 

All statistical analyses were performed using Prism versions 6 and 8 for Mac (GraphPad 

Software). Unpaired t-tests were used to compare 2 groups, and one-way ANOVA with 

Tukey’s multiple comparisons test was used to evaluate differences between more than 2 
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groups. Specific tests used are identified in figure legends. p values < 0.05 were 

considered statistically significant, with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001.  
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Results 
 
Establishing Tumor Growth Kinetics, Chemotherapy Sensitivity, and Immune 

Phenotypes of PDAC in C57BL/6 Mice 

Our previous research identifying pro-tumoral functions of B cells in pancreatic cancer 

relied upon PDAC cell lines derived from transgenic KPC mice maintained on the FVB/n 

strain background, and therefore used syngeneic FVB/n mice as orthotopic tumor 

recipients[111]. Since hCD20 transgenic mice used for the present studies were 

developed on the C57BL/6 strain background, we acquired four primary murine PDAC 

cell lines (4662, FC199, FC1242, FC1245) derived from C57BL/6 KPC mice previously 

characterized by other investigators using in vivo and ex vivo analyses [189, 190]. To 

assess tumor kinetics and histopathology of each of these cell lines, tumor cells were 

orthotopically implanted into the pancreas of syngeneic C57BL/6 mice at inoculum 

densities recommended by the laboratories of cell origin, and tumor growth was 

longitudinally measured by ultrasound imaging starting between days 10-14 post-

implantation (Figure 3.3A). Of the cell lines evaluated, FC1245 displayed the most 

aggressive primary tumor growth kinetics, which led to marked decline in overall animal 

health and necessitated a humane study end point at day 23. Upon necropsy, a majority 

(14 of 16) FC1245 tumor-bearing mice exhibited macroscopic tumor outgrowth 

throughout the peritoneal cavity (data not shown). All other cell lines displayed growth 

kinetics within similar ranges to what we have previously observed in analogous studies 

using FVB/n mice. Histopathologic review of H&E-stained tumor sections from study 

end points revealed FC1199 tumors to be moderately differentiated, FC1245 tumors to be 

moderately to poorly differentiated, and FC1242 and 4662 to be poorly differentiated 
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(Figure 3.3B). Tumors from each cell line contained prominent ischemic central necrosis 

and/or geographic necrosis, and all tumors exhibited high mitotic index (³ 10 mitotic 

cells / 10 high powered fields), based on review by a pathologist (Terry Morgan, MD; 

Oregon Health & Science University). 

Innate and acquired resistance to standard–of-care chemotherapies is common in human 

PDAC [191, 192] . To evaluate chemo-responsiveness of these different murine tumors in 

vivo, we administered gemcitabine (15 mg/kg of body weight) on days 18, 22, and 26 

post-implantation, as we have previously described in PDAC studies on the FVB/n strain 

background [111]. Among the four tumor lines assessed, 4662 tumor-bearing mice were 

the only group that demonstrated significant chemotherapy-mediated slowing in tumor 

growth at experimental end point (Figure 3.3C). FC1245 tumor-bearing mice required 

euthanasia one day following the second gemcitabine dose, thereby prohibiting a 

complete assessment of response to therapy; however, there was no significant difference 

in tumor area (Figure 3.3C), volume, or weight (data not shown) at end stage between 

the control and gemcitabine groups. To query whether the observed gemcitabine 

resistance in the other cell lines was dose-dependent, we treated an additional cohort of 

FC1199 tumor-bearing mice with high-dose gemcitabine (60 mg/kg of body weight), 

which resulted in no significant effect on primary tumor growth kinetics (Figure 3.3C). 

 

In addition to characterizing tumor kinetics and chemo-responsiveness, we assessed 

tumor immune complexity in untreated and gemcitabine-treated end stage tumors by flow 

cytometry (Figure 3.3D). In other studies, we reported that isogenic tumor subclones 

derived from KPC mice possess tumor cell-intrinsic properties giving rise to a high 
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degree of intratumoral immune heterogeneity, which in turn significantly impacts 

response to chemo- and immunotherapy [115]. Importantly, these prior studies revealed 

that tumors from KPC-derived tumor subclones can be subdivided into T cell high and T 

cell low groups, where increased T cell abundance is predictive of therapeutic response. 

Of the four cell lines evaluated herein, immune profiles of primary orthotopic tumors 

generated from each cell line were not significantly different with or without 

chemotherapy (Figure 3.3D). All tumors exhibited myeloid-dominant immune 

complexities, with MHCII- CD11b+ Ly6G+ Ly6Cint neutrophils and MHCII- CD11b+ 

Ly6G- Ly6C- immature myeloid cells collectively comprising approximately 40% or 

more of the total CD45+ compartment (Figure 3.3D). FC1199 tumors displayed highest 

overall neutrophil abundance of the four tumors evaluated (60.5% of CD45+cells), and 

4662 and FC1242 tumors had highest MHCII+ CD11b+ F4/80+ CD11c+/- macrophage 

infiltration (10.1% and 12.9% of CD45+ cells, respectively). T and B lymphocytes were 

comparatively sparse in all tumor types (2.9-12.0% lymphocytes of total CD45+ cells). 

4662 tumors had highest average CD8+ T cell abundance; however, even in these tumors, 

CD8+ T cells represented < 2% of total immune cells, falling into the range of T cell low 

KPC subclones previously characterized. 
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Figure 3.3 Tumor growth kinetics, chemoresponsiveness, and immune complexity of orthotopically 
implanted C57BL/6 PDACs. (A) Tumor areas of PDAC tumors derived from indicated primary PDAC cell 
lines, measured longitudinally by ultrasound. (B) Representative histopathology of end-stage untreated 
tumors by H&E staining. Scale bars equal 100 µm. (C) End-stage tumor area of untreated mice compared to 
mice receiving 15 mg/kg or 60 mg/kg gemcitabine, as indicated. 4662, FC1199, and FC1242 tumor-bearing 
animals received gemcitabine i.v. on days 18, 22, and 26 post-tumor implant, and FC1245 tumor-bearing 
animals received gemcitabine on days 18 and 22. Each data point represents one mouse. Statistical 
significance was determined by unpaired t-test for comparison of two groups, or by one-way ANOVA for 
comparison of three groups. (D) Leukocyte composition of untreated and gemcitabine-treated end-stage 
tumors as measured by flow cytometry and identified using the lineage markers indicated (right). Data in 
each bar segment represents mean subpopulation frequency as a percent of viable CD45+ leukocytes. 
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RTX and GA101 as monotherapy and in combination with chemotherapy 

Given the overall similarities in tumor kinetics, chemo-responsiveness, and immune 

profile of 4662 tumors to our established FVB/n PDAC models (Figure 3.1 and 

Supplemental Figure 3.2), we selected this cell line for continued use in aCD20 

therapeutic studies. Prior to initiating aCD20 mAb treatment in hCD20 Tg+/+ mice, we 

first confirmed that tumor growth was equivalent in hCD20 Tg+/+ and wild-type animals 

(Figure 3.4A). We also validated respective binding affinities of RTX and GA101 prior 

to in vivo administration (Figure 3.4B). Consistent with previous reports, level of GA101 

binding to human Raji cells at saturating antibody concentrations was approximately half 

that of RTX, which is a characteristic feature of type II antibodies [181, 183].  

 

We next sought to determine optimal in vivo doses of RTX and GA101 to achieve 

maximal B cell depletion in the periphery and in tissues, including orthotopic pancreatic 

tumors.  Beginning at day 10 post-tumor implant and every 7 days thereafter until end 

point, GA101, RTX, or isotype control was administered i.p. at either 10 mg/kg or 30 

mg/kg (Figure 3.4C). We did not observe slowed tumor growth or tumor regression in 

GA101 or RTX-treated mice as compared to isotype-treated tumor-bearing controls 

(Figure 3.4C), and therefore evaluated end-stage tumor, spleen, and blood to assess 

frequency of mAb-resistant B cells that could be mediating progressive tumor growth. 

Flow cytometry evaluation of CD19+ B cells revealed significant B cell reduction in all 

tissues from GA101 and RTX treatment groups at both doses tested (Figure 3.4D), 

indicating superior overall depletion with both human aCD20 mAbs as compared to the 
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murine aCD20 mAb used in prior studies (Figure 3.2B).  Immunohistochemical staining 

of tumor and spleen tissue sections for the B cell identification marker B220 corroborated 

these flow cytometry data (Figure 3.4E-F), although B220+ cells were still clearly 

detectable in spleen, particularly in RTX-treated mice (Figure 3.4E).  
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Figure 3.4  GA101 and RTX treatment induces significant B cell depletion in blood, spleen, and tumors. 
(A) End-stage tumor area of orthotopic 4662 PDAC tumors implanted into either wild-type C57BL/6 or 
hCD20 Tg+/+ mice. (B) In vitro antibody binding-assay comparing GA101 and RTX binding to cultured Raji 
cells at mAb concentrations indicated. Raji cells were incubated in either GA101 or RTX for 30 minutes 
followed by staining with PE-conjugated secondary IgG. Mean fluorescence intensity (MFI) of PE signal 
was determined by flow cytometry. Conditions were tested in triplicate and data shown represent average 
MFI. (C) End-stage tumor area of 4662 orthotopic PDAC tumors from mice treated as indicated in the 
treatment schematic (left) with GA101 or RTX at 10 mg/kg or 30 mg/kg on days 10, 17, and 24 post-tumor 
implant. (D) Flow cytometric evaluation of CD19+ B cell frequency in peripheral blood (left), spleen 
(middle), and tumor (right) of mice in the indicated treatment groups at day 28 end point. Statistical 
significance was determined by one-way ANOVA. (E) Representative images of B220 staining of spleen 
isolated from orthotopic tumor-bearing mice at end stage, following treatment with 10 mg/kg doses of either 
IgG2a, GA101, or RTX. Squares in top images indicate regions shown at higher magnification below. (F) 
Representative images of B220 staining of end-stage tumors from mice treated as in (E).  
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Phenotyping of splenic B cells revealed that the majority of remaining B cells in GA101 

and RTX groups were CD19+ CD93+ transitional cells, CD19+ CD21lo CD23- IgD+ 

follicular cells, and CD19+CD21-CD23-IgD- memory cells, whereas CD19+CD5+CD1d+ 

Bregs were relatively infrequent (< 3% of total CD19+ B cells) (Figure 3.5). 
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Figure 3.5 GA101 and RTX-resistant B cells in spleen are comprised of multiple B cell subpopulations. 
(A) Flow cytometry quantification of the indicated splenic B cell populations from tumor-bearing mice 
following a full course of aCD20 mAb therapy. Data are displayed as percentage of total CD19+ B cells. 
Each data point represents one mouse, n = 4-5/group. Significance was assessed by one-way ANOVA. (B) 
Flow cytometry gating strategy used to identify B cell subpopulations evaluated in (A). 

 

 



 114 

Although various subpopulations of B cells are capable of secreting IL-10 and other 

immunosuppressive cytokines in a context-dependent manner [193], low frequency of 

total intratumoral B cells and of a CD5+ CD1d+ Breg population in GA101 and RTX-

treated spleens led us to hypothesize that mAb-resistant B cells may not be primary 

mediators of progressive tumor growth in this context. In SCC, we reported that aCD20 

monotherapy delays tumor growth in mice receiving treatment prior to tumor inoculation 

but not in mice receiving aCD20 after SCCs are well established [175]. However, 

combination treatment with aCD20 and chemotherapy significantly enhanced anti-tumor 

response in established SCCs compared to aCD20 monotherapy [175]. Based on these 

results, we reasoned that combining aCD20 mAb therapy with cytotoxic chemotherapy 

could similarly enhance therapeutic efficacy in the context of established PDAC. 

 

To test this hypothesis, we initiated GA101 or RTX treatment and confirmed peripheral B 

cell depletion prior to beginning the gemcitabine chemotherapy cycle (Figure 3.6A-B). 

Combination GA101/gemcitabine treatment delayed end-stage tumor growth 

significantly as compared to GA101 monotherapy, but neither GA101 nor RTX in 

combination with gemcitabine enhanced response compared to gemcitabine alone 

(Figure 3.6C). To determine whether CD8+ T cell exclusion from tumors or limited T 

cell cytotoxic function might underlie apparent lack of synergy between aCD20 and 

gemcitabine, we quantified intratumoral CD8+ T cells in tumor single cell suspensions by 

flow cytometry (Figure 3.6D) and observed no significant difference in their abundance 

across treatment groups. The majority of intratumoral CD8+ T cells in all treatment arms 

were positive for the immune checkpoint molecule programmed cell death ligand-1 (PD-
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1) (Figure 3.6E). PD-1 is expressed following T cell activation, but sustained expression 

of PD-1 can also be indicative of T cell exhaustion [194]. Only a limited percentage (< 

12%) of PD-1+ CD8+ T cells co-expressed Granzyme B or CD107a (Figure 3.6F-G), 

reflecting that a minority of these T cells were engaging in cytotoxic function within the 

tumor microenvironment. 
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Figure 3.6 Combination aCD20 mAb and gemcitabine therapy does not improve antitumor response. 
(A) Schema for therapeutic administration of GA101 or RTX (10 mg/kg i.p., beginning on day 10) and 
gemcitabine (15 mg/kg i.v., beginning on day 18). (B) Frequency of circulating CD19+ B cells one week 
following first dose of GA101 or RTX as assessed by flow cytometry. (C) End-stage tumor areas from 
indicated treatment groups as measured by ultrasonography. Data from 2 independent experiments are 
shown. n = 4-5/group per experiment (D) Percentage of intratumoral CD3+ CD8+ T cells at day 28 end point 
as determined by flow cytometry. (E) Percentage of intratumoral PD-1+ cells of CD8+ T cells at end-stage by 
flow cytometry analysis. (F-G) Frequency of Granzyme B+ and CD107a+ cells out of intratumoral PD-1+ 
CD8+ T cells. Statistical significance was determined by one-way ANOVA. 
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Addition of checkpoint inhibition does not improve aCD20 efficacy or alter intratumoral 

T cell cytotoxicity 

Given that a large proportion of intratumoral CD8+ T cells were PD-1+ in all treatment 

groups, we hypothesized that addition of an antagonist aPD-1 mAb to the 

aCD20/gemcitabine treatment regimen might enhance anti-tumor T cell functionality and 

lead to reduced tumor burden. Contrary to this prediction, combination of RTX with 

aPD-1 (with or without gemcitabine) revealed no therapeutic efficacy as compared to 

isotype controls (Figure 3.7A-C). Similarly, combinations of GA101, aPD-1, and 

gemcitabine failed to significantly impact tumor burden (Figure 3.8A-C).  
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Figure 3.7 Addition of aPD-1 mAb does not enhance therapeutic efficacy of RTX and gemcitabine. (A) 
Schema depicting combinatorial treatment with RTX (10 mg/kg i.v., beginning at day 10), and concurrent 
administration of gemcitabine (15 mg/kg i.v.) and aPD-1 (250 µg i.p.) on days 18, 22, and 26. (B) End-stage 
tumor area as measured by ultrasonography for the indicated treatment groups. Data shown are from 2 
independent experiments. n = 4-5/treatment group per experiment. Statistical significance was assessed by 
one-way ANOVA. (C) Longitudinal tumor growth as measured by ultrasonography on days 10, 17, and 27 
post-implant in the treatment groups indicated. 
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Figure 3.8 Addition of aPD-1 mAb does not enhance therapeutic efficacy of GA101 and gemcitabine. 
(A) Schema depicting combinatorial treatment with GA101 (10 mg/kg i.v., beginning at day 10), and 
concurrent administration of gemcitabine (15 mg/kg i.v.) and aPD-1 (250 µg i.p.) on days 18, 22, and 26. 
(B) End-stage tumor area as measured by ultrasonography for the indicated treatment groups. Data shown 
are from 2 independent experiments.  n = 3-5/treatment group per experiment. Statistical significance was 
assessed by one-way ANOVA. (C) Longitudinal tumor growth as measured by ultrasonography on days 10, 
17, and 27 post-implant in the treatment groups indicated. 
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To determine whether the tumor immune microenvironment was impacted by triple 

combination therapy, we profiled immune populations by flow cytometry in end-stage 

tumors. B cells were significantly depleted in tumors of mice receiving either RTX or 

GA101, but frequency of total CD45+ immune cells was unchanged in any group as 

compared to isotype control (Figure 3.9A). Intratumoral MHCII- CD11b+ Ly6Cint Ly6G- 

monocytes were significantly reduced in most groups receiving gemcitabine as compared 

to isotype controls, which is in line with other reports indicating decreased monocyte 

frequency in tissues following gemcitabine treatment [195-197]; however, dendritic cell, 

macrophage, and neutrophil frequencies were equivalent in all treatment groups (Figure 

3.9A). We also evaluated T cells and observed significant increases in total CD3+ T cells 

in the gemcitabine/aPD-1 dual therapy group and the GA101/gemcitabine/aPD-1 triple 

therapy arm, and trending increases in all other aPD-1 combination arms as compared to 

isotype only controls (Figure 3.9B). This was consistent with trending increases in CD8+ 

T cells in aPD-1 arms and significant or trending increases in CD4+ T cells in the same 

treatment groups, which were unattributable to increases in CD4+ Foxp3+ T regulatory 

cells. Collectively, these data reveal that aPD-1 therapy enhances T cell recruitment to 

and/or retention within orthotopic PDAC tumors. 
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Figure 3.9 aPD-1 combination therapy is associated with increased intratumoral T cells but does not 
modulate myeloid frequencies. Flow cytometric analysis of total intratumoral CD45+ immune cells, B cells, 
myeloid lineages (A) and T cell populations (B) at day 28 end-stage from a subset of mice shown in Figure 
3.7 and Figure 3.8. Significance was determined by one-way ANOVA. 
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Despite increases in T cell abundance with aPD-1 therapy, we predicted that T cell 

antitumor functionality was not significantly improved in any of the treatment arms, 

given unchanged tumor burden (Figure 3.7, Figure 3.8). Assessment of CD62L and 

CD44 cell surface expression on CD8+ T cells revealed that the majority of CD8+ T cells 

in all groups were CD44+ CD62L-, indicative of an effector memory subtype (Figure 

3.10A). We then evaluated PD-1 and eomesodermin (EOMES) on CD44+ CD62L- CD8+ 

T cells and found that the largest subgroups across all treatment arms were PD-1- 

EOMES+ and PD-1+ EOMES+, characteristic of late effector/memory cells and exhausted 

cells, respectively (Figure 3.10B). Surprisingly, PD-1+ EOMES+ frequency was 

significantly decreased in all groups receiving aPD-1 mAb except for the 

RTX/gemcitabine/aPD-1 group, and was concomitant with increases in the PD-1- 

EOMES+ cell fraction. While these results indicated skewing from a potentially 

dysfunctional/exhausted state to an effector phenotype in CD8+ T cells of mice receiving 

aPD-1 combinations, CD8+ T cells did not exhibit increased expression of Granzyme B, 

CD107a, or Ki-67 (Figure 3.10C-D), indicating no enhancement in cytotoxicity or 

proliferation, and providing an explanation for the progressive tumor growth observed in 

all treatment groups. 
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Figure 3.10 CD8+ T cell cytotoxicity and proliferation are not enhanced through combination 
therapy. (A) Flow cytometric assessment of CD44 and CD62L expression on CD103- CD8+ T cells in end-
stage PDACs from mice shown in Figure 3.9. (B) PD-1 and EOMES expression on CD44+ CD62L- CD103- 
CD8+ T cells in end-stage PDAC from mice in treatment groups shown. (C-D) Frequency of Granzyme B, 
CD107a, and Ki-67 positive cells in PD-1- EOMES+ and PD-1+ EOMES+ subpopulations from (B). 
Statistical significance was determined by one-way ANOVA. 
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Discussion 
 

Immunotherapies have transformed treatment of numerous malignancies, but effectively 

harnessing the potential of immunotherapy in PDAC remains a clinical hurdle. Several 

types of immunotherapies evaluated thus far in human PDAC have failed to yield 

significant clinical improvements, with the exception of aPD-L1 treatment in a small 

subset of patients with micro-satellite instability (MSI) high tumors that are predicted to 

have high levels of neoantigens to which T cells may respond [104]. Moving forward, it 

will be critical to identify rational combinations of immunotherapies and standard-of-care 

chemo- and radiotherapies that can target multiple facets of the immunosuppressive 

PDAC TME.  

 

We and others recently identified B cells as important regulators of PDAC progression in 

preclinical murine models [111-113]. B cell-targeted therapies, such as aCD20 mAbs, 

are already a mainstay in the treatment of B cell malignancies and autoimmune diseases, 

and we hypothesized that aCD20 mAbs may also be effectively translated to PDAC. 

Herein, we provide evidence that neither murine aCD20 mAb treatment, nor treatment 

with human aCD20 mAbs RTX or GA101 as monotherapy or in combination with 

gemcitabine confer significant reduction in PDAC growth in murine models. 

Furthermore, human aCD20 mAb therapy did not sensitize PDACs to aPD-1 or augment 

CD8+ T cell cytotoxicity.  
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Lack of observed efficacy in the evaluated aCD20 mAb combinations likely has multiple 

underlying causes. We found that B cells resistant to murine aCD20 mAb therapy in 

FVB/n mice can rescue PDAC growth when adoptively transferred into syngeneic JH-/- 

mice, underscoring incomplete B cell depletion as a significant aspect of murine aCD20 

mAb failure. Although GA101 and RTX treatment in hCD20 Tg+/+ mice resulted in 

robust B cell depletion in the periphery and in tissues at both mAb doses tested, we still 

detected low levels of mAb-resistant B cell populations following these treatments, 

particularly in spleen. It is unclear precisely if and how these GA101 and RTX-resistant 

splenic B cells may contribute to tumor progression, but it is possible that they could be 

sources of immunosuppressive soluble factors (e.g. IL-10, IL-35) and/or Igs that may re-

enforce protumoral myeloid functions in the tumor through pathways we have previously 

identified [111, 175]. Indeed, others have reported detectable levels of IL-10 and IL-35 

from splenic B cells of tumor-bearing KPC mice [198]. Examining the transcriptional 

profiles of the various residual splenic B cell populations could help determine whether 

these cells are likely to be blunting therapeutic efficacy. In addition, it has been reported 

that peritoneal B cells are also strongly resistant to murine aCD20 mAb therapy [177], 

and Ig-producing plasma cells do not express CD20 and are thereby spared from aCD20 

mAb-induced depletion. These B cell populations were not evaluated in the present 

studies, but future interrogation of their frequency and functionality following aCD20 

mAb treatment could be informative. 

 

Our prior research in SCC and PDAC revealed significant interplay between humoral 

immunity and macrophage transcriptional programming, which ultimately regulates T 
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cell recruitment and function [111, 175]. It is also possible that mAb treatment is not 

sufficiently mediating Th1-skewing of intratumoral myeloid cells and is thus why we did 

not observe improved T cell functionality. Intratumoral macrophage frequencies were 

equivalent in all treatment groups, but transcriptional profiles were not evaluated.  

 

Collectively, these results do not support clinical translation of aCD20 mAb in PDAC, 

although mechanism(s) of resistance to treatment remain to be fully elucidated. However, 

other approaches of targeting B cells in PDAC have clinical potential.  Bruton’s Tyrosine 

Kinase (BTK) inhibitors, including ibrutinib and acalabrutinib, block BTK pathway 

activation downstream of the B cell receptor, resulting in arrested B cell maturation and 

B cell death [199]. Importantly, BTK activation also occurs downstream of FcgR in 

myeloid cells, and when we treated late-stage PDAC-bearing mice with ibrutinib plus 

gemcitabine, we observed Th1-skewing of macrophages and dendritic cells, increased 

presence of intratumoral effector and memory CD8+ T cells, and significant tumor 

suppression [111]. These results highlight the potential importance of simultaneously 

impacting B cell and myeloid function in PDAC, whereas targeting B cells alone through 

mAb depletion is insufficient. Moreover, because we observed increased cytotoxic 

effector T cells in ibrutinib-treated mice, it is possible that BTK inhibitors may synergize 

with aPD-1 and/or co-stimulatory mAbs to further bolster antitumor T cell functionality.  
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Supplemental Data 
 

 
 
Supplemental Figure 3.1 Genotyping of hCD20 Tg mice by flow cytometric analysis. (A) Representative 
histograms of hCD20 expression on CD45+ CD19+ B220+ peripheral B cells from hCD20 Tg+/- and hCD20 
Tg-/-  mice as compared to wild-type (WT) C57BL/6 control. (B) Geometric mean fluorescence staining 
intensity of hCD20 (conjugated to AlexaFluor 700 fluorophore) on B cells by flow cytometry. Genotype of 
hCD20 mice was determined by MFI distribution compared to known WT controls. 

 

 
Supplemental Figure 3.2 Immune complexity of end-stage orthotopic Ink4 2.2 and p53 2.1.1 FVB/n 
PDAC tumors, as evaluated by flow cytometry in chemo-naïve and gemcitabine-treated mice. 
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Supplemental Figure 3.3 Flow cytometry gating strategy used to identify myeloid and lymphoid immune 
lineages. Terminal cell populations are indicated in red text. 

 

 
 
Supplemental Figure 3.4 Flow cytometry gating strategy used to identify T cell populations in Figures 3.9 
and 3.10.  
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Table 3.1 Flow cytometry antibodies used for characterization of C57BL/6 PDAC immune complexity 
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Table 3.2 Flow cytometry antibodies used for aCD20 therapeutic studies 
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Abstract 
 
Pancreatitis is an inflammatory disease of the exocrine pancreas that is associated with 

considerable morbidity and elevated risk of pancreatic cancer. Recurrent acute 

pancreatitis can lead to chronic fibroinflammatory pancreatitis, which is characterized by 

irreversible tissue damage and organ dysfunction. B cells have been reported to regulate 

neoplastic progression in the pancreas, but functional significance of B cells in 

pancreatitis remains unclear. Here, we report that B cells are recruited to the pancreas 

during experimental chronic and acute pancreatitis and have different roles in these two 

inflammatory contexts. We demonstrate that exocrine damage, leukocyte recruitment, 

and tissue fibrosis during early establishment of chronic pancreatitis are B cell-

independent. In contrast, B-cell deficient mice exhibited accelerated pancreatic recovery 

following acute injury, implicating B cells as significant mediators of inflammation and 

tissue damage during acute pancreatitis.  These data indicate potential for B cell-targeted 

therapies to mitigate tissue injury in patients suffering from recurrent acute pancreatitis.  

 
 
Introduction 
 
B cells are central mediators of humoral immunity and are important contributors to 

pathogen clearance and host defense through their roles in immunoglobulin (Ig) 

production, cytokine secretion, and antigen presentation. However, B cells are also 

appreciated to promote pathogenesis of several autoimmune diseases and some solid 

tumors [172, 200, 201]. We and others recently reported tumor promotional roles for B 

cells and downstream B cell-regulated signaling pathways in pancreatic ductal 

adenocarcinoma (PDAC) [111-113, 202]. These studies revealed multiple B cell subtypes 
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capable of supporting neoplastic progression via B cell secretion of pro-survival and 

immunosuppressive cytokines, as well as through induction of Th2-skewed myeloid 

transcriptional programs following binding of Ig-containing immune complexes to 

transmembrane Fcg receptors (FcgRs) on myeloid cells [17, 111]. Immune complex 

activation of FcgRs leads to activation of spleen tyrosine kinase- (Syk) and Bruton’s 

tyrosine kinase (BTK)-dependent signaling cascades implicated in proangiogenic, 

profibrotic, and T cell suppressive activities [174, 175].  Genetic deletion of B cells in 

murine models of PDAC slowed neoplastic progression and primary tumor growth [111, 

112]. Moreover, therapeutic B cell depletion with aCD20 monoclonal antibody (mAb) 

slowed progression of pre-invasive neoplasia, and treatment of tumor-bearing mice with a 

small-molecule BTK inhibitor in combination with gemcitabine chemotherapy limited 

tissue fibrosis and relieved T cell suppression, resulting in slowed primary tumor growth 

and improved survival [201, 202]. Given these findings, we hypothesized that B cells 

might also be functionally significant mediators of acute and/or chronic pancreatitis onset 

or recovery from acute inflammatory tissue injury. 

 

Pancreatitis is a leading cause of gastroenterological hospitalization in the United States 

[9]. Acute pancreatitis ranges from mild, self-limiting disease to severe necrotic disease 

associated with systemic organ failure [203]. Inflammation associated with acute onset 

pancreatitis typically resolves and the pancreas returns to a homeostatic state over a 

period of weeks. Chronic pancreatitis, however, is characterized by progressive tissue 

fibrosis, sustained inflammatory infiltration, acinar cell atrophy, and pancreatic enzyme 

insufficiency [13]. Current treatment strategies for chronic pancreatitis aim to improve 
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patient quality of life but are neither curative nor fully preventative with regards to 

ongoing tissue damage. Notably, sustained inflammation and tissue damage in patients 

with chronic pancreatitis enhance the relative risk of pancreatic cancer in this patient 

population [15, 17]. 

 

Pathogenesis of pancreatitis is rooted in recruitment of innate leukocytes and 

inflammation-associated tissue injury [37]. In acute pancreatitis, neutrophils are potent 

mediators of intra-acinar protease activation and are sources of reactive oxygen species 

that contribute to cellular damage [28, 30, 32, 33]. Macrophages also contribute to acute 

tissue injury through production of inflammatory cytokines and proteinases that promote 

acinar de-differentiation to a duct-like phenotype (acinar-to-ductal metaplasia; ADM), 

and they are significant regulators of fibrosis in chronic pancreatitis [40, 43]. 

Comparatively little has been reported on potential roles of the adaptive immune system 

during acute pancreatitis initiation or resolution, or during progressive chronic disease. A 

recent study demonstrated that B cell depletion enhanced tissue recovery in established 

chronic pancreatitis [204], but it remains unclear whether B cells also regulate the onset 

of chronic pancreatitis. Similarly, the role of B cells in acute pancreatitis initiation and 

recovery is unknown. To address these gaps, we investigated the functional significance 

of B cells in these temporal phases pancreatic damage and report herein that B cells are 

not significant regulators of chronic pancreatitis establishment in experimental mouse 

models, but do play a significant role in the resolution phase of acute pancreatitis.  
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Materials and Methods 
 

Animal Studies 

All animal experiments were performed in compliance with National Institutes of Health 

guidelines and were approved by the Oregon Health & Science University Institutional 

Animal Care and Use Committee. Generation and characterization of B cell-deficient 

(JH-/-) and FcRg-deficient (-/-) mice has been previously described [174, 186, 187]. JH+/- 

and FcRg+/- were backcrossed a minimum of five generations into FVB/NJ (Stock No. 

001800, The Jackson Laboratory, Bar Harbor, ME) and were housed in specific-

pathogen-free facilities. 7 to 11 week old female JH and FcRg mice were used for 

caerulein-induced pancreatitis. Acute pancreatitis was induced by seven hourly 

intraperitoneal (i.p.) injections of caerulein (50 µg/kg body weight; Sigma-Aldrich, St. 

Louis, MO) for two consecutive days, and pancreata were harvested for analysis three 

and seven days following the final caerulein injection. Chronic pancreatitis was induced 

as previously described [26, 28], with minor modification: caerulein was administered 

i.p. at 0.23 mg/kg body weight once per day for 5 consecutive days, followed by two rest 

days, for up to four weeks. Pancreata were harvested one day following the final 

caerulein injection at indicated time points. All experiments were repeated at least twice 

with n ³ 3 per experimental group. 

 

Histology & Pancreatic Damage Scoring 

Pancreata were collected from PBS cardiac-perfused mice, and tissue was immediately 

transferred to 10% neutral-buffered formalin for overnight fixation. Following fixation, 

tissues were processed and paraffin embedding using standard protocols. Deparaffinized 
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5 µm tissue sections were hematoxylin and eosin (H&E) stained using a Jung Autostainer 

XL (Leica Biosystems, Wetzlar, Germany). Masson’s Trichrome staining was performed 

using the American MasterTech Masson Trichrome Stain Kit (#KTMTR, American 

MasterTech, Lodi, CA) according to manufacturer recommendations. Tissue damage 

scoring of caerulein pancreatitis tissues was performed on H&E slides by two 

independent reviewers blinded to mouse genotype and treatment group. Four randomly 

selected regions were evaluated per mouse using a scoring system adapted from Folias et 

al. [205].  Lobular integrity and acinar damage (de-differentiation and necrosis) were 

each scored from 0-3 for each region, and individual scores from these categories from 

every region were added to obtain a combined histology score (minimum combined score 

= 0, maximum combined score = 24).  Scoring criteria are detailed in Supplemental 

Figure 4.1.  

 

Immunohistochemistry 

To identify proliferating cells by immunohistochemistry (IHC), mice received an i.p. 

injection of bromodeoxyuridine (BrdU; Roche, Basel, Switzerland) dissolved in PBS (50 

mg/kg of mouse body weight) 90 minutes prior to sacrifice. For IHC staining, 

deparaffinized tissue sections were subjected to 20 minutes endogenous peroxidase 

blocking in 0.6% hydrogen peroxide in methanol and 15 minute heat-mediated antigen 

retrieval in 95°C Citra pH 6.0 solution (BioGenex Laboratories, Fremont, CA). Slides 

were cooled for 15 minutes, washed 3 x 2 minutes in PBS or TBST, and incubated in 

protein blocking buffer (5% normal goat serum (Gibco, Waltham, MA)/2.5% BSA 

(Fisher Scientific, Waltham, MA)/PBS (Gibco)) for 30 minutes. Tissues were incubated 
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in primary antibody diluted in 0.5X blocking buffer for 1.0 hour at room temperature, 

washed, and incubated in species-appropriate biontinylated secondary antibody for 30 

minutes at room temperature. The following primary antibodies were used: rat anti-

mouse BrdU (BU1/75 (ICR1), #MCA2060, 1:2000; Bio-Rad, Hercules, CA), rat anti-

mouse CD45R/B220 (RA3-6B2, #550286, 1:500; BD Biosciences, San Jose, CA), rat 

anti-mouse CD45 (30-F11, #550539, 1:500; BD Biosciences), rabbit anti-mouse cleaved 

caspase-3 (polyclonal, #9661, 1:200; Cell Signaling Technology, Danvers, MA), rabbit 

anti-mouse Sox9 (polyclonal, #AB5535, 1:20,000; MilliporeSigma, Burlington, MA). 

Secondary antibodies used were: biotinylated anti-rabbit IgG (#BA-1000, 1:500; Vector 

Laboratories, Burlingame, CA) and biotinylated anti-rat IgG (#BA-9401, 1:500, Vector 

Laboratories). After secondary antibody staining and washing, slides were incubated for 

30 minutes in ABC Elite horseradish peroxidase-conjugated avidin complex (Vector 

Laboratories), washed, and signal was developed with 3,3’-diaminobenzidine (Dako, 

Santa Clara, CA). Slides were counterstained with 0.01% methyl green, dehydrated, 

coverslipped with Permount medium (Fisher Scientific), and digitally scanned at 20X 

magnification on an Aperio Scanscope AT or AT2 slide scanner (Leica Biosystems). 

Quantification of immunohistochemical staining from caerulein pancreatitis experiments 

was performed on 18 total 300 x 300 µm fields per slide using the Color Deconvolution 

v9 macro in Aperio ImageScope software (Leica Biosystems). 

 

Flow Cytometry 

Mice were cardiac perfused with PBS/heparin to clear circulating leukocytes prior to 

tissue collection. Pancreas single-cell suspensions were prepared as we have previously 
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reported [111]. Briefly, pancreata were finely minced with scissors, and tissue pieces 

were enzymatically digested for 15 minutes at 37°C with constant stirring in serum-free 

DMEM (Gibco) containing 1.0 mg/mL soybean trypsin inhibitor (Gibco), 1.0 mg/mL 

collagenase IV (Gibco), and 50 U/mL DNase I (Roche). Following digestion, cells were 

passed through a 100 µm mesh filter and washed with FACS buffer (PBS with 0.5% BSA 

and 2.0 mM EDTA), followed by a 5-minute centrifugation at 400 x g. To distinguish 

viable from dead cells, cells were incubated with Live/Dead Fixable Aqua stain (1:1000, 

Invitrogen) for 30 minutes on ice. Cells were centrifuged as before, then incubated for 30 

minutes on ice with the following fluorescently-conjugated antibodies: CD3 (Brilliant 

Violet 785, clone 17A2, 1:100, BioLegend, San Diego, CA), CD4 (Brilliant Violet 605, 

clone RM4-5, 1:200, BioLegend), CD8a (PerCP-Cy5.5, clone 53-6.7, 1:200, 

BioLegend), CD11b (FITC, clone M1/70, 1:200, BioLegend), CD11c (APC-eFluor780, 

clone N418, 1:200, eBioscience, Waltham, MA), CD16/32 (PE, clone 93, 1:400, 

eBioscience), CD19 (Brilliant Violet 650, clone 6D5, 1:400, BioLegend), CD45 (PE-

Cy7, clone 30-F11, 1:4000, eBioscience), CD64 (Brilliant Violet 711, clone X54-5/7.1, 

1:400, BioLegend), F4/80 (APC, clone BM8, 1:400, BioLegend), Ly6C (PerCP, clone 

HK1.4, 1:400, BioLegend), Ly6G (Alexa Fluor 700, clone 1A8, 1:400, BioLegend), 

MHC Class II (eFluor450, clone M5/114.15.2, 1:1000, eBioscience). After staining, cells 

were fixed in BD Cytofix Buffer (BD Biosciences) for 15 minutes followed by a final 

wash in FACS buffer. Cells were stored in FACS buffer at 4°C until running on a BD 

Fortessa cytometer with FACSDiva software (BD Biosciences). Data were analyzed with 

FlowJo v10 software (FlowJo LLC, Ashland, OR). 
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Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San 

Diego, CA). Two-way ANOVA with Sidak multiple comparisons test was used for 

evaluation of two or more groups across multiple time points. The D’Agostino-Pearson 

test was used to evaluate normal distribution of samples in all experiments. When 

samples were not normally distributed, data were transformed using probit function prior 

to two-way ANOVA. Untransformed data are displayed for all figures, and data are 

presented with means ± SEM. p values of < 0.05 were considered statistically significant, 

with * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.  
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Results 
 
B cells are recruited to the pancreas following caerulein-induced acute injury and during 

chronic pancreatitis 

To evaluate different phases of acute and chronic pancreatic inflammation, we employed 

established murine models of caerulein-induced pancreatitis [23]. Caerulein is a 

cholecystokinin analog that, when administered at supraphysiological levels, induces 

intrapancreatic protease activity, pancreatic edema, immune infiltration, and acinar de-

differentiation and cell death [206]. When administered acutely, caerulein treatment 

results in an initial phase of inflammatory tissue damage that is followed by resolution 

and tissue regeneration within the course of several days [24, 39, 207]. Repeated 

caerulein treatment over multiple weeks promotes chronic inflammation and extensive 

tissue remodeling, including mild to moderate fibrosis, that reflect features also observed 

in human chronic pancreatitis [43]. 

 

Using these models, we first examined pancreas histopathology at multiple time points 

following acute caerulein administration and during establishment of chronic pancreatitis 

(Figure 4.1A). H&E-stained pancreata harvested three days after acute caerulein 

treatment exhibited expected morphologic indicators of damage, including acinar cell 

enlargement, increased interlobular and intralobular space, and acinar de-differentiation, 

which were moderately resolved by day 7 (Figure 4.1A). In addition to these observed 

exocrine changes, immunohistochemical staining for leukocyte common antigen (i.e. 

CD45) confirmed an increase in pancreatic leukocyte infiltration following caerulein 

treatment (Figure 4.1A). Notably, staining for the B cell marker B220 revealed that while 
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few B cells were typically present in homeostatic pancreas, acute insult resulted in B cell 

trafficking to inflamed pancreatic tissue (Figure 4.1A). Similar histopathologic features 

of tissue damage were observed in pancreata treated chronically with caerulein for two to 

four weeks (Figure 4.1B). As in acute pancreatitis, we observed B cell infiltration during 

chronic caerulein treatment (Figure 4.1B), supporting our hypothesis that B cells might 

be have significant function at one or more temporal stages of pancreatitis.   
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Figure 4.1 Treatment schematics and representative pathology of caerulein-induced acute and 
chronic pancreatitis. (A) Schema for acute caerulein pancreatitis in which mice were administered seven 
hourly i.p. injections of caerulein (50 µg/kg) for two consecutive days (denoted by arrows). Pancreas was 
harvested on Day 3 and Day 7 following final caerulein administration (indicated by X’s). Representative 
images of pancreas stained with hematoxylin & eosin (H&E), CD45, and B220 from wild-type untreated 
baseline control or wild-type mice treated with caerulein. Pancreata of treated mice were harvested at 
indicated time points. (B) Schema for chronic caerulein pancreatitis in which mice were administered one 
0.23 mg/kg dose of caerulein five days per week, followed by two rest days. Pancreata were harvested after 
the second, third, and fourth weeks of treatment (indicated by X’s). Representative staining of pancreas 
with H&E and immunostaining for CD45 and B220 are shown from an untreated control and from wild-
type caerulein-treated mice at indicated time points. 
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Establishment and maintenance of chronic pancreatitis is B cell-independent 

We first sought to determine whether B cells regulated establishment of tissue damage 

during chronic pancreatitis. Caerulein was administered as previously indicated (Figure 

4.1B) to mice lacking mature B cells (JH-/- mice) and to heterozygous JH+/- controls, and 

pancreata were examined at weekly intervals beginning at two weeks of treatment. We 

developed a histologic scoring system to evaluate pancreatic lobular integrity and acinar 

cell damage following caerulein treatment (see Methods and Supplemental Figure 4.1). 

Based on this scoring, tissue damage was confirmed to be elevated in both genotypes at 

all evaluated on-treatment time points as compared to respective pre-treatment baseline 

controls (Figure 4.2A); however, severity of damage was equivalent between genotypes 

(Figure 4.2A). Consistent with this, assessment of CD45+ cells revealed that leukocyte 

abundance in JH+/- and JH-/- was comparable across time points (Figure 4.2B). To 

evaluate damage-induced acinar-to-ductal metaplasia (ADM), we evaluated expression of 

Sox9, an early pancreatic progenitor cell marker that is re-expressed in acini undergoing 

ADM [39, 56]. Using Sox9 positivity as an additional readout of tissue damage and 

remodeling, we observed > 5-fold increases in Sox9+ cells that were maintained 

throughout the treatment course in both JH+/- and JH-/- mice (Figure 4.2C). Mild tissue 

fibrosis was also evident during caerulein treatment and was similar in both genotypes 

(Figure 4.2D).  
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Figure 4.2 Tissue damage and inflammation during establishment of chronic pancreatitis is B cell-
independent. (A) Representative hematoxylin and eosin (H&E) staining of JH+/- and JH-/- pancreas from 
untreated baseline controls (Ctrl) and from mice after 2 weeks, 3 weeks, and 4 weeks caerulein treatment, as 
described in Figure 1. Corresponding tissue damage scoring is shown on the right based on scoring criteria 
detailed in Methods and Supplemental Figure 1. Representative images and quantification of (B) CD45 
staining, (C) Sox9 staining, and (D) Masson’s trichrome staining. Staining quantification is presented as % 
positively stained area of total evaluated tissue area. Scale bars equal 100 µm. Data from two independent 
experiments are shown and each data point represents one mouse; n = 3-14 mice/group. Statistical 
significance was determined by two-way ANOVA. 
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Although overall abundance of CD45+ cells in JH+/- and JH-/- mice was similar during 

chronic pancreatitis, we also audited frequencies of individual leukocyte populations to 

investigate whether immune complexity was altered in the context of B cell deficiency. 

Dendritic cells (DCs), monocytes, and macrophages exhibited transient increases in JH-/- 

mice as compared to JH+/- controls at two weeks, three weeks, and four weeks, 

respectively (Figure 4.3). DCs and macrophages have been identified as positive 

regulators of tissue fibrosis during chronic pancreatitis [37, 44, 46], but the observed 

similarities in collagen deposition between JH+/- and JH-/- mice (Figure 4.2D) indicated 

that profibrotic functions of these innate leukocyte populations were not mediated by B 

cells. Together, these data reveal that establishment of chronic pancreatitis is B cell-

independent, at least in the model investigated. 
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Figure 4.3 B cell-deficiency is not associated with sustained changes in pancreatic leukocyte complexity 
during chronic pancreatitis. Flow cytometric evaluation of indicated leukocyte populations in pancreata of 
JH+/- (triangles) and JH-/- mice (squares) treated with caerulein for the indicated durations. Data from two 
independent experiments are shown and each data point represents one mouse; n = 3-14 mice/group. 
Statistical significance was determined by two-way ANOVA. 
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Acute tissue damage is reduced in the absence of B cells 

To determine the functional significance of B cells during acute pancreatitis, we 

administered caerulein for two consecutive days to JH-/- and JH+/- mice. Scoring of H&E-

stained pancreas sections from day 3 following caerulein cessation revealed significantly 

reduced pancreatic damage in B cell-deficient mice as compared to B cell-proficient 

controls, which was attributable to both reduced tissue edema (i.e. improved lobular 

integrity) and limited acinar de-differentiation and necrosis in JH-/- mice (Figure 4.4A). 

Leukocyte infiltration was also significantly decreased in the absence of B cells at day 3 

(Figure 4.4B), as were number of cells positive for Sox9 (Figure 4.4C). At day 7, 

trending decreases in histology score, immune infiltrate, and Sox9-positive cells were 

evident in JH-/- mice, although these differences were not statistically significant and both 

genotypes exhibited progressive damage resolution compared to day 3. Histological 

quantification of cellular proliferation and apoptosis by BrdU and cleaved caspase-3 

staining, respectively, revealed that these parameters were equivalent across genotypes at 

all time points examined (Figure 4.4D-E, Supplemental Figure 4.2C-D).  
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Figure 4.4 Acute tissue damage is reduced in the absence of B cells. A) Representative hematoxylin and 
eosin (H&E) staining of JH+/- and JH-/- pancreas from untreated baseline controls (Ctrl) and from mice on 
day 3 and day 7 following caerulein treatment, as described in Figure 1. Corresponding tissue damage scoring 
is shown on the right based on scoring criteria detailed in Methods and Supplemental Figure 1. Representative 
images and quantification of (B) CD45 staining and (C) Sox9 staining from pancreata harvested at the 
indicated time points. (D-E) Immunohistochemistry quantification of BrdU and cleaved caspase-3 staining. 
Staining quantification is presented as % positively stained area of total evaluated tissue area. Scale bars 
equal 100 µm. Data from two independent experiments are shown and each data point represents one mouse; 
n = 3-10 mice/group. Statistical significance was determined by two-way ANOVA. 
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Since we have previously reported that B cells foster cutaneous squamous cell carcinoma 

and PDAC progression via Ig binding to FcgRs on myeloid cells, that in turn regulates 

downstream pro-tumoral myeloid transcriptional programming and functionality [111, 

174, 175], we sought to determine whether acute pancreatic damage was also mediated 

by analogous Ig-FcgR interactions. Thus, we evaluated parameters of acute pancreatitis in 

FcRg+/+ and FcRg-/- mice. Histologic evaluation revealed that pancreatic damage, CD45+ 

leukocyte abundance, and number of Sox9+ cells did not differ significantly between 

FcRg+/+ and FcRg-/- (Supplemental Figure 4.3A-C), thereby indicating that alternate 

mechanisms underlie B cell-mediated acute tissue damage in response to caerulein. 

Collectively, these findings implicate B cells as regulators of acute pancreatitis and 

indicate that B cell deficiency confers protection against acute pancreatic injury and 

metaplasia in early phases of the damage response through as-yet unidentified 

function(s).  

 

Discussion 
 
In the present study, we provide evidence that B cells play a significant role in regulating 

resolution of acute pancreatitis but are dispensable during establishment of chronic 

disease. We demonstrate herein using a murine model of caerulein-induced chronic 

pancreatitis that extent of exocrine damage, cell death, and tissue fibrosis are comparable 

in B cell-proficient and –deficient mice, thus affirming that B cells are neither protective 

nor damage promotional throughout a month-long establishment of chronic 

inflammation. Lee and colleagues recently reported that therapeutic depletion of B cells 

with aCD20 mAb after three weeks of chronic caerulein treatment accelerated tissue 
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regeneration [204]. However, as the authors indicated, tissue repair following caerulein 

withdrawal is unique to experimental chronic pancreatitis models and does not 

recapitulate the irreversible tissue damage found in human disease. Therefore, it was also 

important to understand whether B cells are functional mediators of chronic pancreatitis 

establishment or maintenance, as this would have more direct implications for potential 

therapeutic intervention and tissue damage prevention in humans. Given the results of the 

present study, efficacy of B cell-directed therapies in chronic pancreatitis would not be 

anticipated. 

 

In contrast to results in chronic pancreatitis, we did reveal decreased tissue damage 

following acute caerulein treatment in mice lacking B cells. Together with the previous 

findings of Lee et al., these results indicate that B cells contribute to impaired tissue 

recovery in the pancreas following inflammatory insult. This is also consistent with 

experimental models of acute injury in heart, liver, and kidney that demonstrated B cell-

mediated impairment of normal tissue repair and function following damage [208-210]. 

Future investigations are warranted to delineate specific mechanism(s) underlying B cell-

mediated regulation of acute pancreatic recovery, as revealing these mechanisms could 

lead to improved therapeutic options for patients suffering from recurrent acute 

pancreatitis and its associated tissue damage. 
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Supplemental Data 
 

 
Supplemental Figure 4.1 Pancreatic histological damage scoring criteria. Hematoxylin and eosin (H&E) 
stained pancreata of caerulein-treated mice were evaluated for two parameters: lobular integrity and acinar 
damage. Lobular integrity measures change in inter- and intra-lobular spaces and is reflective of pancreatic 
edema. The acinar damage score encompasses both acinar de-differentiation/metaplasia and necrosis. 
Scoring for each parameter increased with damage severity on a scale from 0 to 3. Scores from each parameter 
were added from 4 fields of view per mouse and resulted in a cumulative histology score. Representative 
images of each scoring category are shown. 
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Supplemental Figure 4.2 Cellular proliferation and apoptosis are equivalent in JH+/- and JH-/- during 
chronic and acute pancreatitis. (A) Representative images of BrdU staining in JH+/- and JH-/- at the chronic 
pancreatitis time points indicated (left) and corresponding IHC quantification (right). Data shown are from 
two independent experiments. n = 3-14/group. (B) Representative cleaved caspase-3 staining from the same 
chronic pancreatitis experiments included in (A). (C-D) Representative BrdU (left) and cleaved caspase-3 
staining corresponding to acute pancreatitis experiments shown in Figure 3.3. All scale bars equal 100 µm.  
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Supplemental Figure 4.3 Resolution of tissue damage and inflammation in acute pancreatitis are FcgR- 
independent. FcRg+/+ and FcRg-/- mice were treated acutely with caerulein (seven hourly 50 µg/kg i.p. doses 
of caerulein on two consecutive days) and pancreas was harvested on day 3 and day 7 following final 
caerulein injection. (A) Representative H&E-stained pancreata from untreated controls (Ctrl) and pancreata 
from caerulein-treated mice at the indicated time points (left) with corresponding histology damage score 
(right). (B-C) Representative staining and quantification of CD45 and Sox9 from pancreas evaluated at the 
indicated time points. Scale bars equal 100 µm. Data shown are from two independent experiments. n = 3-
13/group. 
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Chapter 5: Extended Discussion 
 
The research projects described herein share the common goal of identifying immune 

biomarkers and immunotherapeutic targets that could be leveraged to improve patient 

care and/or outcome. In our extensive mIHC-based evaluation of human PDAC (Chapter 

2), we identified immune subtypes of treatment-naïve and neoadjuvant-treated tumors 

that can now serve as a baseline reference for patient stratification and response to 

immunotherapies. This is a critical advancement in the PDAC field, as no other studies to 

date have provided equally comprehensive lymphoid and myeloid complexity data and 

spatial analysis at near single-cell resolution. Such immune subtyping of human PDACs 

should be considered a critical aspect of patient management for guiding future 

(pre)clinical validation of immunotherapy combinations.  

 

In support of our data revealing multiple immune subtypes of human PDAC, we recently 

reported that murine PDAC isogenic subclones isolated from GEMM PDAC models 

cluster into myeloid-enriched and lymphoid-enriched subgroups similar to subtypes we 

observed in human tumors [115]. Immune characterization of additional murine cell lines 

(Chapter 3) further exemplified the existence of immune heterogeneity in preclinical 

rodent models of PDAC. Moving forward, this heterogeneity could be strategically 

leveraged to study mechanisms of immunotherapy response and resistance in tumors with 

known immune complexities. Murine PDAC cell lines from the libraries developed in our 

past and present studies can be rationally selected based upon immune features and 

utilized to investigate novel therapeutic combinations and drug sequencing strategies in 

tractable in vivo orthotopic tumor implantation models. Therapeutic responses can also be 
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evaluated and directly compared across murine tumors with distinct immune profiles, and 

resulting information can then be translated back to human disease.  

 

Our mIHC study answered several outstanding questions regarding how the PDAC 

immune landscape is associated with patient outcome and has prompted multiple new 

questions to be addressed in future studies, including: 

 

o Does PDAC immune contexture change as disease progresses from early stage to 

advanced metastatic disease?  

o How extensive is intrapatient immune heterogeneity, and what are implications of 

intrapatient heterogeneity for research and clinical management of disease? 

o How is immune contexture associated with other stromal and tumor-intrinsic 

features? 

 

All human specimens evaluated in the mIHC studies described herein were derived from 

patients presenting with primary non-metastatic PDAC, and thus represent only ~15% of 

total PDACs.  Future studies should therefore strive to determine whether immune 

signatures found in non-metastatic primary tumors are similar to late-stage primary 

tumors that have already metastasized. In addition, understanding if and how immune 

contexture of primary tumors differs from metastatic lesions is also an important 

component of successfully predicting patient response to therapy and stratifying 

outcomes. The Coussens laboratory is beginning to address this through mIHC of late-

stage primary and metastatic PDAC lesions from patients enrolled in immunotherapy 



 161 

clinical trials. Preliminary results from a small number of pre-treatment patient samples 

indicate that advanced stage primary tumors cluster together and are distinct from non-

metastatic PDACs, and that PDAC liver metastases cluster separately from late-stage 

primary tumors. These observations support the concept that immune contexture evolves 

with disease progression and that early and advanced stage tumors should not necessarily 

be expected to respond equivalently to the same types of immunotherapeutic 

combinations. Immune profiling of additional advanced primary tumors and metastases is 

a clear next step in order to build an atlas of late disease stages comparable to the one we 

have created here for non-metastatic PDAC. Atlas resources such as these will be 

invaluable for developing or selecting therapeutic regimens with potential to target cells 

or protumoral pathways shared between primary and metastatic sites. Additionally, 

characterization of immune contexture in late stage metastatic disease could lead to 

identification of new therapeutic biomarkers specific for disease stage. 

  

In addition to the immune heterogeneity existing between disease stages and between 

individual patients within a single disease stage, our data also revealed presence of 

intrapatient immune heterogeneity. Intrapatient heterogeneity is particularly important to 

consider when analyzing and interpreting data from IHC studies relying on small 

quantities of tissue, such as biopsies or tissue microarray (TMA) cores. For advanced 

PDAC cases in which surgical resection is infeasible, or in the context of clinical trials 

that include longitudinal on-treatment tissue sampling, biomarker detection is limited to 

blood and biopsy specimens. High intratumoral immune heterogeneity could limit ability 

to reliably evaluate immune contexture or treatment responsiveness if only a single 
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biopsy is used. Ongoing multivariate statistical evaluation of intrapatient heterogeneity in 

our mIHC dataset will help predict minimum number of biopsy passes required to 

optimally represent tumor immune contexture. This information could set an important 

precedent for tissue-based research in PDAC and other solid tumors.  

 

Collectively, mIHC has tremendous potential for biomarker discovery in cancer. While 

our current mIHC analysis is focused almost exclusively on immune parameters, the high 

adaptability of this methodology readily permits future analyses evaluating immune 

contexture in tandem with contexture of other significant aspects of the PDAC TME (e.g. 

vasculature, fibroblasts). Integration of mIHC-derived stromal signatures and PDAC 

molecular subtyping could also move the field an important step further by enabling 

assessment of how tumor intrinsic factors shape the TME, or vice versa. These integrated 

approaches will lead to even greater patient stratification that will give rise to improved 

therapeutic responses and prolonged survival in patients suffering from this difficult 

disease.  
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Section of Cancer Genomics, National Cancer Institute, National Institutes of Health 

 Principal Investigator: Thomas Ried, M.D. 
 
 

Additional Scientific Training 
 
2015 Workshop on Modeling Human Cancer in Mice 
 The Jackson Laboratory, Bar Harbor, ME  
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Honors & Awards 
 
Competitive Funding: 
 
2017   Knight Cancer Institute Graduate Stipend Award 
2014-2015 Ruth L. Kirschstein NIH T32 - OHSU Program in Molecular & Cellular Biosciences  
2014   N.L. Tartar Trust Fellowship (Oregon Health & Science University)  
 
Other: 
 
2018   Keystone Symposia Travel Scholarship 
2017, 2018  OHSU All-Hill Student Council Leadership in Student Service award nominee 
2015   Gordon Research Conference Travel Award for Invited Short Talk  
2011   Throckmorton Scholarship (Portland State Univ. Honors Program) 
2010-2011  Portland State University Dean’s List 
2009-2010  Portland State University President’s List 
2008-2012  Oregon Laurels Undergraduate Merit Scholarship 
2008-2012  Eugene Airport Rotary Foundation Scholarship 
 
Publications 
 
i. Peer-Reviewed Research Articles 
 
Liudahl SM, Sivagnanam S, Betts CB, Morales-Oyarvide V, Yuan C, Nowak JA, Hwang S, Grossblatt-Wait A, 
Leis KR, Larson W, Robinson P, Dias Costa A, Varyrynen SA, Link J, Keith D, Horton W, Tempero, MA, Jaffee 
EM, Sheppard B, Goecks J, Sears RC, Wolpin BA, Coussens LM. Multiplex immunohistochemistry reveals 
phenotypic and spatial immune heterogeneity in pancreatic ductal adenocarcinoma. Manuscript in preparation. 
 
Liudahl SM, Sanchez Flores Jr, R, Lavoie MB, Leis KR, Betre K, Coussens LM. B lymphocytes regulate tissue 
response to acute pancreatic injury but are dispensable for the establishment of chronic pancreatitis. 
Manuscript in preparation. 
 
Link J, Liudahl SM, Betts CB, Sivagnanam S, Leis KR, McDonnell M, Pelz C, Johnson B, Hamman K, Keith D, 
Sampson J, Morgan TK, Lopez CD, Coussens LM, Sears RC. Tumor immunity associated with long-term 
survival of a patient with chemotherapy-resistant metastatic pancreatic adenocarcinoma and familial 
predisposition to the disease. Manuscript in preparation. 
 
Michaelis KA, Norgard MA, Zhu X, Levasseur PR, Sivagnanam S, Liudahl SM, Burfeind KG, Olson B, Pelz 
KR, Angeles Ramos D, Olive KP, Coussens LM, Morgan TK, Marks DL. (2019) The TLR7/8 agonist R848 
remodels tumor and host immune responses to promote survival in pancreatic cancer. Manuscript accepted at 
Nature Communications. 
 
Banik G, Betts CB, Liudahl SM, Sivagnanam S, Kawashima R, Cotechini T, Larson W, Clayburgh DR, 
Tsujikawa T, Coussens LM. High-dimensional multiplexed immunohistochemical characterization of immune 
contexture in human cancers. (2019) Methods in Enzymology, In press, DOI: 10.1016/bs.mie.2019.05.039 
 
Hundeyin M, Kurz E, Mishra A, Kochen Rossi JA, Liudahl SM, Leis KR, Mehrotra H, Kim M, Torres LE, 
Ogunsankin A, Link J, Sears RC, Sivagnanam S, Goecks J,  Sadeq Islam KM, Dolgalev I, Savadkar S, Wang 
W, Aykut B, Leinwand J, Diskin B, Adam S, Israr M, Gelas M, Lish J, Chin K, Saad Farooq M, Wadowski B, 
Wu J, Shah S, Adeegbe D, Pushalkar S, Vasudevaraja V, Saxena D, Wong K, Coussens LM, Miller G. (2019) 
Innate ab T cells mediate antitumor immunity by orchestrating immunogenic macrophage programming. 
Cancer Discov. 9:1288-1305. PMCID: PMC6726581 
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Li J, Byrne KT, Yan F, Yamazoe T, Chen Z, Baslan T, Richman LP, Lin J, Sun YH, Rech AJ, Balli D, Hay CA, 
Sela Y, Merrell AJ, Liudahl SM, Gordon N, Norgard RJ, Yuan S, Yu S, Chao T, Ye S, Eisinger- Mathason 
TSK, Faryabi RB, Tobias JW, Lowe S, Coussens LM, Wherry EJ, Vonderheide RH, Stanger BZ. (2018) Tumor 
cell-intrinsic factors underlie immune heterogeneity and therapeutic response. Immunity 49:173-193. PMCID: 
PMC6707727 

Gunderson AJ, Kaneda MM, Tsujikawa T, Nguyen AV, Affara NI, Ruffell B, Gorjestani S, Liudahl SM, Truitt M, 
Olson P, Kim G, Hanahan D, Tempero MA, Sheppard B, Irving B, Chang BY, Varner JA, Coussens LM. (2016) 
Bruton tyrosine kinase-dependent immune crosstalk drives pancreas cancer. Cancer Discov. 6:270-285. 
PMCID: PMC4783268  

ii. Book Chapters, Commentaries & Reviews 

Liudahl SM and Coussens LM. (2018) To help or to harm: dynamic roles of CD4+ T helper cells in solid tumor 
microenvironments. Book chapter in: Immunology Vol. 1 - Immunotoxicology, Immunopathology, and 
Immunotherapy (M.A. Hayat, Ed.), Elsevier/Academic Press, Chapter 8, 97-116.   

Liudahl SM and Coussens LM. (2018) B cells as biomarkers: predicting immune checkpoint therapy adverse 
events. J Clin Invest. 128:577-579. PMID: 293094 

Presentations 
 
National & International 
 
Oral Presentation: “Multiplex Immunohistochemistry to Evaluate Immune Heterogeneity in Pancreatic Cancer: 
Implications for Effective Immune Therapy” Next Generation Dx Summit, Washington D.C., August 2019 
 
Poster: “Correlations between Smad4 status and leukocyte complexity in human pancreatic cancer” Keystone 
Symposia – Cancer Immunotherapy: Combinations; Montreal, Quebec, Canada, March 2018. 
 
Poster: “Regulation of pancreatic cancer progression via therapeutic inhibition of Bruton’s tyrosine kinase and 
related Tec-family kinases”. Cancer Biology Training Consortium (CABTRAC) Annual Meeting; Stevenson, 
WA, October 2017. 
 
Oral Presentation: “Immune Regulation of Pancreatic Cancer”. 7th Annual Tumor Microenvironment Network 
(TMEN) Junior Investigators Meeting; National Institutes of Health, Bethesda, MD, May 2016. 
 
Oral Presentation: “B Cells Regulate Tissue Damage During Pancreatitis”. Gordon Research Conference on 
Pancreatic Diseases; Mount Holyoke College, South Hadley, MA, July 2015. 
 
Poster: “Leukocyte involvement in the initiation and maintenance of pancreatitis”. Keystone Symposia – 
Immune Evolution in Cancer; Whistler, British Columbia, Canada, March 2014. 
 
Local/Institutional 
 
Oral Presentation: “Leukocyte Complexity, Mutational Status, and Survival Outcomes in Human Pancreatic 
Cancer”. OHSU Cancer Biology Program Student Seminar Series, Portland, OR, November 2018. 
 
Oral Presentation: “Leukocyte Complexity, Mutational Status, and Survival Outcomes in Human Pancreatic 
Cancer”. PNW Tumor Microenvironment Symposium, Portland, OR, October 2018. 
 
Oral Presentation: “Leukocyte Complexity, Mutational Status, and Survival Outcomes in Human Pancreatic 
Cancer”. OHSU Cancer Biology Program Student Seminar Series, Portland, OR, June 2018. 
 
Oral Presentation: “Blockade of BTK Promotes Anti-Tumor Immunity in Pancreatic Cancer – Implications for 
Early-Stage Disease”. OHSU Cancer Biology Program Student Seminar Series, Portland, OR, November 
2016. 
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Oral Presentation: “Blockade of Kinases BTK and ITK Promotes Anti-Tumor Immunity in Pancreatic Cancer”. 
OHSU Cell, Developmental & Cancer Biology Graduate Student Retreat, Portland, OR, September 2016. 
 
Poster: “B Cells Regulate Tissue Damage During Pancreatitis”. Oregon Biosciences Association Annual 
Meeting, Portland, OR, September 2015 
 
Poster: “B Cells Regulate Tissue Damage During Pancreatitis”. Cell, Developmental & Cancer Biology – 
OHSU Center for Spatial Systems Biomedicine Joint Retreat, Stevenson, WA, August 2015. 
 
Oral Presentation: “Identifying the Role of B Cells in Pancreatitis.” OHSU Cancer Biology Program Student 
Seminar Series, Portland, OR, June 2015. 
 
Poster: “B Cells Regulate the Initiation and Maintenance of Pancreatitis”. OHSU Program in Molecular and 
Cellular Biosciences Annual Retreat, Welches, OR, September 2014. 
 
Poster: “B Cells Regulate the Initiation and Maintenance of Pancreatitis”. PancWest Symposium, Portland, 
OR, September 2014. 
 
Poster: “Leukocyte involvement in the initiation and maintenance of pancreatitis”. Oregon Health & Science 
University Research Week, May 2014. 
 
Poster: “Leukocyte involvement in the initiation and maintenance of pancreatitis”. OHSU Knight Cancer 
Institute Retreat, October 2013. 
 
Leadership & Service 
 
Leadership & Outreach 
 
2018   Conference Assistant, Keystone Symposia - Cancer Immunotherapy: Combinations 

Roles: Prepare conference Program Report and Meeting Summary for the Keystone 
Symposia co-chaired by Drs. Chris Boshoff, Leiping Chen, and Lisa Coussens that took 
place in March 2018 in Montreal, QC. 

 
2015-2017  OHSU Graduate Student Organization  

Vice President (2016-2017), Treasurer (2015-2016) 
Roles: Co-direct monthly student meetings, lead GSO Travel Award steering committee, 
attend monthly Graduate Faculty Council and OHSU Student Council meetings, serve 
on GSO student award selection committees, student advocacy, event development and 
planning, budget preparation, website development and maintenance 

  
2015-2016 OHSU Cell, Developmental & Cancer Biology Student Retreat Planning Committee 

Member 
 Roles: Plan and coordinate scientific and career development activities, keynote speaker 

selection and invitation, abstract selection 
 
2015 On Track OHSU! Volunteer 
 Roles: Participate in scientific outreach activities and provide academic and career 

guidance to underrepresented high school students in the Portland metro area 
 
2014 OHSU Program in Molecular & Cellular Biosciences Retreat Planning Committee 

Member 
 Roles: Develop student breakout sessions, keynote speaker selection 
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Mentoring & Teaching Experience 
 
Mentoring 
 
2018 Ruben Sanchez Flores Jr., High School Student 

OHSU Ted R. Lilley CURE Internship Program, June-August 2018 
• Received Best Poster award at OHSU intern poster session 

 
Padraic Robinson, Research Assistant – Coussens Lab, OHSU 
 
Kenna Leis, Research Assistant – Coussens Lab, OHSU 
 

2017 Hannah Zhao, Undergraduate Student (University of Southern California) 
OHSU CDCB Summer Internship Program, June-August 2017 

 
Rowan Talbot-Guerette, Undergraduate Student (University of Rhode Island) 
OHSU CDCB Summer Internship Program, June-August 2017 

 
Teaching 
 
2018 Lecturer, “How to Read a Journal Article” – OHSU Cell, Developmental & Cancer 

Biology Summer Internship Program 
 
2015 Teaching Assistant for CANB 613/CELL 613 Tissue Biology, OHSU    
 
 
Memberships to Professional Societies 
 
2018-present  American Association for Cancer Research 
 

 
 


