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ABSTRACT OF THE DISSERTATION

Overcoming Epigenetic-mediated Immune Evasion in Pancreatic Cancer

by

Yuwenbin Li

Doctor of Philosophy in Biology
University of California San Diego, 2024

Professor Ronald M. Evans, Chair

Pancreatic ductal adenocarcinoma (PDAC) presents a formidable challenge as a highly
lethal malignancy, anticipated to rise to the rank of second-leading cause of cancer-related
mortality by 2030. Despite this alarming trend, effective treatment options for PDAC remain

elusive. Surgical resection, the primary curative intervention for PDAC, is only feasible in ~20%
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of patients and has a high recurrence rate. Traditional cancer therapies, such as chemotherapy
and radiation therapy, have demonstrated limited efficacy against PDAC.

In recent years, immunotherapies have shown promise in various cancer types. However,
their effectiveness as standalone treatments for PDAC has been hindered by the desmoplastic
stromal response characteristic of PDAC tumors. This stromal reaction involves a complex
interplay between tumor cells and various stromal cell types, creating an immunosuppressive
tumor microenvironment (iTME) that excludes cytotoxic T cells and inhibits anti-tumor
immune responses. The complexity of the stromal compartment in PDAC remains inadequately
understood, encompassing questions regarding its diverse composition, intricate interplay
between stromal compartments, functional implications in fostering immunotherapy resistance,
and the underlying mechanistic regulation within PDAC. Thus, a comprehensive dissection of
stromal composition, function, and regulation is imperative.

To address the questions raised above, this study aimed to elucidate the role of
epigenetic regulation in shaping the iTME of PDAC. Using single-cell sequencing techniques,
we identified distinct populations of tumor-associated macrophages (TAMs), myeloid-derived
suppressor cells (MDSCs), and cancer-associated fibroblasts (CAFs) with immunosuppressive
potential and demonstrated that their immunosuppressive functions were disrupted by
pharmacological BET inhibitors (BET1), which preferentially block super enhancer driven gene
expression. Moreover, by disrupting the immunosuppressive TME, we found that BETi could
enhance the efficacy of immune checkpoint blockade, promoting anti-tumor T cell responses
mediated by the IFNy-CXCL9/10 axis. This discovery laid the groundwork for our development
of a novel therapeutic strategy utilizing nanoparticle-conjugated BETi to improve tumor drug

delivery and reduce systemic toxicity.
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Furthermore, our investigations into the immunosuppressive mechanisms of the TME
unveiled the ability of stromal signals to reprogram tumor cells and promote their resistance to
T cell-mediated cytotoxicity. By developing an antigen-specific tumor killing platform, we
demonstrated that soluble factors present in tumor interstitial fluid (TIF) could induce a
transcriptional profile associated with immune evasion in tumor cells. This transcriptional
program is regulated, in part, by stroma-induced NF«kB activation. /n vivo studies targeting
NF«B-regulated immunosuppressive genes, including COX2 and LIF, suggest that disrupting
this pathway could be a promising avenue for enhancing immunotherapy responses in PDAC
driven by antigen-specific T cell killing, such as CAR-T cell therapy.

In summary, this study not only facilitates a deeper comprehension of the underlying
causes of current therapeutic shortcomings in PDAC, but also paves the way for the
development of innovative strategies aimed at targeting immune resistance mechanisms and

sensitizing PDAC to immunotherapies.
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Chapter 1 Decoding Pancreatic Cancer: Challenges, Complexity, and Therapeutic Perspectives

1.1 Pancreatic cancer general facts and statistics

Pancreatic cancer, sometimes referred to as the “king of carcinomas”, stands out as a
particularly aggressive and formidable type of malignancy originating in the pancreatic tissue.
Data from the American Cancer Society reveal that in 2023, pancreatic cancer accounts for 8.3%
of all cancer-related deaths in the United States, despite comprising only 3.3% of all cancer
diagnoses. Forecasts suggest that by 2030, pancreatic cancer is poised to overtake colorectal cancer
as the second leading cause of cancer-related deaths in the country, with a five-year survival rate
of only 12%. This alarming discrepancy between its relatively low incidence and high mortality
rate not only highlights the current gaps in our understanding of pancreatic cancer pathogenesis,
but also emphasizes the urgency for innovative approaches to better combat this lethal disease.

Despite decades of research in the field of pancreatic cancer, significant challenges remain
that hinder progress in combating this deadly disease. One major obstacle is its tendency to be
diagnosed at an advanced stage, as it often remains asymptomatic early on or presents with
nonspecific symptoms that can easily be mistaken for less severe conditions such as biliary
stricture, irritable bowel syndrome, or pancreatitis. This is exacerbated by pancreatic cancer’s
aggressive nature. Unlike more indolent forms of cancer, such as skin or testicular cancer,
pancreatic cancer rapidly grows and invades nearby organs and tissues, often leading to local
invasion and early metastasis. Consequently, many patients are diagnosed only after the cancer
has metastasized to the liver, peritoneum, diaphragm, lungs, and lymph nodes, making them
ineligible for a potentially curative surgical resection. Ultimately, fewer than 20% of patients are

candidates for surgical resection.



Importantly, pancreatic cancer’s aggressiveness not only complicates early detection but
also makes recurrence common among patients who undergo surgical resection. These patients are
instead dependent on therapeutic interventions. Unfortunately, pancreatic cancer is remarkably
resistant to most standard therapies. Indeed, advanced cases are typically unresponsive to a wide
array of chemotherapies, radiation therapies, targeted therapies, and immunotherapies. While these
treatments may occasionally slow tumor progression, they rarely achieve a cure, underscoring the

urgent need for innovative therapeutic strategies in the battle against pancreatic cancer.

1.2 Pancreatic cancer classification

In addition to the challenges posed by pancreatic cancer's poor prognosis, aggressiveness,
and therapy resistance, its complex classification further complicates efforts to understand and
develop treatments for these multifaceted malignancies. Pancreatic cancer encompasses two
primary types based on the tissue origin: exocrine pancreatic cancer, which arises from exocrine
cells comprising the pancreas's acinar and ductal components and represents approximately 95%
of pancreatic cancer cases, and neuroendocrine pancreatic cancer, which accounts for the
remaining 5% and originates from the pancreas's endocrine gland responsible for hormone
production and blood sugar regulation. Within exocrine pancreatic cancer, pancreatic ductal
adenocarcinoma (PDAC) is the most prevalent form, constituting around 90% of all cases. Initially
believed to originate solely from ductal cells, recent discoveries of acinar-to-ductal transformation
(ADM) during PDAC formation suggest acinar cells as another significant source (Storz 2017).
Other rare types of exocrine pancreatic cancer include acinar cell carcinoma (~1-2%), squamous
cell carcinoma (<1%), adenosquamous carcinoma (~1-4%), and colloid carcinoma (~1-3%). Given

PDAC's prevalence and aggressiveness compared to other types, it is the primary focus of research



for developing pancreatic cancer therapy strategies and will be prominently discussed throughout
this thesis.

A deeper exploration of the genetic, molecular, and cellular features of PDAC allows for
further classification into basal or classical subtypes (Moffitt, Marayati et al. 2015), each
exhibiting distinct characteristics that profoundly influence the disease's behavior and response to
treatment. The basal subtype of PDAC, characterized by a high frequency of TP53 and KDM6A
mutations, is associated with: 1. a higher proportion of grade 3 lesions, 2. aggressive phenotypes
marked by rapid proliferation, dysregulated cell cycle control, and defective DNA repair
mechanisms, 3. increased resistance to drug therapies, 4. a more pronounced desmoplastic stromal
response, and 5. a correlation with poor patient prognosis. In contrast, the classical subtype of
PDAC, identified by the expression of pancreatic progenitor markers and regulated by GATAG6,
exhibits: 1. a higher prevalence of grade 1 and 2 lesions, 2. more stable and controlled phenotypes,
3. heightened sensitivity to drug therapies, 4. a more regulated stromal response, and 5. a
correlation with improved patient survival (Moffitt, Marayati et al. 2015) (Chan-Seng-Yue, Kim
et al. 2020) (O'Kane, Grunwald et al. 2020).

During that period, several studies employed distinct classification strategies to further
categorize PDAC into more detailed subtypes (Collisson, Sadanandam et al. 2011) (Bailey, Chang
et al. 2016). However, the overarching division of PDAC into basal-like versus classical subtypes
has gained widespread recognition and reference. More recently, comprehensive multi-platform
analyses integrating genomic, transcriptomic, and proteomic profiling have reaffirmed the
existence of basal and classical features within PDAC. Taking into account microenvironment
gene expression characteristics, this binary classification has evolved into five distinct subgroups:

1. pure basal-like, 2. stroma activated, 3. desmoplastic, 4. pure classical, and 5. immune classical



(Puleo, Nicolle et al. 2018). Notably, recent advancements in PDAC subtype research have
revealed that while bulk RNA-seq analysis is adequate for dichotomously classifying PDAC into
basal and classical subtypes, single-cell RNA sequencing analysis has unveiled the presence of
both classical and basal cancer populations within the same tumor (Lee, Bernard et al. 2021).
Moreover, populations containing both classical and basal features have been simultaneously
identified in certain PDAC tumors (Raghavan, Winter et al. 2021). This intra-tumoral subtype
heterogeneity, alongside inter-tumoral subtype heterogeneity, may account for the varied
responses to therapy observed among individuals with PDAC and could contribute to resistance to

therapeutic strategies targeting specific subtypes of the disease.

1.3 Genetic mutations in PDAC

PDAC presents a diverse array of subtypes throughout its development, yet a consensus
emerges in the form of genetic mutations and alterations prevalent within the majority of PDAC
tumor cells. These mutations and alterations confer upon tumor cells the capability to evade
intrinsic constraints such as cell cycle regulation, DNA repair mechanisms, chromatin stability
maintenance, and apoptosis induction. Additionally, they grant tumor cells independence from
extrinsic constraints such as regulation by cytokines and growth factors, nutrient scarcity, and
immune surveillance. The selection and enrichment of these genetic changes occur not only across
different stages of PDAC tumor development but also within unique tumor microenvironments
(TMEs) that vary from one individual to another. Consequently, comprehending the
commonalities and heterogeneities of genetic mutations and alterations in PDAC tumors is

imperative for elucidating tumor evolution and devising targeted therapies for PDAC treatment.



Advanced exome and copy number variation analyses have provided insights into the
mutational landscape of PDAC tumors (Jones, Zhang et al. 2008) (Biankin, Waddell et al. 2012)
(Waddell, Pajic et al. 2015). Key recurrently mutated or altered genes in PDAC include the
oncogene KRAS (activated in ~95% of PDAC cases), the tumor suppressor TP53 (inactivated in
~74% of PDAC cases), the tumor suppressor CDKN2A (also known as P16, inactivated in ~35%
of PDAC cases) and the tumor suppressor SMAD4 (inactivated in ~31% of PDAC cases) (Waddell,
Pajic et al. 2015). Aberrant KRAS activation stands out as the most pervasive mutation in PDAC,
leading to sustained activation of cellular pathways such as RAF/MEK/ERK and
PI3K/AKT/MTOR. These pathways drive uncontrolled cell division and facilitate tumor
progression. Conversely, loss of TP53, a crucial tumor suppressor gene involved in regulating cell
growth and DNA repair, enables cancer cells to evade growth control mechanisms and fosters their
survival and evolution. CDKN2A, another tumor suppressor gene, plays a role in inhibiting cell
division and maintaining orderly cell cycle progression. Meanwhile, SMAD4 is integral to the
transforming growth factor-beta (TGF-f) signaling pathway; its absence disrupts normal cell
growth and differentiation processes, contributing to cancer expansion.

It is important to recognize that the frequently mutated signature genes in PDAC do not
arise simultaneously within cancer cells during tumor initiation, nor do they appear randomly as
the tumor progresses. Instead, these gene mutations tend to emerge at various stages of tumor
progression to facilitate the evolution of tumor cells from one stage to the next. According to the
classical progression model for PDAC, KRAS activation serves as the initiating event during the
formation of neoplastic lesions, followed by the loss of CDKN2A, which is more likely to occur
during aberrant clone expansion stages. The loss of TP53 and SMAD4, however, typically occurs

at later stages to promote the progression of pancreatic neoplasia to a higher dysplastic stage



(Hruban, Goggins et al. 2000). Interestingly, while KRAS activation is indispensable for the
formation of most PDAC cases, not all of the aforementioned tumor suppressors are
simultaneously required to drive tumor formation. Using genetic mouse models, independent
studies have demonstrated that KRAS activation, combined with either CDKN2A (Aguirre,
Bardeesy et al. 2003), TP53 (Hingorani, Wang et al. 2005) or SMAD4 (Bardeesy, Cheng et al.
2006) loss of function, is sufficient to induce PDAC formation.

In addition to the four gene mutations mentioned earlier, numerous other recurrently
mutated genes accumulate among smaller clusters of PDAC patients. These genes participate in
various cellular activities and responses, including chromatin modification (ARID1A, KMT2D/2C,
KDM6A), DNA damage repair (BRACA1/2, PALB2), growth factor signaling (TGFBR2,
FGFR1), and others (ROBO1/2, MUC16, RNF43, TTN, GNAS, BRAF, MYC, etc) (Waddell,
Pajic et al. 2015) (Cancer Genome Atlas Research Network. Electronic address and Cancer
Genome Atlas Research 2017). This diverse mutational signature appears to be a significant

contributor to intertumoral heterogeneity and plays a role in therapy resistance.

1.4 Cell of origin impacts PDAC subtype

Despite the pancreas's relatively simple structural composition, the cell of origin in PDAC
formation has long been a subject of controversy. As previously mentioned, PDAC primarily arises
in the exocrine part of the pancreas. Structurally, this exocrine system comprises two major
epithelial cell types: acinar cells, responsible for producing and secreting digestive enzymes, and
ductal cells, which form branched tubes for draining these enzymes into the duodenum.
Historically, it was believed that PDAC originates directly from pancreatic ductal cells, given that

most observed PDAC tumor cells resembled ductal cells morphologically and expressed ductal



biomarkers. Consequently, this disease type was termed "ductal adenocarcinoma." However,
accumulating evidence from mouse models of PDAC has identified both acinar cells and ductal
cells as capable of giving rise to PDAC tumors.

Central to the theory that acinar cells can initiate PDAC is the observation that both tissue
injury (induced by pancreatic ductal ligation or repeated caerulein administration in mouse models)
(Strobel, Dor et al. 2007) (Pinho, Rooman et al. 2011) and KRAS activation (G12D mutation) (De
La, Emerson et al. 2008) (Habbe, Shi et al. 2008) (Kopp, von Figura et al. 2012) can prompt the
trans-differentiation of acinar cells into ductal cells, a process termed acinar-to-ductal
transformation (ADM). During this process, these cells undergo metaplasia and express ductal
cell-specific markers such as Sox9, Hnf1p, and Krt9 (Pinho, Rooman et al. 2011), which ultimately
replace the normal acinar-forming tubular structures (Pinho, Rooman et al. 2011). Under specific
genetic conditions, these cells have the potential to progress into Pancreatic Intraepithelial
Neoplasia (PanIN), a major precursor lesion of PDAC (Chuvin, Vincent et al. 2017). Importantly,

GI2D glone or in combination with

the acinar cell-specific (Ptfla-driven) expression of Kras
Trp53™! (or loss-of-function mutation Trp53%/7°#) can induce PDAC formation at different ages
in mice, confirming acinar cells as one origin of PDAC (Flowers, Xu et al. 2021). However, recent
literature suggests that certain progenitor-like subpopulations of acinar cells may be more
susceptible to genetic mutations that trigger PDAC formation than other acinar cells (Gopalan,
Singh et al. 2021) (Neuhofer, Roake et al. 2021), adding another layer of complexity to the cell
origin of PDAC.

Meanwhile, numerous studies have confirmed that genetic mutations in ductal cells can

lead to PDAC formation in ductal-cell-specific (Hnf1p, CK 19, or Sox9 driven) mouse models (von

Figura, Fukuda et al. 2014) (Bailey, Hendley et al. 2016) (Ferreira, Sancho et al. 2017) (Lee,



Dubois et al. 2019). However, unlike in acinar cells where KRAS activation alone is sufficient to
drive cancer, mutant KRAS in ductal cells alone is inadequate to induce tumors. Instead, it must
be combined with inactivation of tumor suppressor genes such as Trp53 or Fbw7. But even with
these additional mutations, the tumor progression rate is slower compared to that in acinar cells
(Flowers, Xu et al. 2021). In addition, ductal cells predominantly develop tumors through the
formation of Intraductal Papillary Mucinous Neoplasm (IPMN), unlike the more frequently
observed PanIN formation in tumors originating from acinar cells (von Figura, Fukuda et al. 2014)
(Kopp, Dubois et al. 2018).

Central to understanding the cell origin of PDAC is the inquiry into whether different
origins account for the classification of various PDAC subtypes and their distinct responses to
treatments. Integrating cell-type-specific PDAC mouse models with gene expression signatures of
different PDAC subtypes has revealed that tumors derived from acinar cells exhibit similarities to
the classical subtype of PDAC (characterized by less aggressiveness and better prognosis) in
human patients, whereas tumors originating from ductal cells resemble the basal subtype of PDAC
(associated with greater aggressiveness and poorer prognosis) (Ferreira, Sancho et al. 2017)
(Flowers, Xu et al. 2021). These findings underscore the utility of dissecting tumor subtypes using
cell-specific genetic mouse models of PDAC, providing valuable insights for early detection, risk

assessment, and the development of targeted therapies for different PDAC subtypes.

1.5 Current paradigms for PDAC treatment

Therapeutic options for PDAC remain significantly limited despite ongoing efforts.
Surgical resection stands as the most effective and sole curative treatment. However, the lack of

early symptoms and limited screening strategies result in up to 80% of PDAC patients presenting



with advanced or metastatic disease at initial diagnosis, precluding them from surgical resection
(Li, Xie et al. 2004). Based on metastatic features and resectability, PDAC is clinically classified
into four stages: resectable pancreatic cancer (RPC), borderline resectable pancreatic cancer
(BRPC), unresectable/local advanced pancreatic cancer (ULAPC), and metastatic pancreatic
cancer (MPC). The standard of care for RPC involves upfront surgical resection followed by six
months of adjuvant chemotherapy, such as mFOLFIRINOX (modified fluorouracil, irinotecan,
and oxaliplatin), gemcitabine+capecitabine (Gem/Cap), gemcitabine+nab-paclitaxel (Gem/nabP),
or gemcitabine (Gem) alone (Jiang and Sohal 2023).

For BRPC and ULAPC, no established standard-of-care recommendations currently exist.
Neoadjuvant treatments, including induction chemotherapy, preoperative chemoradiation, or
stereotactic body radiation therapy, can be considered, followed by a re-evaluation of resectability
(Jiang and Sohal 2023). In cases of MPC, first-line treatment typically involves FOLFIRINOX or
Gem/nabP. Second-line treatment may involve testing for druggable genomic alterations to
identify patients eligible for targeted therapy. For example, patients harboring NTRK fusions
should receive tropomyosin kinase receptor inhibitors (larotrectinib or entrectinib), those with
mismatch repair deficiency or microsatellite instability high should be treated with PD1 inhibitors
(pembrolizumab), and patients with germline BRCA1 or BRCA2 mutations, sensitive to platinum-
based chemotherapy, should be treated with continued chemotherapy or PARP inhibitors
(olaparib). Patients not eligible for targeted therapy options may consider second-line
chemotherapies such as  Gem/nabP, fluorouracil+nanoliposomal irinotecan, or
fluorouracil+oxaliplatin (Sohal, Kennedy et al. 2020). It is essential to note, however, that while
these chemotherapy strategies may extend lifespan in some cases, they rarely result in a cure for

patients with PDAC due to long-term toxicity issues and treatment resistance.



1.6 Stromal response in PDAC

In contrast to many other cancer types, PDAC exhibits notable resistance to various
therapeutic approaches, including chemotherapy, radiation therapy, and immunotherapy. This
inherent resistance is largely attributed to the unique TME of PDAC characterized by a
desmoplastic stromal response (Iacobuzio-Donahue, Ryu et al. 2002). Remarkably, up to 80% of
the PDAC tumor volume is occupied by a dense fibrotic stroma (Erkan, Michalski et al. 2008).
Beyond its extracellular matrix (ECM) components, the PDAC stroma comprises diverse somatic
cell types, including cancer-associated fibroblasts (CAFs), endothelial cells, pericytes, neurons,
and infiltrating immune cells (Hosein, Brekken et al. 2020). These stromal cells get hijacked by
signals emanating from tumor cells, leading them to physically interact with and support tumor
cell growth, while also shielding them from the anti-tumorigenic effects of drugs, cytokines,
growth factors, and metabolites.

As the most prevalent stromal cell type within PDAC, CAFs exhibit remarkable
heterogeneity and diverse functionalities, largely attributed to their varied origins (Ohlund, Elyada
et al. 2014). CAFs can arise from tissue-resident fibroblasts (Arina, Idel et al. 2016), pancreatic
stellate cells (Neuzillet, Tijeras-Raballand et al. 2019), differentiated mesenchymal stem cells
(Miyazaki, Oda et al. 2021), or trans-differentiated non-fibroblastic lineage such as epithelial cells
(Rhim, Mirek et al. 2012), endothelial cells (Zeisberg, Potenta et al. 2007) and bone marrow-
derived macrophages (Iwamoto, Ohuchida et al. 2021). Upon activation by signaling pathways
including TGFp, Sonic hedgehog (SHH), TNFa, IL-1, IL-6, or IL-10 (von Ahrens, Bhagat et al.
2017), CAFs contribute to ECM deposition by producing collagen, hyaluronan (HA), and

proteoglycans (Vaish, Jain et al. 2021), providing structural support and shielding tumor cells.
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Additionally, CAFs secrete various growth factors (PDGF, CTGF, and EGF), cytokines (IL-6, LIF,
and IL-11), and chemokines (CXCL1, CXCL5, CXCL7, CXCLS8, CXCL12, and CCL12) to
promote tumor cell proliferation, angiogenesis, and the recruitment of pro-tumorigenic immune
cells into the stroma (Zhang, Ren et al. 2022). Furthermore, CAFs have been implicated in
fostering reciprocal signaling cascades, amplifying autonomous KRAS signaling in tumor cells
(Tape, Ling et al. 2016).

Interestingly, CAFs exhibit paradoxical roles, as their depletion or disruption of activating
signaling leads to a more aggressive PDAC phenotype (Ozdemir, Pentcheva-Hoang et al. 2014)
(Rhim, Oberstein et al. 2014). This complexity is further underscored by the discovery of distinct
CAF subpopulations, including inflammatory CAFs (iCAFs), myofibroblastic CAFs (myCAFs),
and antigen-presenting CAFs (apCAFs), each exerting differential impacts on PDAC
tumorigenesis (Ohlund, Handly-Santana et al. 2017) (Elyada, Bolisetty et al. 2019). myCAFs,
characterized by aSMA expression and close proximity to tumor cells, primarily restrain tumor
growth, thus exhibiting an anti-tumorigenic role. Conversely, iCAFs promote tumorigenesis
through the expression of IL-6 and CXCL12, often located distantly from tumor cells (Ohlund,
Handly-Santana et al. 2017). In line with these findings, an increased myCAF-to-iCAF ratio in
PDAC tumors correlates with a better prognosis (Biffi, Oni et al. 2019). Additionally, apCAFs,
identified by their expression of MHC class II genes, were initially believed to be anti-tumorigenic
by facilitating antigen presentation-mediated effector T cell activation (Elyada, Bolisetty et al.
2019). However, recent studies have revealed a nuanced role for apCAFs, as they can induce the
differentiation of naive CD4 T cells into regulatory T cells (Tregs) in an antigen-specific manner
(Huang, Wang et al. 2022). The heterogeneity and complex functions of CAFs in PDAC

development underscore the necessity for a deeper understanding of this stromal cell subtype to
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selectively target pro-tumorigenic aspects, thereby facilitating more effective PDAC therapy
development.

Myeloid cell populations, particularly tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MDSCs), constitute the predominant immune cell cohort within
the PDAC stroma. Notably, depletion of myeloid cells retards PDAC tumor progression and
triggers T-cell mediated anti-tumor responses (Zhang, Velez-Delgado et al. 2017), underscoring
their pivotal pro-tumorigenic roles. TAMs are recruited by tumor cell-produced GM-CSF (Bayne,
Beatty et al. 2012), and can accrue within the tumor during its early developmental stages (Liu, Li
et al. 2016). Functionally, they impede anti-tumor immune responses by secreting
immunosuppressive cytokines such as IL-6, IL-10, and TGF-f, while also upregulating inhibitory
factors like PD-L1 and Argl (Yang, Liu et al. 2020). Moreover, TAMs bolster tumor progression
and metastasis through the secretion of factors like TNF-a, CCL5, CCL18, and CCL20 (Ye, Zhou
et al. 2018) (Liu, Jia et al. 2016) (Liou, Doppler et al. 2013).

Macrophages exhibit phenotypic and functional diversity through a process termed
macrophage polarization. While traditionally believed to polarize into either a pro-inflammatory
state (M1) driven by IFN-y/LPS or an anti-inflammatory state (M2) driven by IL-4/IL-10/TLR
agonists (Abdelaziz, Abdelwahab et al. 2020) (Martinez, Sica et al. 2008), TAMs within PDAC
tumors often display a hybrid of M1-like and M2-like characteristics, defying straightforward
categorization (Poh and Ernst 2021). Alternatively, TAMs can be classified into two major subsets
based on their distinct origins: tissue-resident macrophages and circulating monocytes (Zhu,
Herndon et al. 2017). Although recent studies have identified multiple TAM clusters using single-
cell RNA sequencing (scRNA-seq) techniques in PDAC tumors (Werba, Weissinger et al. 2023)

(Oh, Yoo et al. 2023) (Chen, Wang et al. 2021), the full scope of their functions and contributions
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to PDAC tumor progression and therapy resistance remains incompletely elucidated. Importantly,
the spatial distribution of different TAM subsets within tumors has been shown to correlate with
survival prognosis in PDAC patients (Vayrynen, Zhang et al. 2021), highlighting the significance
of unraveling TAM subset behaviors and their interactions with tumor cells and other stromal cell
types in PDAC.

On the contrary, MDSCs in PDAC can be categorized into two primary subtypes:
polymorphonuclear/granulocytic MDSCs (gMDSCs) and mononuclear MDSCs (mMDSCs)
(Bronte, Brandau et al. 2016). Depletion of Ly6G+ gMDSCs has been shown to enhance anti-
tumor T cell responses in mouse models of PDAC (Stromnes, Brockenbrough et al. 2014), while
mMDSCs exhibit a STAT3-mediated immunosuppressive function (Trovato, Fiore et al. 2019).
Although both MDSC subtypes can suppress T cell functions via the overexpression of Argl
(Raber, Ochoa et al. 2012), their mechanisms of immunosuppression may differ at other levels
(Youn, Nagaraj et al. 2008), highlighting the need for further investigation into this population in
PDAC.

In summary, within the PDAC TME, stromal cells such as CAFs, TAMs and MDSCs are
abnormally recruited and activated in response to tumor intrinsic signaling. Working in concert,
they establish an immunosuppressive milieu that results in the exclusion of immune cell types
capable of combating cancer cells, including cytotoxic T cells, natural killer cells, and dendritic
cells. A comprehensive exploration of stromal cell heterogeneity in terms of both subtypes and
functions is imperative for the development of therapeutic strategies aimed at remodeling the pro-

tumorigenic TME and sensitizing PDAC to currently tolerated therapies.
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1.7 Therapeutic resistance of PDAC

The unique and complex TME characterized by desmoplastic stromal responses described
above, in combination with tumor cell intrinsic genetic and epigenetic adaptations, accounts for
PDAC’s resistance to multiple single-agent therapies, including chemotherapy, immunotherapy,
and targeted therapy—approaches that have shown efficacy in the treatment of many other cancer
types.

In the case of chemotherapy, agents like gemcitabine, when administered, are hampered
by hypovascularization and high intra-tumoral pressure in PDAC stroma. This environment
physically hinders drug access to tumor cells (Jacobetz, Chan et al. 2013). Furthermore, the stroma
secretes various factors that induce intrinsic resistance in tumor cells, including the downregulation
of drug transporters (Nordh, Ansari et al. 2014), upregulation of drug efflux pumps (Zinzi, Contino
et al. 2014), and alterations in enzyme production that interfere with the drug's mechanism of
action (Patzak, Kari et al. 2019) (Zhou, Oliveira et al. 2010) (Costantino, Witkiewicz et al. 2009).
Additionally, PDAC stroma promotes tumor cell proliferation and inhibits apoptosis,
counteracting the efficacy of cytotoxic drugs (Principe, Underwood et al. 2021) (Swayden,
Iovanna et al. 2018).

The failure of immunotherapy, on the other hand, stems from the multi-level blockade of
anti-tumor T cell responses imposed by the immunosuppressive PDAC stroma. This includes
interference with T cell priming, prevention of T cell recruitment, escape from T cell recognition,
and induction of T cell exhaustion, challenges not fully addressed by single immunotherapy agents
(Schmiechen and Stromnes 2020). For instance, immune checkpoint inhibitors such as aPDL1 can
overcome PD1 checkpoint-mediated T cell inactivation and exhaustion (Bian and Almhanna 2021)

but cannot prevent immunosuppression imposed by stromal cells through mechanisms such as
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macrophage-produced Arginase 1 (Menjivar, Nwosu et al. 2023), fibroblast-produced CXCL12
(Ene-Obong, Clear et al. 2013), and regulatory T cell (Treg)-presented CTLA-4 (Bengsch,
Knoblock et al. 2017). Furthermore, issues like autophagy-induced downregulation of MHCI in
tumor cells (Yamamoto, Venida et al. 2020), inactivated antigen presentation by stromal cells
(Beatty, Chiorean et al. 2011) and engagement of other checkpoint-mediated inhibitory pathways
in T cells (through Tim3, Lag3, and TIGIT) cannot be overcome with aPDLI1 treatment alone.
Alternatively, chimeric antigen receptor (CAR)-T cell therapy circumvents the naive T cell
priming process and enhances tumor cell targeting efficiency. However, this therapeutic approach
encounters hurdles such as limited trafficking and infiltration into PDAC tumors,
immunosuppressive signals emanating from stromal compartments, and tumor heterogeneity
leading to the emergence of target-negative cells (Sterner and Sterner 2021).

Targeted therapies primarily interfere with dysregulated signaling pathways and
components in tumors, including intrinsic targets in tumor cells, as well as pathways and factors
present in stromal cells and the stromal matrix. Unfortunately, many of the previously developed
targeted therapies, such as EGFR signaling inhibitors (Haas, Waldschmidt et al. 2021) (Philip,
Benedetti et al. 2010), VEGF signaling inhibitors (Rougier, Riess et al. 2013), IGF signaling
inhibitors (Kundranda, Gracian et al. 2020), MEK inhibitors (Bodoky, Timcheva et al. 2012),
Hedgehog signaling (Catenacci, Junttila et al. 2015) and hyaluronan digestive enzymes (Van
Cutsem, Tempero et al. 2020), have failed in PDAC clinical trials. Their failures can be attributed
to multiple different reasons, such as inefficient drug delivery, imbalances of toxicity versus
efficacy, or an unselected patient pool for specific molecular alterations. Despite ongoing
development of novel targeted therapy drugs, they all face similar obstacles with PDAC at multiple

different layers.
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Conclusion and Perspectives

Despite its relatively low incidence rate among all cancer types, PDAC remains a highly
lethal disease with limited treatment options. The diversity of PDAC subtypes, driven by
differences in cell-of-origin and combinations of oncogenic and tumor suppressor genetic
alterations, presents a formidable challenge in developing effective pan-PDAC therapeutic
strategies. While personalized therapies hold promise for the future, understanding the underlying
causes of therapy resistance is paramount. Recent insights suggest that the desmoplastic stromal
response orchestrated by tumor cell intrinsic signaling not only fosters tumor progression but also
establishes a protective and immunosuppressive TME, enabling resistance to various therapies.
Successful treatment of PDAC necessitates a comprehensive understanding of the roles played by
both stromal cells and cancer cells within the tumor and their intricate interplay. It is imperative to
explore strategies that target the pro-tumorigenic functions of various intra-tumoral populations
from diverse perspectives. Breakthroughs in treatment design may involve targeting multiple
factors with a single agent or combining agents that target different factors synergistically. In the
forthcoming chapters, we will delve deeper into efforts aimed at deciphering therapy resistance

mechanisms and developing combination strategies to overcome them in PDAC.
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Chapter 2 Epigenetic Regulation of the Immunosuppressive Tumor Microenvironment in PDAC
Stroma

Introduction

Pancreatic ductal adenocarcinoma (PDAC), characterized by its heightened aggressiveness
and resistance to conventional cancer therapies, presents a formidable challenge in the realm of
oncology. The promising strides made by immune checkpoint inhibitors in treating challenging
cancers such as melanoma, non-small cell lung cancer, urothelial bladder carcinomas, and renal
cell carcinoma prompted optimism for their potential application in pancreatic cancer therapy.
Regrettably, despite their success in various cancer types, immune checkpoint inhibitors exhibit
notably limited efficacy when employed as a standalone therapeutic agent for pancreatic cancer
(Royal, Levy et al. 2010). The diminished clinical responses to immune checkpoint inhibitors in
pancreatic cancer have been ascribed to factors such as low mutational burdens and a reduced
capacity for neo-antigen presentation, characteristics observed in certain cancer types (Snyder,
Makarov et al. 2014) (Rizvi, Hellmann et al. 2015) (Voutsadakis 2022). However, the intriguing
success of checkpoint inhibitor therapy in renal cell carcinoma, a cancer sharing a comparable
mutation load with pancreatic cancer (Jahangir, Yazdani et al. 2022), underscores the existence of
additional barriers that hinder the effectiveness of immune checkpoint therapy in pancreatic cancer.

Accumulating evidence underscores the prominent role of an extensive desmoplastic
stromal response as a key driver of immune resistance in pancreatic cancer. Constituting up to 90%
of the tumor bulk in pancreatic tumors (Xie and Xie 2015), stromal components, including
pancreatic stellate cells (PSCs), immune cells, endothelial cells, and the extracellular matrix
(ECM), form not only a physical barrier hindering drug delivery into pancreatic cancer

(Provenzano, Cuevas et al. 2012) (Sherman, Yu et al. 2017), but also an immunosuppressive tumor
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microenvironment (iTME) resistant to single immune checkpoint inhibitors (Falcomata, Barthel
et al. 2023). The establishment of this iTME can be attributed to various immunosuppressive cell
types (Clark, Hingorani et al. 2007). Aberrantly activated tumor-associated macrophages (TAMs)
engage PD-1 and CTLA-4 receptors to inhibit T cell cytotoxic function and promote apoptosis
(Kryczek, Zou et al. 2006) (Kuang, Zhao et al. 2009). Myeloid-derived suppressor cells (MDSCs)
deplete arginine and cysteine in the TME, inhibiting cytotoxic T cell proliferation and function
(Srivastava, Sinha et al. 2010). While regulatory T cells (Tregs) were previously shown to have an
inhibitory effect on T helper cells ex vivo (Amedei, Niccolai et al. 2013), recent findings
demonstrate their unexpected role in accelerating pancreatic carcinogenesis upon depletion (Zhang,
Lazarus et al. 2020). These stromal immunosuppressive cells collectively employ multiple
inhibitory strategies, impeding intra-tumoral effector T cells and NK cells. This multi-pronged
inhibition results in reduced accumulation, proliferation, and activation of these immune cells
(Peng, Zhu et al. 2013) (Bailey, Chang et al. 2016). While immune checkpoint blocking antibodies
like aPDLI1 can target specific inhibitory pathways, their efficacy is limited when faced with the
myriad of immunosuppressive mechanisms at play. As a result, there is a pressing need for novel
strategies that globally address immunosuppressive functions across various stromal cell types.
Recently, there has been a growing appreciation for the role of super-enhancers (SEs) in
controlling diverse gene expression networks that underlie cellular activation and function (Hnisz,
Abraham et al. 2013). SEs typically are an order-of magnitude larger than normal enhancers (~25
kilobase pairs) but represent only a small fraction of total enhancer regions (<3%) across genome.
They encompass groups of putative enhancers with high levels of activator binding and/or
chromatin modification (Pott and Lieb 2015). Importantly, the cooperative actions of multiple

transcription factors within SEs have been proposed to function as coordinated switches to
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determine cell fate and cell type-specific gene expression patterns (Heinz, Romanoski et al. 2015).
Notably, SEs accumulate H3K27Ac histone marks, which are recognized by the bromodomain
(BRD) and extra terminal (BET) family of proteins, particularly BRD2/3/4 (Pott and Lieb 2015).
This reading process makes SEs druggable by targeting BRD and BET family of proteins with
different kinds of BET and bromodomain inhibitors (BETi), including the widely used tool
compound JQI1 and clinical BETi like iBET-762 (hereby referred to as iBET) and OTX-015
(hereby referred to as OTX), etc (Ferri, Petosa et al. 2016). These drugs work by competitively
binding with the acetyl-recognizing pockets of BRD2/3/4 and disturb their recognition of
H3K27Ac, which accumulates with a higher density at SE regions over typical enhancers, and
hence can preferentially block the activity of SEs (Loven, Hoke et al. 2013) (Nakagawa, Adams
et al. 2016). These inhibitors have demonstrated efficacy in various cancer types, showcasing their
potential as standalone treatments for conditions such as diffuse large B-cell lymphoma (Ceribelli,
Kelly et al. 2014), MLL-fusion leukemia (Dawson, Prinjha et al. 2011), neuroblastoma (Puissant,
Frumm et al. 2013), NUT midline carcinoma (Stathis, Zucca et al. 2016), prostate cancer
(Asangani, Dommeti et al. 2014) and even pancreatic cancer (Xie, Huang et al. 2018). Despite
these advancements, the impact of BETi on the PDAC tumor microenvironment (TME) remains
insufficiently explored.

In this study, we took an unbiased approach to characterize stromal cell composition in
PDAC tumors using single-cell RNA sequencing (scRNA-seq) analysis. We identified diverse
clusters of Macrophage/monocyte (referred to as Mye) and Neutrophil (referred to as Neu)
populations within PDAC stroma with distinct immunosuppressive potentials. We then revealed
that BETi can universally silence immunosuppressive genes in PDAC stromal cells, uncovering

an epigenetic regulatory mechanism at the core of the TME immunosuppressive functions.
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Moreover, we demonstrated the ability of BETi to sensitize PDAC tumors to immune checkpoint
blockade, facilitating increased CD8 T cell recruitment within the tumor. This heightened
antitumor response is orchestrated through the IFNy-CXCL9/10-CXCR3 axis. Our study provides
a detailed understanding of the stromal cell composition in PDAC tumors and introduces a novel
approach to target their immunosuppressive functions, offering potential avenues for the

development of innovative pancreatic cancer treatments.
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2.1 BET inhibition reduces tumor burden in a mouse model of PDAC resistant to immune
checkpoint inhibitors

The commonly mutated genes, KRAS and TP53, play pivotal roles in human pancreatic
cancer. To emulate clinically relevant malignant PDAC tumors, we employed genetic mouse
models carrying pancreas-specific (PdxI-Cre) Kras®'?P? and Trp53%7°H mutations (KPC).
Establishing a PDAC1245-GFP cell line from a KPC mouse tumor allowed us to create an
orthotopic mouse model, where aggressive PDAC tumors formed within 4 weeks of injecting
tumor cells into the mouse pancreas. As anticipated, treatment with aPDL1 in this model failed to
impede tumor progression (Figure 2.1A) and did not induce CD8+ T cell accumulation as observed
in other cancer types (Figure 2.1B). Survival studies further revealed no prolonged benefit with
extended aPDLI treatment (Figure 2.2), mirroring the immunotherapy-resistant phenotype seen in
human PDAC patients. Remarkably, BET inhibition using JQ1, OTX, or iBET significantly
reduced tumor burden (Figure 2.3). These results provide a solid foundation for further

investigating the epigenetic regulation of immunotherapy resistance in PDAC mouse models.
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Figure 2.1 Orthotopic PDAC tumor is resistant to immune checkpoint inhibitors.

A) Tumor weight measurement in orthotopic mouse model of PDAC. Mice were treated once
every three days with Veh or 10mg/kg aPDL1 (i.p.) for two weeks.

B) Intra-tumoral CD8+ T cell accumulation was measured by flow cytometry.

Data are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Two-tailed

Unpaired t-test in Prism.
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Figure 2.2 Immune checkpoint inhibitors fail to extend life span of PDAC-bearing mouse.

Survival study of mice bearing orthotopically transplanted PDAC1245-GFP tumor. Mice were
treated once every three days with Veh or 10mg/kg aPDL1 (i.p.). Data significance was analyzed
by Log-rank test in Prism.
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Figure 2.3 BETi blocks PDAC tumor growth as single agents.

A) Tumor weight measurement in orthotopic mouse model of PDAC. Mice were treated daily with
Veh, 50mg/kg JQ1 (o0.g.) or 75mg/kg OTX (0.g.) for two weeks. Data are presented as dot plots,
with each dot representing an individual tumor, horizontal lines indicating means and error bars
indicating SEMs. Data significance was analyzed by Ordinary one-way ANOVA in Prism.
**P<0.01, ***P<0.001.

B) Tumor weight measurement in orthotopic mouse model of PDAC. Mice were treated daily with
Veh or 75mg/kg iBET-762 (0.g.) for two weeks. Data are presented as dot plots, with each dot
representing an individual tumor, horizontal lines indicating means and error bars indicating SEMs.
Data significance was analyzed by Two-tailed Unpaired t-test in Prism. ***P<0.001.

37



2.2 The immunosuppressive functions in stromal cells can be universally blocked with BET
inhibition

To delineate the characteristics of stromal cells in PDAC and understand the impact of
BET inhibition on immunosuppressive features, we enriched stromal immune cells (defined as
CD45+) using Fluorescence-activated Cell Sorting (FACS) and conducted single-cell RNA
sequencing (scRNA-seq) analysis on PDAC tumor samples treated with vehicle (Veh) or OTX for
2 weeks. Unsupervised, graph-based clustering and Uniform Manifold Approximation and
Projection (UMAP) visualization revealed twenty-seven distinct cell clusters/subclusters (Figure
2.4). These clusters were annotated based on canonical markers and gene expression profiles
(Figure 2.5). Two major clusters were identified, harboring neutrophil and macrophage/monocyte
cell features, along with lower frequency populations of NK cells, T cells, B cells, and dendritic
cells (DCs). This composition of stromal cells suggests a subdued anti-tumor immune response
within PDAC tumors. Interestingly, both Neutrophil and Macrophage/monocyte clusters exhibited
further subdivision into multiple subclusters with distinct gene expression profiles (Figure 2.5),
highlighting heterogeneity within these clusters.

In the Macrophage/monocyte cluster, feature genes included CX3CR1 marking tissue
resident monocytes and macrophages, CCR2 for bone-marrow derived monocytes and
macrophages, Argl for alternatively polarized macrophages (M2), and Isgl5 indicating pro-
tumorigenic potentials. Comparative analysis of immunosuppressive signature gene expression
across six distinct Macrophage/monocyte subclusters demonstrated significant heterogeneity in
immunosuppressive  potentials (Figure 2.6). For instance, Mye3 appeared more
immunosuppressive than other subclusters due to high expression of Argl, Nos2, 116, and Thbsl,
while Myel, characterized by MHCII expression, might have immune stimulatory potential.

Similar observations were made in the Neutrophil cluster, where NeuS seemed
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immunosuppressive due to high CD274 (PDL1) expression, while Neu6 displayed lower
expression of suppressive genes in general (Figure 2.6). Notably, in the context of BETi treatment,
OTX appeared to universally block immunosuppressive gene expression among all these
subclusters (Figure 2.7) without having as obvious effect on altering subcluster composition in
Macrophage/monocyte and Neutrophil clusters (Figure 2.8).

To validate the impact of BET inhibition on stromal cell’s immunosuppressive function,
we sorted intra-tumoral myeloid cells based on CD11b and MHCII surface markers and examined
their suppressive function on naive CD4/CDS8 T cell proliferation. Surprisingly, MHCII+ myeloid
cells exhibited higher immunosuppressive function on both naive CD8 and naive CD4 T cell
proliferation compared to MHCII- myeloid cells (Figure 2.9). This finding contradicted our
scRNA-seq analysis where MHCII- Mye3 was suggested to have strong immunosuppressive
functions. Several factors may contribute to this inconsistency. Mye3 population might have lost
its suppressive features due to its high plasticity or low viability in vitro. It is also possible that its
function cannot be fully investigated in naive T cells. Despite the need for optimization in sorting
myeloid subclusters individually and refining proliferation assays to better reflect in vivo
conditions, it is evident that some immunosuppressive functions of the myeloid cluster can be
confirmed with naive T cell proliferation assays, and in vivo treatment with OTX can inhibit these
functions. Overall, these findings underscore the potential of epigenetic targeting with BETi to

counteract the iTME in PDAC tumors.
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Figure 2.4 CD45+ Stromal cell clusters and subclusters identified in PDAC tumors.

UMAP plot of scRNA-seq analysis highlighting all clusters identified. Data represent an
integration of Veh and OTX arms.
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Figure 2.5 Signature genes used to distinguish different CD45+ stromal cell clusters.

Dot map highlighting signature gene expression representative in each cluster identified. Data
represent an integration analysis of Veh and OTX arms.
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Figure 2.6 Immunosuppressive gene signatures in Macrophage/monocyte (Mye) subclusters.

Heatmap comparing immunosuppressive gene signature across different Macrophage/monocyte
subclusters.
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Figure 2.7 Impact of OTX on immunosuppressive gene expression in stromal subclusters.

Heatmap comparing immunosuppressive signature gene expression between Veh and OTX arms
across different Macrophage/monocyte and Neutrophil subclusters.
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Figure 2.8 Composition change of CD45+ stromal cell clusters upon OTX treatment.
UMAP plot of scRNA-seq analysis separating apart Veh (left) and OTX (right) arms.
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Figure 2.9 Intra-tumoral myeloid cells block naive T cell proliferation ex vivo.

A) Impact of sorted intra-tumoral myeloid cells in naive CD8 T cell proliferation assay. Data were
measured by counting beads-based flow cytometry assay.

B) Impact of sorted intra-tumoral myeloid cells in naive CD4 T cell proliferation assay. Data were
measured by counting beads-based flow cytometry assay.

Data are presented as dot plots, with each dot representing an individual value, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. **P<0.01, ***P<(.001.
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2.3 BET inhibition sensitizes PDAC tumor to immune checkpoint blockade

Given our previous observation that OTX can counteract the iTME established by stromal
cells, we next sought to investigate the potential of combining OTX with aPDLI1 to sensitize
PDAC tumors to enhanced immune responses. Remarkably, while OTX treatment alone
significantly reduced tumor burden, the introduction of aPDL1 in combination with OTX
prominently augmented the blockade of tumor progression (Figure 2.10A). More strikingly, flow
cytometry analysis of tumor-infiltrating immune cells unveiled that the synergistic combination of
OTX and oPDL1 treatment was necessary to induce a robust accumulation of CD8+ T cells within
the TME, which was not elicited by OTX or aPDL1 as individual agents (Figure 2.10B). To
ascertain that the augmented intra-tumoral CD8 T cell accumulation was more than just a change
in ratio, we conducted CD8a immunohistochemistry staining and found a substantial increase in
the absolute count of CD8a+ cells within the tumor following the O+P treatment regimen (Figure
2.11). Furthermore, in-depth investigation into the state and functionality of intra-tumoral CD8 T
cells was conducted through a comprehensive flow cytometry analysis encompassing various
cytotoxic T cell markers. Our findings indicated that these CD8+ T cells isolated from PDAC
tumors displayed heightened activation (PD1+ CD69+) (Figure 2.12A and 2.12B) and, although
not significant, a trend of reduced exhaustion (Tim3+) (Figure 2.12C). They also exhibited a
distinctive shift away from the central memory phenotype (CD62L+ CD44+) towards an effector
memory phenotype (CD62L- CD44+) (Figure 2.12D), implying functional differences. Notably,
these intra-tumoral CD8+ T cells demonstrated enhanced proliferation (KI67+) and an improved
potential for cytotoxicity (Gzmb+) (Figure 2.12E and 2.12F). Collectively, these findings

underscore the promising potential of synergizing BETi with immune checkpoint inhibitors to
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effectively trigger a potent anti-tumor CD8 T cell response within the challenging PDAC tumor

microenvironment.
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Figure 2.10 OTX and aPDL1 synergistically promote anti-tumor CD8 T cell response in PDAC
tumor.

A) Tumor weight measurement in orthotopic mouse model of PDAC. Mice were treated with Veh,
10mg/kg aPDL1 (once every 3 days, i.p.) and/or 75mg/kg OTX (daily, o.g.) for two weeks.

B) Intra-tumoral CD8 T cell accumulation was measured by flow cytometry after two weeks of
treatment.

Data are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. *P<0.05, ***P<0.001.
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Figure 2.11 OTX+0oPDLI induces CD8 T cell accumulation in tumors.

Immunohistochemistry staining of the CD8 marker in orthotopic mouse model of PDAC. Mice
were treated with Veh or a combination of 10mg/kg aPDL1 (once every 3 days, i.p.) and 75mg/kg
OTX (daily, o.g.) for two weeks. Representative pictures of stained sample slides are shown on
the left. Statistics of CD8a+ cell counts are shown on the right. Data are presented as dot plots,
with each dot representing the average counts of 5 distinct area randomly picked from an individual
tumor slice sample. Horizontal lines indicate means and error bars indicate SEMs. Data
significance was analyzed by Two-tailed Unpaired t-test in Prism. **P<(.01.

49



2

PD1+ CD8 T Cells

100- 3k 3k %k

0

S so- ——

-

+

8 60+

(&)

® 401 —_

et ——

5] o

|—

s 201

°\O

0 T T

Veh O+P

B)

CD69+ CD8 T Cells

P 80+ * %k

S

- 60' -I.

&

O 401

- =

whd

[S)

: 20+

[S)

X

0 L] T

Veh O+P

Figure 2.12 OTX+aPDL1 improves CD8 T cell performance in PDAC tumors.

A) Flow cytometry analysis of the PD1 marker in intra-tumoral CD8 T cells. PD1+ marks activated
T cells sensitive to checkpoint regulation.

B) Flow cytometry analysis of the CD69 marker in intra-tumoral CD8 T cells. CD69+ marks
activated T cells.

Data are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Two-tailed
Unpaired t-test in Prism. **P<0.01, ***P<(.001.
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Figure 2.12 (continued) OTX+aPDL1 improves CD8 T cell performance in PDAC tumors.

C) Flow cytometry analysis of the Tim3 marker in intra-tumoral CD8 T cells. Tim3+ marks
exhausted T cells.

D) Flow cytometry analysis of the CD62L and CD44 markers in intra-tumoral CD8 T cells.
CD62L+ CD44- marks naive CD8 T cells, CD62L+ CD44+ marks central memory CD8 T cells,
and CD62L- CD44+ marks effector memory T cells.

Data are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Two-tailed
Unpaired t-test in Prism. **P<0.01.
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Figure 2.12 (continued) OTX+aPDL1 improves CD8 T cell performance in PDAC tumor.

E) Flow cytometry analysis of the KI67 marker in intra-tumoral CD8 T cells. KI67+ marks
Proliferating T cells.

F) Flow cytometry analysis of the Gzmb marker in intra-tumoral CD8 T cells. Gzmb+ marks T
cells with cytotoxic function.

Data are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Two-tailed
Unpaired t-test in Prism. **P<0.01, ***P<0.001.
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2.4 T cell infiltration induced with O+P combination treatment is mediated through IFNy-
CXCL9/10 axis

The CD8 T cell accumulation in the PDAC tumor can be attributed to either increased
proliferation within the tumor, enhanced recruitment from circulation into the tumor, or a
combination of both. Our previous results have already indicated that increased proliferation could
contribute to the observed CD8 T cell accumulation within PDAC tumors following the O+P
treatment (Figure 2.12E).

We next sought to determine whether CD8 T cell recruitment into the tumor could also be
influenced by the combination therapy. To address this, we first took an unbiased approach to
compare the expression of all detectable chemokine receptors across major CD45+ stromal cell
clusters in our scRNA-seq dataset. Ccr8, Cxcr3, and Cxcr6 were the three major chemokine
receptors significantly expressed in CD8 T cell cluster (T1) and CD4 T cell cluster (T2). This
indicates that intra-tumoral T cell recruitment is likely mainly mediated through these three
receptors (Figure 2.13). Importantly, we noticed that while the expression of other chemokine
receptors was dramatically reduced in non-T cell clusters upon O+P treatment, the expression of
Ccr8, Cxcr3, and Cxcr6 was relatively unaffected by O+P treatment (Figure 2.13).

To identify stromal cell clusters responsible for producing ligands for these three receptors
within the tumor, we investigated the gene expression of chemokine ligands that bind to CCR8
(CCL1 and CCLS8), CXCR3 (CXCL9 and CXCL10), and CXCR6 (CXCL16) across stromal cell
clusters in the scRNA-seq dataset. Results showed that all these five chemokine genes were highly
expressed by certain stromal clusters in PDAC tumors. But importantly, CXCL9 and CXCL10
were the only two chemokines that were consistently upregulated by O+P treatment, particularly
in Macrophage/monocyte subclusters and to some extent in some Neutrophil subclusters, the

dendritic cell (DCs) cluster, and the fibroblast cluster (Figure 2.14). These findings suggest that
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the CXCL9/10-CXCR3 axis likely accounts for the intra-tumoral CD8 T cell infiltration induced
with O+P treatment. In line with our findings, CXCL9 and CXCL10 have been shown previously
in macrophages and dendritic cells to be able to guide CD8 T cells’ migration to sites of infection
and inflammation through interaction with CXCR3 (Tokunaga, Zhang et al. 2018).

To investigate whether CXCL9 and CXCL10 protein levels go up in PDAC tumors upon
O+P treatment as implied from scRNA-seq analysis, we quantified the levels of these chemokines
within PDAC tumors using ELISA. Results showed that only the combination treatment of O+P
significantly elevated CXCL9 and CXCL10 levels—an effect not observed with OTX or anti-
PDL1 alone (Figure 2.15). Notably, when we experimentally blocked CXCL9/10-CXCR3
signaling in vivo using a CXCR3 blocking antibody, the CD8 T cell accumulation phenotype was
completely abrogated (Figure 2.16). These results underscore the indispensable role of augmented
CXCL9/10-CXCR3 signaling in facilitating CD8 T cell recruitment to tumors during O+P
treatment.

To determine the altered signaling pathways that could lead to Cxcl9 and Cxcll0
upregulation in stromal cells, we ran a gene ontology analysis on gene sets identified in PDAC
stromal samples that are induced with O+P treatment. Interestingly, we found that the IFNy
response pathway was the most prominently upregulated pathway following O+P treatment
(Figure 2.17). As a potent inflammatory cytokine produced primarily by T cells and NK cells,
IFNy has been previously reported to regulate Cxcl9 and Cxcll0 expression in macrophages
(House, Savas et al. 2020) and fibroblasts (Ohta, Shigeishi et al. 2008). In line with this, our
scRNA-seq analysis showed that IFNy expression was enhanced in the T helper cell cluster
receiving O+P treatment (data not shown). In vitro treatment of primary pancreatic stellate cells

with IFNy was able to confirm Cxcl9 and Cxcl10 upregulation (Figure 2.18). These findings
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suggest that IFNy could be the key drivers of O+P induced intra-tumoral CXCL9/10 production
and thereby key drivers of CD8 T cell recruitment into PDAC tumors. To test this hypothesis, we
compared the efficacy of O+P treatment in PDAC tumor-bearing mice with or without a functional

IFNy receptor. Impressively, the CD8 T cell accumulation phenotype was attenuated when IFNy

signaling was disrupted in stromal cells (Figure 2.19). Collectively, these findings shed light on
the pivotal role of the IFNy-CXCL9/10-CXCR3 axis in orchestrating CD8 T cell recruitment

triggered by O+P combination therapy within the PDAC TME.
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Figure 2.13 Impact of O+P on chemokine receptor expression across stromal cell clusters.

Heatmap comparing chemokine receptor gene expression across multiple stromal cell clusters.
Four columns from left indicate CD8 T cell cluster (T1) and CD4 T cell cluster (T2). M1-6:
Macrophage/monocyte subcluster 1-6, N1-6: Neutrophil subcluster 1-6.
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Figure 2.14 Impact of O+P on chemokine expression across stromal cell clusters.

Heatmap comparing chemokine gene expression across multiple stromal cell clusters. M1-6:
Macrophage/monocyte subcluster 1-6, N1-6: Neutrophil subcluster 1-6.
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Figure 2.15 OTX and aPDLI synergistically induces CXCL9 and CXCL10 level in PDAC
tumors.

A) ELISA analysis of CXCL9 level in PDAC tumors. Mice were treated with Veh, 10mg/kg
aPDL1 (once every 3 days, i.p.) and/or 75mg/kg OTX (daily, o.g.) for two weeks.

B) ELISA analysis of CXCL10 level in PDAC tumors.

Data are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. ***P<0.001.
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Figure 2.16 Blockade of CXCL9/10-CXCR3 signaling abolishes intra-tumoral CD8 T cell
accumulation induced with O+P.

Flow cytometry analysis of intra-tumoral CD8 T cells in an orthotopic mouse model of PDAC.
Mice were treated with Veh or different combinations of 10mg/kg aPDL1 (once every 3 days, 1.p.),
10mg/kg aCXCR3 (once every 3 days, i.p.) and/or 75mg/kg OTX (daily, o.g.) for two weeks. Data
are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. **P<(.01.
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Figure 2.17 Pathways induced with O+P treatment in PDAC stromal cells.

Gene Ontology (Pathway Enrichment) analysis of gene sets in PDAC stromal cells that were
significantly induced upon O+P treatment. Analysis was performed by Metascape, where gene
lists referred to are “HALLMARK” and “GO”.
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Figure 2.18 IFNy induces Cxcl9 and Cxcl10 expression in cultured PSCs.

qPCR analysis of Cxcl9 (left) and Cxcl10 (right) expression in primary pancreatic stellate cells
receiving 10ng/ml IFNy treatment. Data are presented as dot plots, with each dot representing an
individual value, horizontal lines indicating means and error bars indicating SEMs. Data
significance was analyzed by Two-tailed Unpaired t-test in Prism. ***P<0.001.
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Figure 2.19 Knockout of IFNYR in stromal cells abolishes intra-tumoral CD8 T cell
accumulation induced with O+P.

Flow cytometry analysis of intra-tumoral CD8 T cells in orthotopic mouse model of PDAC. WT
mice or whole-body IFNyYR KO mice were transplanted with PDAC1245-GFP (harboring WT
IFNYR) and were treated with Veh or a combination of 10mg/kg aPDL1 (once every 3 days, i.p.)
and 75mg/kg OTX (daily, o.g.) for two weeks. Data are presented as dot plots, with each dot
representing an individual tumor, horizontal lines indicating means and error bars indicating SEMs.
Data significance was analyzed by Ordinary one-way ANOVA in Prism. *P<0.05, **P<0.01.
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Discussion

Despite the promising success of immune checkpoint inhibitors in various cancers, their
efficacy in PDAC remains limited, which can be attributed to challenges such as drug delivery
issues and the immunosuppressive TME. In this study, we established an orthotopic mouse model
of PDAC mirroring the resistance observed in human patients to immune checkpoint inhibitors
like oPDLI1. Our comprehensive characterization, utilizing scRNA-seq analysis, revealed
functional heterogeneity among stromal myeloid cells in this model. These distinct cell populations
harbored unique immunosuppressive gene signatures, suggesting an underlying epigenetic
regulatory profile. BETi emerged as promising candidates capable of blocking these
immunosuppressive gene features. While BET inhibition alone did not completely restore the anti-
tumor T cell response, its combination with immune checkpoint inhibitors exhibited a synergistic
effect. This combined treatment not only significantly reduced tumor burden but also fostered the
accumulation of active and functional CD8 T cells within the tumor. The observed increase in CD8
T cell accumulation was attributed not only to enhanced proliferation but also to improved
recruitment from circulation. Further investigations unveiled a regulatory mechanism governing T
cell recruitment into the PDAC tumor, mediated through the IFNy (T cells)-CXCL9/10
(macrophage/monocyte cells and fibroblasts)-CXCR3 (T cells) axis. These findings deepen our
understanding of the intricately controlled immunosuppressive stromal response in PDAC. The
identification of BETi as potential regulators and their synergistic effects with immune checkpoint
inhibitors offer novel therapeutic strategies for PDAC treatment. This study provides valuable
insights into the complexity of PDAC's immunosuppressive TME, laying the groundwork for

future developments in combined BETi and immune checkpoint inhibitor therapies.
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The malignancy of PDAC is believed to stem from the intricate interactions between tumor
cells and the surrounding stroma, involving various "tumor signaling-hijacked" somatic cells. The
advent of single-cell techniques, such as scRNA-seq, has revolutionized our ability to analyze gene
expression, genomics, and molecular features at the individual cell level in the pancreas (Barthel,
Falcomata et al. 2023) (Cephas, Hwang et al. 2023). Leveraging scRNA-seq in this study, we
uncovered distinct clusters of cells with neutrophil or macrophage gene signatures exhibiting
immunosuppressive potentials at a high resolution (Figure 2.7). These findings align with
numerous other single-cell analyses reported in both human PDAC (Yousuf, Qiu et al. 2023)
(Werba, Weissinger et al. 2023) (Lin, Noel et al. 2020) (Raghavan, Winter et al. 2021) (Peng, Sun
et al. 2019) and mouse PDAC (Carstens, Yang et al. 2021) (Schlesinger, Yosefov-Levi et al. 2020)
(Elyada, Bolisetty et al. 2019) (Hosein, Huang et al. 2019).

While our primary focus in this work centers on the universal inhibition of
immunosuppressive functions in stromal cells through epigenetic-targeting inhibitions, an
outstanding question remains: does a specific immunosuppressive subcluster exhibit a notable
capacity to block the anti-tumor T cell response and thus can get preferentially targeted over other
subclusters? For instance, the Mye3 cluster displays significantly higher expression of Argl, which
encodes arginase 1 known to impede T cell function through metabolic consumption of arginine
in pancreatic cancer (Menjivar, Nwosu et al. 2023). However, assessing the function of Argl in
vitro using standard culture media with sufficient arginine supply cannot fully reflect its
immunosuppressive potential, as observed in our naive T cell proliferation assay where MHCII-
myeloid cells did not exhibit immune suppression (Figure 2.9). Intriguingly, Mye3 also expresses
high levels of LIF, a IL6 family of cytokine previously reported in pancreatic stellate cells (PSCs)

to play a crucial role in crosstalk with tumor cells, driving their differentiation, epithelial-
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mesenchymal transition (EMT) status, and resistance to chemotherapy (Shi, Gao et al. 2019).
However, due to the limited fibroblast cluster identified in our scRNA-seq analysis, which resulted
from the enrichment of stromal immune cells using the CD45 marker, a comprehensive
comparison with Mye subclusters for LIF production may be challenging.

Conversely, the Neu5 cluster stands out with its remarkable expression of PDL1. While
myeloid cells in PDAC tumors have been reported to induce PDL1 expression in tumor cells in an
EGFR-AMPK-dependent manner (Zhang, Velez-Delgado et al. 2017), the immunosuppressive
role of neutrophils, also known as granulocytic myeloid-derived suppressor cells (gMDSCs)
expressing PDL1 in PDAC tumors, warrants further examination (Lu, Redd et al. 2016).
Unfortunately, neutrophils, being generally short-lived, may quickly lose their suppressive
features after sorting and exposure to standard in vitro conditions (data not shown). Lastly, it is
crucial to highlight the fibroblast cluster identified in our scRNA-seq analysis, characterized by
strong expression of Cxcl12. Consistent with this, other studies have demonstrated that CAFs in
PDAC tumors express high levels of CXCL12, a pro-tumorigenic factor implicated in promoting
tumor progression and inhibiting anti-tumor immune responses through interactions with various
stromal cell types (Malik, Westcott et al. 2021).

Taken together, the identification of these immunosuppressive cell types in PDAC tumors
motivates future research to delve deeper into validating and comparing their immunosuppressive
roles in vitro. This endeavor requires optimized surface marker staining to allow FACS separation
of each unique subcluster, conditioned in vitro assays to evaluate diverse immunosuppressive
features of sorted cells, and consideration of potential immunostimulatory effects in certain
subclusters, which have not been explored in this study, but could counteract their suppressive

efficacy.
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Targeting distinct immunosuppressive gene features in multiple cell types simultaneously
poses a considerable challenge, but recent breakthroughs in understanding enhancers and super-
enhancers offer a promising solution. Enhancers and super-enhancers, which epigenetically
regulate gene expression in a cell type and function-dependent manner, have opened avenues for
precisely modulating gene expression (Hnisz, Abraham et al. 2013) (Whyte, Orlando et al. 2013)
(Heinz, Romanoski et al. 2015). The disruption of reading H3K27Ac marks, preferentially
enriched in these genomic regions by BET and BRD family proteins, emerges as a viable strategy.
Supporting this concept, our study demonstrates that BETi can universally block
immunosuppressive gene expression across different stromal cell clusters (Figure 2.7). However,
the precise mechanism through which BET inhibition achieves this effect remains unclear. It could
operate through direct interference with regulatory regions physically associated with
immunosuppressive genes or through an indirect mechanism, where it influences the expression
of specific transcription factors that, in turn, act on immunosuppressive genes, or a combination
of both. To unravel this mystery, it is imperative to characterize the enhancer and super-enhancer
profiles of stromal cells using advanced techniques such as scATAC-seq (Semenkovich, Planer et
al. 2016) (Philip, Fairchild et al. 2017), scGRO-seq (Mahat, Tippens et al. 2023), or the H3K27Ac
CUT&Tag technique at the single-cell level (Bartosovic, Kabbe et al. 2021). An additional
question that arises in this context is how to functionally demonstrate the essential role of an
identified enhancer or super-enhancer region in mediating immunosuppressive functions in
specific cell types. This query can be effectively addressed by generating enhancer/super-enhancer
knockout cell lines or mouse lines using CRISPR-mediated genome editing, as outlined in recent
studies (Antal, Oh et al. 2023). Disrupting specific enhancer/super-enhancer elements allows for a

targeted investigation into how their disruption impacts immune suppression phenotypes.
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While our study demonstrates that BET inhibition effectively blocks immunosuppressive
cell functions within PDAC tumors, it falls short of independently triggering CD8 T cell
accumulation (Figure 2.10B). This limitation could be attributed to the role played by BET and
BRD family proteins in mediating gene expression related to the cell cycle (Yang, He et al. 2008)
(Sinha, Faller et al. 2005). Despite reports indicating that BETi can impede PDAC tumor cell
proliferation (Xie, Huang et al. 2018), they also exhibit the capacity to inhibit T cell proliferation
in vitro (Georgiev, Wang et al. 2019). This dual functionality of BETi raises concerns about their
suppressive impact on T cells residing within secondary lymphoid tissues, such as the spleen and
lymph nodes. Although, in combination with immune checkpoint inhibitors, the adverse effects of
BETi can be counteracted within PDAC tumors through significantly improved T cell recruitment
and activation, there remains room for further enhancing the efficacy of BETi. The exploration of
tumor-specific drug delivery and drug release techniques holds promise for advancing the
application of BETi in PDAC treatment in the future (Veselov, Nosyrev et al. 2022). This concept
will be expanded upon in the following chapter, where we will delve into nanoparticle-assisted
BETi delivery methods.

In conclusion, here by characterizing intra-tumoral stromal cells with scRNA-seq analysis,
we uncovered novel macrophage/monocyte and neutrophil populations that have
immunosuppressive potentials. We found that BETi can block immunosuppressive gene
expression in PDAC stromal cells, leading to the discovery of sensitizing PDAC tumor to immune
checkpoint inhibitors with BET inhibition. Our scRNA-seq data, in combination with single-cell
epigenetic profiling of tumor stromal cells proposed above, could provide unprecedented insight
into the epigenetic programs governing intra-tumoral immune cell function and determine the

therapeutic potential of targeting these pathways to promote tumor immunity. This work also has
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immediate and important clinical relevance as BETi are currently the focus of several clinical trials
in pancreatic cancer. It could also broadly inform the treatment of other cancer types that fail to

respond to immune checkpoint therapy.

68



Acknowledgements

Chapter 2, in full, is currently being prepared for submission for publication of the material.
Work in this chapter was done in collaboration with Morgan Truitt, who helped with experiments,
and Tae Gyu Oh, who helped with bioinformatic analysis of sScRNA-seq data. Senada Bashi, Hanna
Dhiyebi, Mariel Burquez and Yang Dai provided technical support. The dissertation author was
the primary researcher and author of this material. This chapter was written under the guidance of

Morgan Truitt, Michael Downes, Annette Atkins, Ruth Yu and Ronald Evans.

69



References

Amedei, A., E. Niccolai, M. Benagiano, C. Della Bella, F. Cianchi, P. Bechi, A. Taddei, L. Bencini,
M. Farsi, P. Cappello, D. Prisco, F. Novelli and M. M. D'Elios (2013). "Ex vivo analysis of
pancreatic cancer-infiltrating T lymphocytes reveals that ENO-specific Tregs accumulate in tumor
tissue and inhibit Th1/Th17 effector cell functions." Cancer Immunol Immunother 62(7): 1249-
1260.

Antal, C. E., T. G. Oh, S. Aigner, E. C. Luo, B. A. Yee, T. Campos, H. Tiriac, K. L. Rothamel, Z.
Cheng, H. Jiao, A. Wang, N. Hah, E. Lenkiewicz, J. C. Lumibao, M. L. Truitt, G. Estepa, E.
Banayo, S. Bashi, E. Esparza, R. M. Munoz, J. K. Diedrich, N. M. Sodir, J. R. Mueller, C. R.
Fraser, E. Borazanci, D. Propper, D. D. Von Hoff, C. Liddle, R. T. Yu, A. R. Atkins, H. Han, A.
M. Lowy, M. T. Barrett, D. D. Engle, G. I. Evan, G. W. Yeo, M. Downes and R. M. Evans (2023).
"A super-enhancer-regulated RNA-binding protein cascade drives pancreatic cancer." Nat
Commun 14(1): 5195.

Asangani, I. A., V. L. Dommeti, X. Wang, R. Malik, M. Cieslik, R. Yang, J. Escara-Wilke, K.
Wilder-Romans, S. Dhanireddy, C. Engelke, M. K. Iyer, X. Jing, Y. M. Wu, X. Cao, Z. S. Qin, S.
Wang, F. Y. Feng and A. M. Chinnaiyan (2014). "Therapeutic targeting of BET bromodomain
proteins in castration-resistant prostate cancer." Nature 510(7504): 278-282.

Bailey, P., D. K. Chang, M. A. Forget, F. A. Lucas, H. A. Alvarez, C. Haymaker, C. Chattopadhyay,
S. H. Kim, S. Ekmekcioglu, E. A. Grimm, A. V. Biankin, P. Hwu, A. Maitra and J. Roszik (2016).
"Exploiting the neoantigen landscape for immunotherapy of pancreatic ductal adenocarcinoma."
Sci Rep 6: 35848.

Barthel, S., C. Falcomata, R. Rad, F. J. Theis and D. Saur (2023). "Single-cell profiling to explore
pancreatic cancer heterogeneity, plasticity and response to therapy." Nat Cancer 4(4): 454-467.

Bartosovic, M., M. Kabbe and G. Castelo-Branco (2021). "Single-cell CUT&Tag profiles histone
modifications and transcription factors in complex tissues." Nat Biotechnol 39(7): 825-835.

Carstens, J. L., S. Yang, P. Correa de Sampaio, X. Zheng, S. Barua, K. M. McAndrews, A. Rao,
J. K. Burks, A. D. Rhim and R. Kalluri (2021). "Stabilized epithelial phenotype of cancer cells in
primary tumors leads to increased colonization of liver metastasis in pancreatic cancer." Cell Rep
35(2): 108990.

Cephas, A. T., W. L. Hwang, A. Maitra, O. Parnas and K. E. DelGiorno (2023). "It is better to
light a candle than to curse the darkness: single-cell transcriptomics sheds new light on pancreas
biology and disease." Gut 72(6): 1211-1219.

Ceribelli, M., P. N. Kelly, A. L. Shaffer, G. W. Wright, W. Xiao, Y. Yang, L. A. Mathews Griner,
R. Guha, P. Shinn, J. M. Keller, D. Liu, P. R. Patel, M. Ferrer, S. Joshi, S. Nerle, P. Sandy, E.
Normant, C. J. Thomas and L. M. Staudt (2014). "Blockade of oncogenic IkappaB kinase activity
in diffuse large B-cell lymphoma by bromodomain and extraterminal domain protein inhibitors."
Proc Natl Acad Sci U S A 111(31): 11365-11370.

70



Clark, C. E., S. R. Hingorani, R. Mick, C. Combs, D. A. Tuveson and R. H. Vonderheide (2007).
"Dynamics of the immune reaction to pancreatic cancer from inception to invasion." Cancer Res
67(19): 9518-9527.

Dawson, M. A., R. K. Prinjha, A. Dittmann, G. Giotopoulos, M. Bantscheff, W. I. Chan, S. C.
Robson, C. W. Chung, C. Hopf, M. M. Savitski, C. Huthmacher, E. Gudgin, D. Lugo, S. Beinke,
T. D. Chapman, E. J. Roberts, P. E. Soden, K. R. Auger, O. Mirguet, K. Doehner, R. Delwel, A.
K. Burnett, P. Jeffrey, G. Drewes, K. Lee, B. J. Huntly and T. Kouzarides (2011). "Inhibition of
BET recruitment to chromatin as an effective treatment for MLL-fusion leukaemia." Nature
478(7370): 529-533.

Elyada, E., M. Bolisetty, P. Laise, W. F. Flynn, E. T. Courtois, R. A. Burkhart, J. A. Teinor, P.
Belleau, G. Biffi, M. S. Lucito, S. Sivajothi, T. D. Armstrong, D. D. Engle, K. H. Yu, Y. Hao, C.
L. Wolfgang, Y. Park, J. Preall, E. M. Jaffee, A. Califano, P. Robson and D. A. Tuveson (2019).
"Cross-Species Single-Cell Analysis of Pancreatic Ductal Adenocarcinoma Reveals Antigen-
Presenting Cancer-Associated Fibroblasts." Cancer Discov 9(8): 1102-1123.

Falcomata, C., S. Barthel, G. Schneider, R. Rad, M. Schmidt-Supprian and D. Saur (2023).
"Context-Specific Determinants of the Immunosuppressive Tumor Microenvironment in
Pancreatic Cancer." Cancer Discov 13(2): 278-297.

Ferri, E., C. Petosa and C. E. McKenna (2016). "Bromodomains: Structure, function and
pharmacology of inhibition." Biochem Pharmacol 106: 1-18.

Georgiev, P., Y. Wang, E. S. Muise, M. L. Bandi, W. Blumenschein, M. Sathe, E. M. Pinheiro and
S. D. Shumway (2019). "BET Bromodomain Inhibition Suppresses Human T Cell Function."
Immunohorizons 3(7): 294-305.

Heinz, S., C. E. Romanoski, C. Benner and C. K. Glass (2015). "The selection and function of cell
type-specific enhancers." Nat Rev Mol Cell Biol 16(3): 144-154.

Hnisz, D., B. J. Abraham, T. I. Lee, A. Lau, V. Saint-Andre, A. A. Sigova, H. A. Hoke and R. A.
Young (2013). "Super-enhancers in the control of cell identity and disease." Cell 155(4): 934-947.

Hosein, A. N., H. Huang, Z. Wang, K. Parmar, W. Du, J. Huang, A. Maitra, E. Olson, U. Verma
and R. A. Brekken (2019). "Cellular heterogeneity during mouse pancreatic ductal
adenocarcinoma progression at single-cell resolution." JCI Insight 5(16).

House, I. G., P. Savas, J. Lai, A. X. Y. Chen, A. J. Oliver, Z. L. Teo, K. L. Todd, M. A. Henderson,
L. Giuffrida, E. V. Petley, K. Sek, S. Mardiana, T. N. Gide, C. Quek, R. A. Scolyer, G. V. Long,
J. S. Wilmott, S. Loi, P. K. Darcy and P. A. Beavis (2020). "Macrophage-Derived CXCL9 and
CXCL10 Are Required for Antitumor Immune Responses Following Immune Checkpoint
Blockade." Clin Cancer Res 26(2): 487-504.

71



Jahangir, M., O. Yazdani, M. S. Kahrizi, S. Soltanzadeh, H. Javididashtbayaz, A. Mivefroshan, S.
Ilkhani and R. Esbati (2022). "Clinical potential of PD-1/PD-L1 blockade therapy for renal cell
carcinoma (RCC): a rapidly evolving strategy." Cancer Cell Int 22(1): 401.

Kryczek, 1., L. Zou, P. Rodriguez, G. Zhu, S. Wei, P. Mottram, M. Brumlik, P. Cheng, T. Curiel,
L. Myers, A. Lackner, X. Alvarez, A. Ochoa, L. Chen and W. Zou (2006). "B7-H4 expression
identifies a novel suppressive macrophage population in human ovarian carcinoma." J Exp Med
203(4): 871-881.

Kuang, D. M., Q. Zhao, C. Peng, J. Xu, J. P. Zhang, C. Wu and L. Zheng (2009). "Activated
monocytes in peritumoral stroma of hepatocellular carcinoma foster immune privilege and disease
progression through PD-L1." J Exp Med 206(6): 1327-1337.

Lin, W, P. Noel, E. H. Borazanci, J. Lee, A. Amini, I. W. Han, J. S. Heo, G. S. Jameson, C. Fraser,
M. Steinbach, Y. Woo, Y. Fong, D. Cridebring, D. D. Von Hoff, J. O. Park and H. Han (2020).
"Single-cell transcriptome analysis of tumor and stromal compartments of pancreatic ductal
adenocarcinoma primary tumors and metastatic lesions." Genome Med 12(1): 80.

Loven, J., H. A. Hoke, C. Y. Lin, A. Lau, D. A. Orlando, C. R. Vakoc, J. E. Bradner, T. I. Lee and
R. A. Young (2013). "Selective inhibition of tumor oncogenes by disruption of super-enhancers."
Cell 153(2): 320-334.

Lu, C.,P.S.Redd, J. R. Lee, N. Savage and K. Liu (2016). "The expression profiles and regulation
of PD-L1 in tumor-induced myeloid-derived suppressor cells." Oncoimmunology 5(12): €1247135.

Mahat, D. B., N. D. Tippens, J. D. Martin-Rufino, S. K. Waterton, J. Fu, S. E. Blatt and P. A.
Sharp (2023). "Single-cell nascent RNA sequencing using click-chemistry unveils coordinated
transcription.” bioRxiv.

Malik, S., J. M. Westcott, R. A. Brekken and F. J. Burrows (2021). "CXCL12 in Pancreatic Cancer:
Its Function and Potential as a Therapeutic Drug Target." Cancers (Basel) 14(1).

Menjivar, R. E., Z. C. Nwosu, W. Du, K. L. Donahue, H. S. Hong, C. Espinoza, K. Brown, A.
Velez-Delgado, W. Yan, F. Lima, A. Bischoff, P. Kadiyala, D. Salas-Escabillas, H. C. Crawford,
F. Bednar, E. Carpenter, Y. Zhang, C. J. Halbrook, C. A. Lyssiotis and M. Pasca di Magliano
(2023). "Arginase 1 is a key driver of immune suppression in pancreatic cancer." Elife 12.

Nakagawa, A., C. E. Adams, Y. Huang, S. R. Hamarneh, W. Liu, K. N. Von Alt, M. Mino-
Kenudson, R. A. Hodin, K. D. Lillemoe, C. Fernandez-Del Castillo, A. L. Warshaw and A. S. Liss
(2016). "Selective and reversible suppression of intestinal stem cell differentiation by
pharmacological inhibition of BET bromodomains." Sci Rep 6: 20390.

Ohta, K., H. Shigeishi, M. Taki, H. Nishi, K. Higashikawa, M. Takechi and N. Kamata (2008).
"Regulation of CXCL9/10/11 in oral keratinocytes and fibroblasts." J Dent Res 87(12): 1160-1165.

72



Peng, J., B. F. Sun, C. Y. Chen, J. Y. Zhou, Y. S. Chen, H. Chen, L. Liu, D. Huang, J. Jiang, G. S.
Cui, Y. Yang, W. Wang, D. Guo, M. Dai, J. Guo, T. Zhang, Q. Liao, Y. Liu, Y. L. Zhao, D. L.
Han, Y. Zhao, Y. G. Yang and W. Wu (2019). "Single-cell RNA-seq highlights intra-tumoral
heterogeneity and malignant progression in pancreatic ductal adenocarcinoma." Cell Res 29(9):
725-738.

Peng, Y.P., Y. Zhu,J. J. Zhang, Z. K. Xu, Z. Y. Qian, C. C. Dai, K. R. Jiang, J. L. Wu, W. T. Gao,
Q. Li, Q. Duand Y. Miao (2013). "Comprehensive analysis of the percentage of surface receptors
and cytotoxic granules positive natural killer cells in patients with pancreatic cancer, gastric cancer,
and colorectal cancer." J Transl Med 11: 262.

Philip, M., L. Fairchild, L. Sun, E. L. Horste, S. Camara, M. Shakiba, A. C. Scott, A. Viale, P.
Lauer, T. Merghoub, M. D. Hellmann, J. D. Wolchok, C. S. Leslie and A. Schietinger (2017).
"Chromatin states define tumour-specific T cell dysfunction and reprogramming." Nature
545(7655): 452-456.

Pott, S. and J. D. Lieb (2015). "What are super-enhancers?" Nat Genet 47(1): 8-12.

Provenzano, P. P., C. Cuevas, A. E. Chang, V. K. Goel, D. D. Von Hoff and S. R. Hingorani (2012).
"Enzymatic targeting of the stroma ablates physical barriers to treatment of pancreatic ductal
adenocarcinoma." Cancer Cell 21(3): 418-429.

Puissant, A., S. M. Frumm, G. Alexe, C. F. Bassil, J. Qi, Y. H. Chanthery, E. A. Nekritz, R. Zeid,
W. C. Gustafson, P. Greninger, M. J. Garnett, U. McDermott, C. H. Benes, A. L. Kung, W. A.
Weiss, J. E. Bradner and K. Stegmaier (2013). "Targeting MYCN in neuroblastoma by BET
bromodomain inhibition." Cancer Discov 3(3): 308-323.

Raghavan, S., P. S. Winter, A. W. Navia, H. L. Williams, A. DenAdel, K. E. Lowder, J. Galvez-
Reyes, R. L. Kalekar, N. Mulugeta, K. S. Kapner, M. S. Raghavan, A. A. Borah, N. Liu, S. A.
Vayrynen, A. D. Costa, R. W. S. Ng, J. Wang, E. K. Hill, D. Y. Ragon, L. K. Brais, A. M. Jaeger,
L. F. Spurr, Y. Y. Li, A. D. Cherniack, M. A. Booker, E. F. Cohen, M. Y. Tolstorukov, I. Wakiro,
A. Rotem, B. E. Johnson, J. M. McFarland, E. T. Sicinska, T. E. Jacks, R. J. Sullivan, G. I. Shapiro,
T. E. Clancy, K. Perez, D. A. Rubinson, K. Ng, J. M. Cleary, L. Crawford, S. R. Manalis, J. A.
Nowak, B. M. Wolpin, W. C. Hahn, A. J. Aguirre and A. K. Shalek (2021). "Microenvironment
drives cell state, plasticity, and drug response in pancreatic cancer." Cell 184(25): 6119-6137
e6126.

Rizvi, N. A., M. D. Hellmann, A. Snyder, P. Kvistborg, V. Makarov, J. J. Havel, W. Lee, J. Yuan,
P. Wong, T. S. Ho, M. L. Miller, N. Rekhtman, A. L. Moreira, F. Ibrahim, C. Bruggeman, B.
Gasmi, R. Zappasodi, Y. Maeda, C. Sander, E. B. Garon, T. Merghoub, J. D. Wolchok, T. N.
Schumacher and T. A. Chan (2015). "Cancer immunology. Mutational landscape determines
sensitivity to PD-1 blockade in non-small cell lung cancer." Science 348(6230): 124-128.

Royal, R. E., C. Levy, K. Turner, A. Mathur, M. Hughes, U. S. Kammula, R. M. Sherry, S. L.
Topalian, J. C. Yang, I. Lowy and S. A. Rosenberg (2010). "Phase 2 trial of single agent

73



Ipilimumab (anti-CTLA-4) for locally advanced or metastatic pancreatic adenocarcinoma." J
Immunother 33(8): 828-833.

Schlesinger, Y., O. Yosefov-Levi, D. Kolodkin-Gal, R. Z. Granit, L. Peters, R. Kalifa, L. Xia, A.
Nasereddin, I. Shiff, O. Amran, Y. Nevo, S. Elgavish, K. Atlan, G. Zamir and O. Parnas (2020).
"Single-cell transcriptomes of pancreatic preinvasive lesions and cancer reveal acinar metaplastic
cells' heterogeneity." Nat Commun 11(1): 4516.

Semenkovich, N. P., J. D. Planer, P. P. Ahern, N. W. Griffin, C. Y. Lin and J. I. Gordon (2016).
"Impact of the gut microbiota on enhancer accessibility in gut intraepithelial lymphocytes." Proc
Natl Acad Sci U S A 113(51): 14805-14810.

Sherman, M. H., R. T. Yu, T. W. Tseng, C. M. Sousa, S. Liu, M. L. Truitt, N. He, N. Ding, C.
Liddle, A. R. Atkins, M. Leblanc, E. A. Collisson, J. M. Asara, A. C. Kimmelman, M. Downes
and R. M. Evans (2017). "Stromal cues regulate the pancreatic cancer epigenome and
metabolome." Proc Natl Acad Sci U S A 114(5): 1129-1134.

Shi, Y., W. Gao, N. K. Lytle, P. Huang, X. Yuan, A. M. Dann, M. Ridinger-Saison, K. E.
DelGiorno, C. E. Antal, G. Liang, A. R. Atkins, G. Erikson, H. Sun, J. Meisenhelder, E. Terenziani,
G. Woo, L. Fang, T. P. Santisakultarm, U. Manor, R. Xu, C. R. Becerra, E. Borazanci, D. D. Von
Hoff, P. M. Grandgenett, M. A. Hollingsworth, M. Leblanc, S. E. Umetsu, E. A. Collisson, M.
Scadeng, A. M. Lowy, T. R. Donahue, T. Reya, M. Downes, R. M. Evans, G. M. Wahl, T. Pawson,
R. Tian and T. Hunter (2019). "Targeting LIF-mediated paracrine interaction for pancreatic cancer
therapy and monitoring." Nature 569(7754): 131-135.

Sinha, A., D. V. Faller and G. V. Denis (2005). "Bromodomain analysis of Brd2-dependent
transcriptional activation of cyclin A." Biochem J 387(Pt 1): 257-269.

Snyder, A., V. Makarov, T. Merghoub, J. Yuan, J. M. Zaretsky, A. Desrichard, L. A. Walsh, M.
A. Postow, P. Wong, T. S. Ho, T. J. Hollmann, C. Bruggeman, K. Kannan, Y. Li, C. Elipenahli,
C. Liu, C. T. Harbison, L. Wang, A. Ribas, J. D. Wolchok and T. A. Chan (2014). "Genetic basis
for clinical response to CTLA-4 blockade in melanoma." N Engl J Med 371(23): 2189-2199.

Srivastava, M. K., P. Sinha, V. K. Clements, P. Rodriguez and S. Ostrand-Rosenberg (2010).
"Myeloid-derived suppressor cells inhibit T-cell activation by depleting cystine and cysteine."
Cancer Res 70(1): 68-77.

Stathis, A., E. Zucca, M. Bekradda, C. Gomez-Roca, J. P. Delord, T. de La Motte Rouge, E. Uro-
Coste, F. de Braud, G. Pelosi and C. A. French (2016). "Clinical Response of Carcinomas
Harboring the BRD4-NUT Oncoprotein to the Targeted Bromodomain Inhibitor OTX015/MK-
8628." Cancer Discov 6(5): 492-500.

Tokunaga, R., W. Zhang, M. Naseem, A. Puccini, M. D. Berger, S. Soni, M. McSkane, H. Baba

and H. J. Lenz (2018). "CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation - A target
for novel cancer therapy." Cancer Treat Rev 63: 40-47.

74



Veselov, V. V., A. E. Nosyrev, L. Jicsinszky, R. N. Alyautdin and G. Cravotto (2022). "Targeted
Delivery Methods for Anticancer Drugs." Cancers (Basel) 14(3).

Voutsadakis, 1. A. (2022). "Urothelial Bladder Carcinomas with High Tumor Mutation Burden
Have a Better Prognosis and Targetable Molecular Defects beyond Immunotherapies." Curr Oncol
29(3): 1390-1407.

Werba, G., D. Weissinger, E. A. Kawaler, E. Zhao, D. Kalfakakou, S. Dhara, L. Wang, H. B. Lim,
G. Oh, X. Jing, N. Beri, L. Khanna, T. Gonda, P. Oberstein, C. Hajdu, C. Loomis, A. Heguy, M.
H. Sherman, A. W. Lund, T. H. Welling, I. Dolgalev, A. Tsirigos and D. M. Simeone (2023).
"Single-cell RNA sequencing reveals the effects of chemotherapy on human pancreatic
adenocarcinoma and its tumor microenvironment." Nat Commun 14(1): 797.

Whyte, W. A., D. A. Orlando, D. Hnisz, B. J. Abraham, C. Y. Lin, M. H. Kagey, P. B. Rahl, T. L.
Lee and R. A. Young (2013). "Master transcription factors and mediator establish super-enhancers
at key cell identity genes." Cell 153(2): 307-319.

Xie, D. and K. Xie (2015). "Pancreatic cancer stromal biology and therapy." Genes Dis 2(2): 133-
143.

Xie, F., M. Huang, X. Lin, C. Liu, Z. Liu, F. Meng, C. Wang and Q. Huang (2018). "The BET
inhibitor [-BET762 inhibits pancreatic ductal adenocarcinoma cell proliferation and enhances the
therapeutic effect of gemcitabine." Sci Rep 8(1): 8102.

Yang, Z., N. He and Q. Zhou (2008). "Brd4 recruits P-TEFb to chromosomes at late mitosis to
promote G1 gene expression and cell cycle progression." Mol Cell Biol 28(3): 967-976.

Yousuf, S., M. Qiu, L. Voith von Voithenberg, J. Hulkkonen, I. Macinkovic, A. R. Schulz, D.
Hartmann, F. Mueller, M. Mijatovic, D. Ibberson, K. T. AlHalabi, J. Hetzer, S. Anders, B. Brune,
H. E. Mei, C. D. Imbusch, B. Brors, M. Heikenwalder, M. M. Gaida, M. W. Buchler, A. Weigert,
T. Hackert and S. Roth (2023). "Spatially Resolved Multi-Omics Single-Cell Analyses Inform
Mechanisms of Immune Dysfunction in Pancreatic Cancer." Gastroenterology 165(4): 891-908
e814.

Zhang, Y., J. Lazarus, N. G. Steele, W. Yan, H. J. Lee, Z. C. Nwosu, C. J. Halbrook, R. E. Menjivar,
S. B. Kemp, V. R. Sirihorachai, A. Velez-Delgado, K. Donahue, E. S. Carpenter, K. L. Brown, V.
Irizarry-Negron, A. C. Nevison, A. Vinta, M. A. Anderson, H. C. Crawford, C. A. Lyssiotis, T. L.
Frankel, F. Bednar and M. Pasca di Magliano (2020). "Regulatory T-cell Depletion Alters the
Tumor Microenvironment and Accelerates Pancreatic Carcinogenesis." Cancer Discov 10(3): 422-
439.

Zhang, Y., A. Velez-Delgado, E. Mathew, D. Li, F. M. Mendez, K. Flannagan, A. D. Rhim, D. M.
Simeone, G. L. Beatty and M. Pasca di Magliano (2017). "Myeloid cells are required for PD-1/PD-
L1 checkpoint activation and the establishment of an immunosuppressive environment in
pancreatic cancer." Gut 66(1): 124-136.

75



Chapter 3 Harnessing BET Inhibitors for PDAC Immunotherapy: Bridging Insights to
Applications

Introduction

In the preceding chapter, we explored the impact of BET inhibitors (BETi) in disrupting
the iTME in PDAC. Our investigation revealed that while BETi alone can impede tumor
progression, it does not fully restore the anti-tumor T cell response. However, the combination of
BETi and aPDLI1 exhibited a remarkable enhancement in CD8 T cell accumulation within PDAC
tumors, resulting in a further substantial reduction of tumor burden. This aligns with the rationale
behind exploring the therapeutic benefits of combining targeted therapy (such as BETi) and
immunotherapy (such as aPDL1) in PDAC treatment as previously described.

However, several limitations exist in testing the survival benefit of BETi+aPDL1 in mouse
models of PDAC. Firstly, given that the current standard of care for PDAC involves chemotherapy
(Jiang and Sohal 2023), it is imperative to explore how chemotherapy could impact the efficacy of
BETi+aPDLI1. Secondly, BETi has been reported to have toxicity concerns, necessitating careful
consideration of dosing applications to ensure suitability for long-term treatments. Moreover, the
potential impact of BETi on cell proliferation raises concerns about its systemic delivery impairing
T cell development in secondary lymphoid organs, which could limit its ability to promote T cell
responses in combination with aPDL1 when administered as a free drug. To address these
limitations, this chapter adopts three separate strategies to: 1. Investigate the impact of gemcitabine
in conjunction with OTX+aPDLI treatment. 2. Test different dosing strategies to minimize OTX
toxicity for long-term applications. 3. Explore the efficacy of nanoparticles in facilitating tumor-

specific OTX delivery while reducing systemic toxicity.
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The rationale for combining chemotherapy with BETi+aPDLI1 stems from chemotherapy's
potential to induce tumor cell death, leading to the release of tumor antigens that facilitate T cell
priming. Concurrently, tumor cell death promotes an inflammatory response by releasing damage-
associated molecular patterns (DAMPs) and inflammatory mediators within the tumor (Zhang,
Zhou et al. 2022), thereby facilitating immune cell recruitment. Moreover, chemotherapy has
demonstrated the ability in various cancer types to reduce the number of myeloid-derived
suppressor cells (MDSC) that can impair anti-tumor T cell response (Koinis, Vetsika et al. 2016)
(Eriksson, Wenthe et al. 2016). These effects suggest the potential to enhance the efficacy of
BETi+aPDL1 with chemotherapy.

Despite the promising potential of BET1, their clinical utility is hindered by notable toxicity,
including common hematological adverse events such as thrombocytopenia, anemia, and
neutropenia. Non-hematological syndromes, including diarrhea, nausea, fatigue, dysgeusia,
myocardial infarction and arrhythmias have also been reported (Sun, Han et al. 2020) (Piquereau,
Boet et al. 2019). Such toxicity can be minimized through lower dosages, less frequent dosing
strategies, or periodic dosing that allows recipients to recover from cumulative toxicity during a
drug-free window. However, considering the relatively short half-life of clinical BETi compounds
like OTX-015 (3-7 hours) and iBET-762 (3-7 hours), less than daily applications of BETi would
likely reduce their effectiveness. Striking a careful balance between BET1 toxicity and efficacy is
imperative, especially in the context of combination therapies where the toxicity of other drugs,
such as gemcitabine or aPDL1, must also be considered.

In addition to systemic toxicity, another major hurdle for PDAC drug development is the
challenge of intra-tumoral drug delivery. The hypovascularized and hyper-pressured PDAC

stroma has been reported to hinder the administration of small molecule drugs such as gemcitabine
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(Jacobetz, Chan et al. 2013). However, the emergence of nanoparticle drug carriers presents a
promising avenue in solid tumor therapeutics, offering a strategic approach to enhance drug
delivery into the tumor while mitigating systemic toxicity. Various types of nanomaterial-based
carriers, including polymeric, lipidic, inorganic, and vesicular nanoparticles (Liu, Kshirsagar et al.
2022), can be designed to meet diverse drug delivery needs. These carriers work through the
conjugation or encapsulation of therapeutic payloads, providing advantages such as prolonged
circulation, site-specific delivery, controllable release, reduced side effects, and even co-delivery
of multiple agents (Hou, Yang et al. 2022). Notably, nanoparticle-aided drug delivery holds
significant promise for PDAC therapy, as nanoparticles, with proper size control, can penetrate the
dense PDAC stroma where molecular drugs face challenges (Meng and Nel 2018). FDA-approved
nano-formulated chemotherapy drugs, such as albumin-bound paclitaxel (nab-paclitaxel) (Yardley
2013) and liposomal irinotecan+5-fluorouracil (Frampton 2020), have demonstrated improved
distribution, lower toxicity, and superior therapeutic outcomes compared to their free drug
counterparts. Numerous other nanoparticle drugs are currently undergoing clinical trials to
enhance PDAC immunotherapy (Hou, Yang et al. 2022). Here, we investigate the role of
nanoparticle conjugation in concentrating BETi within PDAC tumors while mitigating systemic

toxicity.
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3.1 Chemotherapy does not potentiate synergistic effect of OTX and aPDL1 combination
treatment

It has been previously reported in pancreatic cancer that BETi can serve as effective
monotherapy due to their suppressive impact on both tumor cells and pancreatic stellate cells
(PSCs) (Jauset, Masso-Valles et al. 2018) (Kumar, DeCant et al. 2017) (Garcia, Miller et al. 2016).
To investigate whether chemotherapy could synergize with BETi in the absence of immune
checkpoint inhibitors, we conducted in vitro co-treatment experiments with OTX and gemcitabine
on PDAC1245-GFP cells, revealing a significant synergy between the two (Figure 3.1). Notably,
similar synergies were also observed between OTX and other chemotherapy drugs, including
Paclitaxel, SN38, Mitomycin C and Cisplatin (data not shown).

However, when tested in an orthotopic mouse model of PDAC, where gemcitabine and
OTX each separately slowed down tumor growth, combining the two did not result in a further
reduction of tumor burden (Figure 3.2). This outcome aligns with prior research demonstrating
that JQ1, another BETi, and gemcitabine did not synergize in a KPC mouse model of PDAC
(Mazur, Herner et al. 2015). In contrast, patient-derived xenograft PDAC models showed
synergistic responses between JQ1, iBET-762, and gemcitabine (Miller, Garcia et al. 2021) (Xie,
Huang et al. 2018). This discrepancy may be attributed to differences between mouse and human
cells or the absence of a T cell response in xenograft PDAC models. Importantly, the lack of
synergy in mouse PDAC tumors may be due to in vivo complexity, where factors such as
absorption, distribution, metabolism, excretion, and toxicity (ADMET) can influence drug
pharmacokinetics and pharmacodynamics. The differential ADMET of BETi and gemcitabine
could lead to a suboptimal drug ratio, falling outside the synergy range observed in vitro.

As previously discussed, chemotherapy has the potential to synergize with BETi+aPDL1

to induce anti-tumor T cell responses. To explore this, we initially examined the combination of
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gemcitabine and aPDL1 on orthotopic PDAC tumors, but no synergy was observed between these
two agents (Figure 3.3). Given our previous data indicating the insufficiency of aPDL1 in inducing
an anti-tumor T cell response on its own, we next investigated whether gemcitabine could enhance
the efficacy of BETi+oPDL1 combination treatment. Surprisingly, co-treatment with gemcitabine
inhibited, rather than promoted, CD8 T cell accumulation induced by BETi+aPDL1 treatment in
PDAC tumors (Figure 3.4). This unexpected result may be attributed to the possibility that the
function of chemotherapy in blocking rapidly proliferating cells not only affects tumor cells but
also naive and mature T cells, as supported by existing literature (Das, O'Connor et al. 2020) (Das,
Vernau et al. 2019).

In light of these findings, we have chosen to optimize BETi+aPDL1 therapy independently
of chemotherapy for PDAC treatment. However, it is crucial to note that the immune stimulatory
potential of chemotherapy may be better realized with optimized dosage and application windows

(Truong, Gargett et al. 2021).
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Figure 3.1 Synergy analysis of OTX and gemcitabine on PDAC1245-GFP tumor cells in vitro.

Each data point represents the average of triplicates. Synergy analysis was performed with
Combenefit software. Both graphical heatmap plot (left) and synergy score table (right) are
presented.
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Figure 3.2 Impact on orthotopic tumor growth by OTX and gemcitabine in vivo.

PDAC1245-GFP bearing mice were treated with 10mg/kg gemcitabine (once every three days, i.p.)
and/or 75mg/kg OTX (daily, o.g.) for two weeks. Tumor volume was measured by ultrasound
imaging. Data are presented as dot plots, with each dot representing an individual tumor, horizontal
lines indicating means and error bars indicating SEMs. Data significance was analyzed by
Ordinary one-way ANOVA in Prism. **P<0.01.
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Figure 3.3 Impact on orthotopic tumor growth by aPDL1 and gemcitabine in vivo.

PDAC1245-GFP bearing mice were treated with 10mg/kg gemcitabine (once every three days, i.p.)
and/or 10mg/kg aPDL1 (once every three days, i.p.) for two weeks. Tumor volume was measured
by ultrasound imaging. Data are presented as dot plots, with each dot representing an individual
tumor, horizontal lines indicating means and error bars indicating SEMs. Data significance was
analyzed by Ordinary one-way ANOVA in Prism. *P<0.05.
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Figure 3.4 Impact on intra-tumoral CD8 T cell accumulation by O+P and gemcitabine in vivo.

PDACI1245-GFP bearing mice were treated with 10mg/kg gemcitabine (once every three days,
1.p.), and/or 75mg/kg OTX (daily, o.g.)+10mg/kg aPDLI1 (once every three days, i.p.) for two
weeks. Intra-tumoral CD8 T cell accumulation was measured by flow cytometry. Data are
presented as dot plots, with each dot representing an individual tumor, horizontal lines indicating
means and error bars indicating SEMs. Data significance was analyzed by Ordinary one-way
ANOVA in Prism. ***P<0.001.
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3.2 Toxicity effect of OTX can be partially reduced with alternative dosing strategies

With previous findings of OTX+aPDL1 on synergistically reducing tumor burden, we next
assessed whether this effect translated into a survival benefit in mice bearing PDAC. Unfortunately,
daily treatment with 75mg/kg OTX daily in combination with aPDL1 did not result in a significant
extension of lifespan (Figure 3.5). Upon closer examination of mice in each group, it became
evident that mice treated with OTX or OTX+aPDL1 often succumbed with smaller and less
advanced PDAC tumors compared to those treated with vehicle or aPDL1. However, these mice
exhibited symptoms of body weight loss, pale liver, and bloody ascites at a higher frequency (data
not shown), raising concerns about the toxicity associated with the current OTX dosing strategy
(75mg/kg daily) in the long term. Indeed, the dose-limiting toxicities of BETi have been previously
documented (Cochran, Conery et al. 2019).

We next investigated whether BETi toxicity could be mitigated with alternative OTX
dosing strategies. This included lowering the dose of OTX from 75mg/kg daily (high dose) to
50mg/kg daily (medium dose) or providing mice with a one-week break after two weeks of OTX
(75mg/kg daily) treatment. Results indicated that medium dose of OTX could still induce intra-
tumoral CD8 T cell accumulation in combination with aPDL1 after three weeks of treatment.
However, when mice were given a one-week break from OTX treatment, the enhanced T cell
phenotype could no longer be observed in the tumor (Figure 3.6). These results suggest that the
modulatory effect of BETi on the iTME cannot be maintained when BETi treatment is
discontinued.

To further explore the impact of alternative BETi dosing strategies on the synergistic
efficacy with aPDL1, we then treated PDAC-bearing mice with either 37.5mg/kg OTX daily (low

dose) or 75mg/kg OTX once every two days (low frequency). The results indicated that neither of
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these dosing strategies could maintain the CD8 T cell accumulation phenotype observed with high
daily doses of OTX treatment after 2.5 weeks (Figure 3.7). Notably, as the treatment duration
increased, both strategies resulted in a significant improvement in survival in PDAC-bearing mice,
suggesting reduced toxicity with lower OTX dosages (Figure 3.8 and 3.9). However, the
synergistic effect between OTX and aPDL1 was not significant in both survival assays.

In summary, our findings indicate that the synergistic phenotype of BETi and aPDLI in
promoting anti-tumor T cell responses requires sustained treatment with BETi at high dosages.
However, the current dosing strategy for OTX in its free drug form is suboptimal for therapeutic
purposes, given concerns regarding both toxicity and efficacy. Therefore, optimization beyond
dosing strategy is imperative to ensure adequate concentration of BETi within the tumor while

minimizing systemic impact on healthy organs.
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Figure 3.5 Survival impact on orthotopic PDAC mouse model with O+P treatment.

Survival study of mice bearing orthotopically transplanted PDAC1245-GFP tumor. Mice were
treated with 75mg/kg OTX (daily, o.g.) and/or 10mg/kg aPDL1 (once every three days, i.p.). Data
significance was analyzed by Log-rank test in Prism. P value is indicated in the figure.
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Figure 3.6 Impact on intra-tumoral CD8 T cell accumulation with alternative O+P dosing strategies
in vivo.

PDAC1245-GFP bearing mice were treated with 10mg/kg aPDL1 (once every three days, i.p.) for
three weeks in combination with 50mg/kg OTX (daily for three weeks, o0.g.) or 75 mg/kg OTX
(daily for two weeks followed by one week break, o0.g.). Intra-tumoral CD8 T cell accumulation
was measured by flow cytometry. Data are presented as dot plots, with each dot representing an
individual tumor, horizontal lines indicating means and error bars indicating SEMs. Data
significance was analyzed by Ordinary one-way ANOVA in Prism. ***P<0.001.
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Figure 3.7 Impact on intra-tumoral CD8 T cell accumulation with alternative O+P dosing strategies
in vivo.

PDAC1245-GFP bearing mice were treated with 10mg/kg aPDL1 (once every three days, i.p.) for
two and half weeks in combination with 75mg/kg OTX (daily, o0.g.) or 75 mg/kg OTX (q2d, once
every 2 days, 0.g.) or 37.5mg/kg OTX (daily, o.g.). Intra-tumoral CD8 T cell accumulation was
measured by flow cytometry. Data are presented as dot plots, with each dot representing an
individual tumor, horizontal lines indicating means and error bars indicating SEMs. Data
significance was analyzed by Ordinary one-way ANOVA in Prism. ***P<0.001.
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Figure 3.8 Survival impact on orthotopic PDAC mouse model with alternative O+P dosing
strategies.

Survival study of mice bearing orthotopically transplanted PDAC1245-GFP tumor. Mice were
treated with 10mg/kg aPDLI1 (once every three days, i.p.) in combination with 75mg/kg OTX
(daily, o.g.) for three weeks, after which dosing strategy for OTX was switched to 75mg/kg once
every 3 days o.g.. Data significance was analyzed by Log-rank test in Prism. *P<0.05, **P<0.01.
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Figure 3.9 Survival impact on orthotopic PDAC mouse model with alternative O+P dosing
strategies.

Survival study of mice bearing orthotopically transplanted PDAC1245-GFP tumor. Mice were
treated with 10mg/kg aPDL1 (once every three days, i.p.) in combination with 37.5mg/kg OTX
(daily, o.g.). Data significance was analyzed by Log-rank test in Prism. *P<0.05, **P<0.01.
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3.3 BPD nanoparticles enable PDAC tumor-specific drug delivery and reduce toxicity

Given the challenge posed by the paradoxical nature of BETi's toxicity and efficacy,
alternative dosing strategies alone may not effectively address this issue. Therefore, we turned to
nanoparticle technologies to enhance tumor delivery and reduce systemic toxicity.

Previous research conducted in Jeremiah Johnson's group has demonstrated the
effectiveness of the Bottlebrush Polymer Prodrug (BPD) platform, a nanoparticle-aided drug
delivery system (Johnson, Lu et al. 2010). This system involves conjugating target drugs and
polyethylene-glycol (PEG)-based polymers with switchable linkers, allowing for preferential drug
accumulation in specific organs/tissues by adjusting the size of nanoparticles determined by the
degree of PEG polymerization. Moreover, it enables condition-specific drug release using different
linkers, such as ester-based linkers for targeted drug release in tumor tissue with high esterase
activity. In their recent work, Jeremiah Johnson's team demonstrated the efficacy of BPD-OTX in
treating a mouse model of triple-negative breast cancer, showing improved drug accumulation and
OTX release within tumor tissue compared to free OTX. Importantly, BPD-OTX inhibited tumor
growth more effectively than an equivalent dose of free OTX without inducing toxicity-related
body weight loss (Vohidov, Andersen et al. 2021). While their study focused on a different tumor
type, it underscores the feasibility of enhancing BETi efficacy and reducing its toxicity using BPD
nanoparticles.

To assess the applicability of this technique in PDAC tumors, we collaborated with
Jeremiah Johnson’s Lab and obtained BPD-OTX nanoparticles (Figure 3.10). To evaluate their
tumor-accumulation effect, Cyanine 5.5-labeled nanoparticles (BPD-Cy5.5) were utilized in mice
bearing orthotopic PDAC tumors. The results demonstrated a preferential accumulation of Cy5.5

fluorescence in PDAC tumors compared to other organs (Figure 3.11). Subsequently, to assess the
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on-target efficacy of nanoparticle-aided BETi delivery in PDAC tumors, BPD-OTX and free-OTX
were administered to mice with orthotopic PDAC tumors, evaluating their impact on blocking
immunosuppressive gene expression in intra-tumoral stromal cells, as introduced in the previous
chapter. The results showed comparable efficacy between BPD-OTX q3d and free-OTX qld in
blocking the immunosuppressive potential of tumor-associated macrophages (TAMs) in PDAC
tumors (Figure 3.12). Furthermore, when tested in combination with immune checkpoint inhibitors,
BPD-OTX q3d exhibited superior synergy with aPDLI1 in enhancing intra-tumoral CD8 T cell
accumulation compared to free-OTX qld (Figures 3.13 and 3.14).

Taken together, these findings validate the functionality of BPD nanoparticles in promoting
BETi accumulation in PDAC tumors and reducing its toxicity impact on other organs. This
encourages further evaluation of BPD-OTX+aPDL1 on the survival of PDAC-bearing mice in
future studies. Notably, the observation that BPD-OTX, enriched in the tumor, still synergizes with
aPDLI1 indicates that mechanistically, BETi's direct impact on tumor tissue, rather than secondary

lymphoid organs, should account for its synergy with immune checkpoint inhibitors.
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Figure 3.10 Diagram demonstrating the design of BPD-OTX.
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Figure 3.11 Analysis of BPD distribution across mouse tissues after injection.

Mice bearing orthotopically transplanted PDAC1245 tumor were treated with Smg/mouse BPD-
Cy5.5 (i.p.), after 1 day fluorescence of tumor and different organs were measured on the IVIS
platform.
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Figure 3.12 BPD-OTX treatment blocks immunosuppressive gene expression in TAMs as efficient

as free-OTX.

PDAC1245-GFP bearing mice were treated with 75mg/kg free-OTX (daily, o.g.) or 75mg/kg
BPD-OTX (once every three days, i.p.) for two weeks, after which intra-tumoral macrophages
(CD45+, CD11b+, F4/80+) were sorted out by FACS. mRNA levels of 116 and I11p in sorted
macrophages were measured by qPCR. Data are presented as dot plots, with each dot representing
an individual tumor, horizontal lines indicating means and error bars indicating SEMs. Data
significance was analyzed by Ordinary one-way ANOVA in Prism. **P<0.01.
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Figure 3.13 BPD-OTX has comparable effect as free-OTX on reducing tumor burden.

PDAC1245-GFP bearing mice were treated with 10mg/kg aPDL1 (once every three days, i.p.) in
combination with 75mg/kg free-OTX (daily, o0.g.) or 75mg/kg BPD-OTX (once every three days,
1.p.) for two weeks. Data are presented as dot plots, with each dot representing an individual tumor,
horizontal lines indicating means and error bars indicating SEMs. Data significance was analyzed
by Ordinary one-way ANOVA in Prism. **P<0.01.
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Figure 3.14 BPD-OTX shows superior effect over free-OTX on inducing CD8 T cell accumulation
in combination with aPDLI.

PDAC1245-GFP bearing mice were treated with 10mg/kg aPDL1 (once every three days, i.p.) in
combination with 75mg/kg free-OTX (daily, 0.g.) or 75mg/kg BPD-OTX (once every three days,
1.p.) for two weeks. Intra-tumoral CD8 T cell accumulation was measured by flow cytometry. Data
are presented as dot plots, with each dot representing an individual tumor, horizontal lines
indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. *P<0.05, **P<0.01, ***P<0.001.
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Discussion

PDAC is notorious for its resistance to immune checkpoint inhibitors. In the preceding
chapter, we introduced a novel approach to sensitize PDAC to immunotherapy through the
application of BETi. In this study, we aimed to enhance the therapeutic efficacy of the
BETi+aPDL1 combination treatment. We found that co-application of chemotherapy inhibited
rather than promoted T cell responses induced by BETi+oaPDLI1. We also found that while
alternative dosing strategies could mitigate BETi toxicity, they compromised the synergistic effect
with immune checkpoint inhibitors. To address this dosage-efficacy dilemma, we employed BPD
nanoparticle-aided drug delivery technology and demonstrated that BPD-OTX achieved superior
efficacy in sensitizing PDAC tumors to aPDL1 compared to free OTX. These findings highlight
the potential of combining BPD-conjugated BETi with immune checkpoint inhibitors to develop
novel therapeutic strategies for PDAC.

Translating in vitro findings into in vivo outcomes presents significant challenges due to
differences in ADMET properties, leading to suboptimal biodistribution and tissue accumulation.
In contrast to our in vitro results, our in vivo findings suggest that the addition of chemotherapy,
such as gemcitabine, antagonizes the effect of OTX+aPDLI1 in promoting anti-tumor CD8 T cell
responses (Figure 3.4). This observation is supported by evidence indicating that chemotherapy
can reduce the risk of immune-related pneumonitis in solid tumor-bearing patients receiving aPD1
treatment (Long, Sun et al. 2022). Furthermore, in vitro chemotherapy treatment has been shown
to impair the proliferation and activation of CAR-T cells (Das, O'Connor et al. 2020). These
findings underscore the antagonistic role of chemotherapy in anti-tumor immune responses.

However, chemotherapy's inhibitory effect on T cells has been shown to be temporary and

dose-dependent. While high-dose chemotherapy can initially induce a transient decrease in CD8
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T cell numbers, these cells can gradually recover after chemotherapy discontinuation (Scurr,
Pembroke et al. 2017) (Fagnoni, Lozza et al. 2002) (Mackall, Fleisher et al. 1997). Importantly,
after the recovery period, CD8 T cells demonstrate strengthened cytotoxic activity and effector
memory phenotypes (Turtle, Swanson et al. 2009) (Coleman, Clayton et al. 2005). Furthermore,
the impact of chemotherapy on CDS8 T cells varies with dosage. For example, high-dose platinum-
based chemotherapy may induce lymphopenia in colon cancer-bearing mice, whereas low-dose
platinum-based chemotherapy results in increased T cell numbers and enhanced T cell responses
(Fu, Wu et al. 2020). These findings underscore the potential of chemotherapy to facilitate anti-
tumor T cell responses if administered at the proper dose and given sufficient time for recovery
before immunotherapy (Truong, Gargett et al. 2021). In the context of PDAC treatment, it remains
to be investigated whether pre-application of low-dose gemcitabine, followed by a break and
subsequent BETi+oPDL1 combination treatment, could further enhance the anti-tumor T cell
response. While challenging to examine in the current orthotopic mouse model due to its limited
treatment window post-transplantation, such a strategy should be explored in the KPC mouse
model with a longer dosing window in future studies. Additionally, different chemotherapy drugs
or even combinations of chemotherapy should be tested alongside BETi and aPDL1, considering
their distinct mechanisms of action.

The development of BPD nanoparticles opens up a promising avenue for achieving
organ/tissue-specific drug accumulation while mitigating off-target side effects. Our findings
highlight the enhanced efficacy of BPD-conjugated OTX in blocking the iTME compared to its
free counterpart. Importantly, this design significantly reduces OTX's toxicity to secondary

lymphoid tissues and other organs. Despite these advances, there is still room for further
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refinement in current BPD-BETi+aPDL]1 therapeutic strategies by leveraging other advantageous
features of BPD nanoparticles.

One notable feature is the capability for co-delivering multiple drugs to the desired site.
The ring-opening metathesis polymerization (ROMP) chemistry used in BPD formation allows for
the quantitative incorporation of macromonomer stoichiometry into the resulting nanoparticle.
This enables the incorporation of various macromonomers containing distinct linkers and small-
molecule drugs into the same nanoparticle, facilitating co-delivery with desired kinetics and drug
ratios (Hu, Sun et al. 2016) (Mignani, Bryszewska et al. 2015). Successful delivery of three
different chemotherapy drugs at the desired ratio for ovarian cancer treatment has been reported
using this feature of BPD nanoparticles (Liao, Liu et al. 2014). To further enhance the efficacy of
BETi+aPDLI1, co-delivery of other drugs with BPD nanoparticles for PDAC tumor treatment
could be explored. For example, FAK inhibition has shown promise in reducing
immunosuppressive MDSCs, TAMs, and Tregs in PDAC tumors and promoting CD8 T cell
accumulation (Jiang, Hegde et al. 2016). The combination of FAK inhibitors and aPD1 has been
demonstrated to boost the anti-tumor immune response in PDAC (Blair, Wang et al. 2022),
suggesting the potential for further enhancement of BETi+aPDLI1 efficacy. Another promising
candidate for combination treatment is a recently developed KRAS inhibitor (Kim, Herdeis et al.
2023), given the pro-tumorigenic features of PDAC stroma and tumor cells induced and
maintained with activated KRAS signaling (Zhang, Zhang et al. 2023). Co-delivery of these drugs
in combination with BETi by BPD nanoparticles has the potential to further sensitize PDAC
tumors further to immunotherapies.

Another advantageous feature of BPD nanoparticles that may improve the current

treatment strategy is cell-type-specific drug delivery through conjugation with molecules such as
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peptides, aptamers, oligonucleotides, and monoclonal antibodies (mAbs) that recognize cell
surface epitopes (Zhao, Ukidve et al. 2020). Antibody-aided drug delivery with nanoparticles has
already proven effective in treating various cancer types (Wathoni, Puluhulawa et al. 2022) (Juan,
Cimas et al. 2020). In the context of PDAC, nanoparticles conjugated with anti-Ly6C
demonstrated specific targeting of macrophages and endothelial cells (Yokoi, Godin et al. 2013).
While the side effects on T cells in secondary lymphoid tissues can be avoided with intra-tumoral
drug enrichment in the current BPD-BETi design, T cells within PDAC tumors might still be
affected by BETi. To address this, the conjugation of cell-type-specific antibodies with BPD
nanoparticles could enable specific targeting of myeloid cells and tumor cells without affecting T
cells in PDAC tumors. This approach could maximize BETi efficacy by promoting its inhibition
of immunosuppressive cells while reducing effects on T cell proliferation. Similarly, a tumor cell-
targeting chemotherapy design could maximize inhibition of tumor cell proliferation without
affecting T cell proliferation. Collectively, a combination of tumor cell-targeting BPD-
gemcitabine, myeloid cell-targeting BPD-BETi and aPDL1 may represent a promising strategy
for PDAC treatment.

In the development of BPD nanoparticle-conjugated BETi, we have effectively alleviated
its toxicity on T cells outside the PDAC tumor, particularly in secondary lymphoid tissues, while
simultaneously enhancing its concentration within the tumor. This not only facilitates the effective
reprogramming of the iTME by BETi but also enables sustained synergy with immune checkpoint
inhibitors, fostering a long-lasting anti-tumor T cell response without systemic toxicity concerns.
The potential of this strategy extends beyond PDAC therapy, offering valuable insights for

addressing drug toxicity and off-target effects in the treatment of various cancer types.
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Chapter 4 Stromal Education of Tumor Cells Promotes PDAC Immune Evasion

Introduction

PDAC stands out as a formidable disease, notorious for its resistance to conventional
chemotherapy and radiation therapy. Moreover, various immunotherapy strategies have proven
ineffective against this malignancy, primarily due to the intricate mechanisms of immune evasion
orchestrated within both tumor cells and the tumor stroma.

The challenge in achieving successful immunotherapy for PDAC partially lies in the
complex interplay of immune evasion mechanisms within tumor stroma. Stromal cell components,
including tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs),
regulatory T cells (Tregs), and cancer-associated fibroblasts (CAFs), collectively contribute to the
creation of an immunosuppressive niche that impedes the function of immune effector cells.
Notably, CCR2+ TNFa-producing TAMs have been identified as mediators of dendritic cell and
cytotoxic T cell activity in an IL33-dependent manner (Dixit, Sarver et al. 2022). Meanwhile, the
accumulation of CXCR2+ MDSCs in PDAC tumors not only fosters tumor metastasis but also
inhibits T cell infiltration (Steele, Karim et al. 2016). CAFs are the major producers of CXCL12
in PDAC tumor which, through formation of CXCL12-keratin-19 coating on tumor cell surface,
can suppress T cell-mediated killing (Wang, Moresco et al. 2022) (Malik, Westcott et al. 2021).

Simultaneously, tumor cell-inherent resistance mechanisms further impede antitumor
immunity. The oncogenic KRAS mutation, known for its pro-tumorigenic roles in regulating
tumor cell proliferation, migration, invasion, apoptosis inhibition, and metabolic adaptation
(Waters and Der 2018), has been found to mediate immune resistance. Mutant KRAS induces
granulocyte-macrophage colony-stimulating factor (GM-CSF) production through classical

Raf/MAPK and PI3K signaling pathways, recruiting Gr1+CD11b+ myeloid cells to block anti-
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tumor immune responses (Pylayeva-Gupta, Lee et al. 2012). More recent studies have identified
BRAF and MYC as key mediators of KRAS-induced immune evasion (Ischenko, D'Amico et al.
2021). Furthermore, KRAS activation can promote reactive oxygen species (ROS) generation,
leading to PDL1 upregulation in PDAC tumor cells in an FGFR1-dependent manner (Glorieux,
Xia et al. 2021). Another layer of immune evasion involves the downregulation of major
histocompatibility complex class I (MHC I) proteins in PDAC tumor cells (Hiraoka, Ino et al.
2020). Studies indicate that enhanced autophagy mediates MHC I degradation in tumor cells. This
results in reduced presentation of tumor antigens to CD8 T cells, thereby disrupts T cells’
recognition and killing (Yamamoto, Venida et al. 2020).

While stromal cells and tumor cells employ distinct strategies to thwart anti-tumor immune
responses, it is crucial to recognize their interactions. The tumor-stroma crosstalk, facilitated
through either direct cell-cell contact or the exchange of secreted factors within the TME, likely
plays a significant role in orchestrating these immune-evading functions. For instance, PDAC
tumor cells can produce transforming growth factor- (TGF-f) and platelet-derived growth factor
(PDGF) to reprogram quiescent resident fibroblasts and pancreatic stellate cells (PSCs) into CAFs
(Vaish, Jain et al. 2021) (Li, Guo et al. 2021) (Lohr, Schmidt et al. 2001). These CAFs can produce
growth factors such as insulin-like growth factor 1 (IGF1), growth arrest-specific gene 6 (GAS6)
and leukemia inhibitory factor (LIF) which in turn trigger PI3K/Akt or JAK/STAT3 signaling
within tumor cells to mediate their growth and metastasis (Ireland, Luckett et al. 2020) (Mutgan,
Besikcioglu et al. 2018) (Shi, Gao et al. 2019). These CAFs can also foster reciprocal signaling
cascades, amplifying autonomous KRAS signaling in tumor cells (Tape, Ling et al. 2016).

Moreover, PDAC tumor cells, through the production of IL-1{, attract immune cells with

tolerogenic functions into the TME. This includes TAMs, MDSCs, Th17 cells and regulatory B
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cells (Das, Shapiro et al. 2020). While the mechanisms by which PDAC tumor cells recruit various
stromal cells to form an iTME are becoming clearer, the understanding of how this TME educates
tumor cells and triggers their intrinsic immune evasive mechanisms remains limited.

The conventional immune response against cancer typically relies on the intricate
orchestration of T cell priming, a process in which antigen-presenting cells activate T cells by
presenting specific antigens derived from cancer cells. However, this process is often disrupted in
the complex landscape of advanced cancers, where immune evasive mechanisms can dampen the
effectiveness of the immune response. To address this challenge in cancer treatment, chimeric
Antigen Receptor T-cell (CAR-T) therapy has been developed to bypass the T cell priming step.
This is achieved by expressing chimeric receptors that combine the antigen-recognition domain of
an antibody with the activating machinery of a T cell. The CAR structure pre-equips T cells with
the ability to recognize tumor cells in an antigen-specific manner (Dagar, Gupta et al. 2023).

Despite its success in treating certain hematologic malignancies (Maude, Laetsch et al.
2018), CAR-T therapy has shown limited efficacy in solid tumors. In the context of PDAC,
numerous ongoing clinical trials are testing the efficacy of CAR-T therapy targeting MUC-1
(Posey, Schwab et al. 2016), HER-2 (Feng, Liu et al. 2018), B7-H3 (Du, Hirabayashi et al. 2019),
among others. Unfortunately, none of these trials have yielded satisfying outcomes so far. The
failure of CAR-T therapy in PDAC can be attributed to factors such as restricted tumor infiltration,
exhaustion induced by the immunosuppressive TME, tumor antigen heterogeneity, and off-target
effects (Sterner and Sterner 2021). While current efforts to enhance CAR-T therapy efficacy
largely focus on optimizing CAR affinity to tumor antigens or disrupting T cells' intrinsic
suppressive signaling to avoid exhaustion (Gumber and Wang 2022), there is a notable gap in

research regarding the combination of CAR-T therapy with strategies aimed at reducing tumor cell
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intrinsic immunosuppressive resistance to T cells. Exploring this neglected field may provide new
insights and potential solutions to enhance the effectiveness of CAR-T therapy in the challenging
landscape of PDAC.

In this study, we aimed to elucidate the mechanisms underlying the failure of CAR-T
therapy in PDAC by establishing in vitro and in vivo platforms that mimic this therapeutic
challenge. Our investigations revealed a pivotal mechanism employed by the TME to educate
PDAC tumor cells, rendering them resistant to CD8 T cell-mediated killing. Specifically, we
observed a robust activation of TNFa-NF«kB signaling in PDAC tumor cells by the TME, leading
to the induction of immunosuppressive gene expression, particularly of COX2 and LIF. Crucially,
intervention strategies targeting either COX2 or LIF in vivo demonstrated a significant
sensitization of PDAC tumors to antigen-specific CD8 T cell-mediated killing. This breakthrough
not only unveils novel mechanisms through which the TME triggers immune evasion in tumor
cells but also opens avenues for potential therapeutic interventions. Our findings hold promise for
the enhancement of PDAC treatment by combining CAR-T therapy with targeted approaches
aimed at disrupting the immunosuppressive signals induced by the TME. This integrated approach
represents a step forward in comprehending and overcoming the challenges posed by the complex

PDAC microenvironment in the context of immunotherapeutic strategies.
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4.1 Pancreatic tumor cells are vulnerable to T cell-mediated killing without the support of
TME

The ineffectiveness of therapies aimed at bypassing T cell priming and promoting the
recognition of tumor cells, such as tumor vaccines and CAR-T therapy, in human patients
underscores the existence of inherent resistance in vivo. To discern whether this resistance is
intrinsically programmed into pancreatic cancer cells or is conferred by the supportive TME, we
sought to establish an in vitro tumor cell-T cell coculture system. This system would allow us to
study the response of tumor cells to T cell-mediated killing in the absence of TME influence.
However, merely co-culturing tumor cells with random CD8 T cells is insufficient to trigger killing.
CD8 T-cell mediated tumor killing necessitates the interaction between major histocompatibility
complex type I (MHC-I)-bound tumor antigens displayed on the tumor cell surface and the cognate
T-cell receptor (TCR) expressed on CD8 T cell surfaces. To simulate this interaction, we
introduced a gene encoding a virus-derived antigen, gp33-41 (referred to as gp33), into the
PDAC1245 parental mouse pancreatic cancer cell line, resulting in the PDAC1245-gp33-12 cell
line. (Gairin, Mazarguil et al. 1995). This cell line constitutively expresses the antigen gp33 and
can be specifically recognized and killed by gp33-peptide-activated P14 CD8 T cells but not by
aCD3/aCD28 activated wild-type T cells in vitro (Figure 4.1). To assess the sensitivity of tumor
cells to T-cell-mediated killing, PDAC1245-gp33-12 cells and P14 T cells were cocultured at
different ratios. The results revealed that T cell-mediated killing occurred in a ratio-dependent
manner, with a killing efficiency of >95% achievable at a T cell-to-tumor cell ratio of 6:1 or higher
(Figure 4.2). In contrast, when transplanted into ragl-/- mice, where the adaptive immune system
is disrupted, PDAC1245-gp33-12 cells developed tumors resistant to P14 T cell therapy (Figure
4.3), recapitulating the failure of T cell therapy observed in human patients. These findings suggest

that in the absence of TME, PDAC tumor cells are susceptible to CD8 T cell-mediated antigen-
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specific killing, emphasizing the potential role of TME in fostering immune resistance in

pancreatic cancer.
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Figure 4.1 gp33-expressing tumor cells can be specifically killed with P14 CD8 T cells in vitro.

Killing efficiency comparing gp33 peptide-activated P14 T cells versus beads-activated wt T cells.
Data were measured by Incucyte. Data are presented as connecting-dot plots, with each dot
indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. ***P<0.001.
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Figure 4.2 gp33-expressing tumor cells can be killed with P14 CD8 T cells in ratio-dependent
manner in vitro.

Killing efficiency at different “T cell-to-tumor cell” ratio after 2 days of coculture. Data were
measured by counting beads-based flow cytometry assay. Data are presented as dot plots, with
each dot representing an individual value, horizontal lines indicating means and error bars
indicating SEMs.
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Figure 4.3 gp33-expressing tumor is resistant to P14 CD8 T cells in vivo.

Tumor growth rate of orthotopically transplanted PDAC1245-gp33-12 receiving P14 T cell
therapy in ragl-/- mice. Tumor volume was measured by ultrasound imaging. Data are presented
as connecting-dot plots, with each line of connected dots representing an individual tumor
measured at different timepoints. Data significance was analyzed by Two-tailed Unpaired t-test in
Prism.
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4.2 Soluble factors enriched in TIF educate tumor cells to be resistant to T cell-mediated
killing

In PDAC, the TME is known to harbor numerous secreted factors with immunosuppressive
functions. However, it remains unclear whether these factors exert their effects by interacting with
effector T cells, tumor cells, or other stromal cells. To address this question, we extracted tumor
interstitial fluid (TIF) from orthotopically transplanted PDAC tumors, as it should contain most of
the soluble factors (including proteins and metabolites) representing the PDAC TME. We
introduced TIF into a coculture platform devoid of stromal cells. Interestingly, while TIF alone
did not impact the growth of PDAC1245-gp33-12 cells in the absence of P14 CD8 T cells, it
completely abolished tumor cell killing when T cells were present in the coculture (Figure 4.4).
However, this result could be attributed to suppressive factors in TIF directly blocking P14 CD8
T cell function rather than rendering the tumor cells more resistant. To delve into the direct impact
of TIF on PDAC tumor cells, we pretreated PDAC1245-gp33-12 cells with TIF for 2 days, then
washed away the TIF and cocultured the cells with P14 CD8 T cells. Strikingly, we observed that
TIF-pretreated tumor cells still exhibited partial resistance to T cell-mediated killing (Figure 4.5).
To investigate whether the observed killing resistance phenotypes in the two TIF assays (TIF
cotreatment of both cell types and TIF pretreatment of tumor cells) were due to P14 CD8 T cell
exhaustion, we examined T cell activation (PD1) and exhaustion (Lag3) markers on P14 CD8 T
cells from the coculture. We found that while the direct addition of TIF into the coculture led to
P14 CDS8 T cell exhaustion, pretreating tumor cells with TIF did not induce such phenotypes in T
cells (Figure 4.6). Collectively, these findings suggest that while TIF contains factors capable of
directly affecting CD8 T cell activation and exhaustion, it also simultaneously educates tumor cells
and enhances their resistance to killing. This dual impact underscores the multifaceted nature of

the TME in shaping immune responses in PDAC.
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Figure 4.4 TIF treatment in coculture blocks T cell-mediated killing.

PDAC1245-gp33-12 tumor cell killing efficiency comparing 10% TIF treated cocultures versus
control cocultures. T cell to tumor cell ratio is 6:1. Data were measured by counting beads-based
flow cytometry assay. Data are presented as dot plots, with each dot representing an individual
value, horizontal lines indicating means and error bars indicating SEMs. Data significance was
analyzed by Ordinary one-way ANOVA in Prism. ***P<(.001.
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Figure 4.5 TIF pretreated tumor cells are partially resistant to T cell-mediated killing.

PDAC1245-gp33-12 tumor cell killing efficiency of tumor cells pretreated with 10% TIF. T cell
to tumor cell ratio is 6:1. Data were measured by counting beads-based flow cytometry assay. Data
are presented as dot plots, with each dot representing an individual value, horizontal lines

indicating means and error bars indicating SEMs. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. ***P<0.001.
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Figure 4.6 TIF treatment of CD8 T cells induces exhaustion phenotype.

A) P14 CD8 T cells in coculture were analyzed for functional (Lag3-), partially exhausted (PD1+
Lag3-) and terminally exhausted (PD1- Lag3-) phenotypes. Ctrl: tumor cell-T cell coculture, co-
TIF: TIF added directly into tumor cell-T cell coculture, pre-TIF: tumor cells were pretreated with
TIF before coculturing with T cells. Data were measured by flow cytometry assay. Data are
presented as dot plots, with each dot representing an individual value, horizontal lines indicating
means and error bars indicating SEMs. Data significance was analyzed by Ordinary one-way
ANOVA in Prism. ***P<(.001.

B) Representative flow cytometry results from A). Ctrl: tumor cell-T cell coculture, co-TIF: TIF
added directly into tumor cell-T cell coculture, pre-TIF: tumor cells were pretreated with TIF
before coculturing with T cells. Data were analyzed by FlowJo. Data are presented as dot plots,
with each panel representing an individual sample, and each dot within a panel represents an
individual cell.
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4.3 TIF treatment recapitulates functions of PDAC TME in vivo

To assess whether TIF-induced resistance to killing is under epigenetic control, we
employed OTX, an epigenetic drug known for its capacity to bind to BET family proteins and
impede their recognition of the H3K27Ac marker on histones. In the pretreatment phase of
PDAC1245-gp33-12 cells, we co-administered OTX with TIF. Remarkably, our findings
demonstrated that OTX effectively alleviated the killing-resistant phenotype induced by TIF in
tumor cells (Figure 4.7). This suggests that the educational impact of TIF on tumor cells can be
regulated through epigenetic mechanisms.

To identify key cellular alterations mediated by soluble factors in the TME, we conducted
bulk RNA-seq analysis on PDAC1245-gp33-12 cells treated with TIF and OTX in vitro. Focusing
on the gene set induced upon TIF treatment, 51% of the genes could be downregulated with the
addition of OTX (Figure 4.8A), indicating a close relationship between the TIF-inducible gene set
and epigenetically regulated gene set. Gene Ontology analysis on these overlapped genes identified
TNFa-NF«kB as the most significantly regulated signaling pathway activated by TIF treatment, and
this activation could be blocked with epigenetic regulators (Figure 4.8B). Other significantly
impacted cellular activities included unfolded protein response, hypoxia, senescence, and DNA
damage repair, indicating that TIF treatment induces stress-related responses in PDAC tumor cells.
Common oncogenic signaling pathways related to PDAC cells, such as KRAS, P53, and MYC,
were also identified by gene ontology analysis (Figure 4.8B). Further exploration of the gene set
blocked upon TIF treatment revealed a substantial 44% overlap with genes that could be
reactivated with the addition of OTX treatment (Figure 4.9A). Gene ontology analysis on these
genes identified significant suppressions in multiple metabolic pathways in PDAC tumor cells

upon TIF treatment, including cholesterol homeostasis, fatty acid metabolism, glycolysis, and
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oxidative phosphorylation (Figure 4.9B). Most of these pathways function in tumor cells grown in
a culture dish where nutrients are generally considered to be sufficient. The addition of TIF,
however, appears to induce stress responses in PDAC tumor cells, leading to their transition into
a state with reduced metabolic activities. Although not further pursued in our research, this
metabolic switch might play protective roles for PDAC tumor cells growing in vivo where a
hypoxic, hypovascular, and nutrient-deficient microenvironment prevails. Apart from metabolic
changes, mTOR and E2F-related pathways were significantly inhibited by TIF (Figure 4.9B),
suggesting reduced cell growth in response to TIF-related stress.

To validate the in vivo relevance of the identified TIF-altered cellular responses, we cross-
referenced our findings with previously performed bulk RNA-seq, where the differential gene
expression between PDAC1245 parental cells isolated from orthotopic tumors and those grown in
2D culture was analyzed (Figure 4.10 and 4.11). Interestingly, pathways induced by TIF treatment,
such as TNFa-NF«B, epithelial-mesenchymal transition (EMT), hypoxia, KRAS, and P53
responses, were significantly upregulated in vivo. Conversely, pathways blocked by TIF, such as
E2F, mTOR, and oxidative phosphorylation pathways, were also significantly downregulated in
vivo. These findings suggest that in vitro use of TIF can recapitulate TME-induced responses in

PDAC tumor cells in vivo.
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Figure 4.7 TIF-induced killing resistance in tumor cells can be blocked with BET!.

TIF education of killing resistance in tumor cells can be regulated with epigenetic regulator OTX.
PDAC1245-gp33-12 cells were either untreated or pretreated with 1uM OTX, TIF and OTX+TIF
before coculturing with P14 CD8 T cells. Data were measured by counting beads-based flow
cytometry assay. Data are presented as dot plots, with each dot representing an individual value,
horizontal lines indicating means and error bars indicating SEMs. Data significance was analyzed
by Ordinary one-way ANOVA in Prism. ***P<(.001.
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Figure 4.8 Pathways induced by TIF and inhibited by BETi in tumor cells.

A) Venn diagram showing number of genes with upregulation comparing untreated versus TIF
treated arms and number of genes with downregulation comparing TIF treated versus TIF+OTX
treated arms in PDAC1245-gp33-12 cells. Data were analyzed based of bulk RNA-seq results.

B) Gene Ontology (Pathway Enrichment) analysis of gene sets in PDAC1245-gp33-12 cells that
were significantly upregulated by TIF and downregulated by OTX. Analysis was performed by
Metascape, where gene list was referred to “HALLMARK” and “KEGG” database.
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Figure 4.9 Pathways inhibited by TIF and induced by BETi in tumor cells.

A) Venn diagram showing number of genes with downregulation comparing untreated versus TIF
treated arms and number of genes with upegulation comparing TIF treated versus TIF+OTX
treated arms in PDAC1245-gp33-12 cells. Data were analyzed based of bulk RNA-seq results.

B) Gene Ontology (Pathway Enrichment) analysis of gene expression list that was found to be
significantly downregulated by TIF and upregulated by OTX, i.e. overlapped genes in D). Analysis
was performed by Metascape, where gene list was referred to “HALLMARK” and “KEGG”

database.
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Figure 4.10 Pathways induced in vivo compared to in vitro in tumor cells.

Gene Ontology (Pathway Enrichment) analysis of gene expression list that was found to be
significantly upregulated in PDAC1245 parental cells that were orthotopically transplanted into
mouse (in vivo) comparing to those that were grown in 2D culture (in vitro). Analysis was
performed by Metascape, where gene list was referred to “HALLMARK” and “KEGG” database.
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Figure 4.11 Pathways inhibited in vivo compared to in vitro in tumor cells.

Gene Ontology (Pathway Enrichment) analysis of gene expression list that was found to be
significantly downregulated in PDAC1245 parental cells that were orthotopically transplanted into
mouse (in vivo) comparing to those that were grown in 2D culture (in vitro). Analysis was
performed by Metascape, where gene list was referred to “HALLMARK” and “KEGG” database.
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4.4 Identification of TNFa-NFkB downstream targets promising for PDAC treatment

While TNFa signaling is extensively studied as one of the most commonly found cytokines
mediating inflammation, its role in cancer development is complex and contradictory. To
investigate whether the induction of TNFa-NF«B signaling by TIF treatment is crucial for tumor
cell resistance against CD8 T cell-mediated killing, we depleted TNFa in TIF using a monoclonal
TNFa neutralizing antibody (hereby referred to as aTNFa) before PDAC1245-gp33-12 cell
treatment. The results showed that without activation of the TNFa signaling pathway, TIF-
educated resistance of tumor cells was mostly abolished (Figure 4.12). This suggests that TNFa
signaling is an effective pathway to target in vivo to sensitize PDAC tumors to CD8 T cell therapy.
However, in our ragl-/- mouse model receiving PDAC1245-gp33-12 tumor cell transplants,
oTNFa failed to promote P14 CD8 T cell therapy (data not shown). Considering that TNFa
signaling also mediates inflammatory responses in multiple immune cell types such as
macrophages, neutrophils, and immune effector cells, non-tumor-targeting blockade of TNFo may
not lead to an overall anti-tumorigenic outcome.

To circumvent the dilemma of directly targeting TNFa signaling, we delved deeper into
TNFa-NFkB-regulated genes identified from the bulk RN A-seq analysis described previously. We
uncovered a list of genes that were significantly induced by TIF, suppressed by OTX, and
upregulated in vivo compared to in 2D culture (Figure 4.13). Among these genes, ptgs2 (cox2) and
lif have been documented to have immunosuppressive functions.

Prostaglandin-endoperoxide Synthase 2 (PTGS2, referred to as COX2) mediates the
synthesis of prostaglandin E2 (PGE2), which, upon secretion and binding with prostaglandin
receptors (EP) expressed on multiple stromal cell types and tumor cells, can impair anti-tumor

immunity. Importantly, the crucial role of the COX2 (tumor cells)-PGE2 (microenvironment)-
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EPHA2 (tumor cells) axis in mediating immune sensitivity of PDAC against T cell-mediated
killing has previously been demonstrated (Markosyan, Li et al. 2019). The same study also
demonstrated a synergistic effect combining the COX2 inhibitor Celecoxib with aPD1 and CD40
agonist on reducing PDAC tumor burden. On the other hand, Leukemia Inhibitory Factor (LIF), a
key member of the IL-6 family of cytokines that mediates inflammation response, emerges as a
significant factor in PDAC. Research indicates its capability not only to influence PDAC tumor
cell differentiation and epithelial-mesenchymal transition (EMT) status (Shi, Gao et al. 2019), but
also to impede intra-tumoral T cell recruitment by downregulating CXCL9 expression in tumor-
associated macrophages (TAMs) via epigenetic mechanisms observed in glioblastoma and ovarian
cancer (Pascual-Garcia, Bonfill-Teixidor et al. 2019). Furthermore, studies have highlighted LIF
blockade as a strategy to enhance PDAC tumor sensitivity to gemcitabine (Wang, Fer et al. 2019).
Nonetheless, its involvement in mediating PDAC tumor cell-intrinsic resistance to T cell-mediated
cytotoxicity remains to be elucidated.

Importantly, our qPCR results confirmed Cox2 and Lif being downstream targets of TNFa
signaling in TIF (Figure 4.14). These findings implicate that targeting COX2 and LIF, rather than
their upstream regulator TNFa, can be promising strategies to treat PDAC tumors in combination

with CD8 T cell therapy.
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Figure 4.12 TNFa-depleted TIF reduces ability to induce killing resistance in tumor cells.

TIF education of killing resistance in tumor cells can be disrupted with TNFa neutralization in TIF.
PDACI1245-gp33-12 cells were either untreated or pretreated with TIF and Sug/ml o TNFo+TIF
before coculturing with P14 CD8 T cells. Data were measured by counting beads-based flow
cytometry assay. Data are presented as dot plots, with each dot representing an individual value,
horizontal lines indicating means and error bars indicating SEMs. Data significance was analyzed
by Ordinary one-way ANOVA in Prism. ***P<(.001.
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Figure 4.13 TNFa-NFxB downstream genes likely accounting for killing resistance in tumor cells.

Heatmap demonstrating a list of TNFa-NFkB downstream genes that are upregulated with TIF
treatment, downregulated with OTX treatment, and upregulated in vivo compared to in vitro. Gene
list was arranged based of average fold increase comparing TIF arm and NC arm. Heatmap was
generated from bulk RNA-seq data using Metascape and Prism.
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Figure 4.14 Lif and Cox2 expression in tumor cells is mediated partially by TNFa signaling in TIF.

qPCR analysis of A) Lif and B) Cox2 in PDAC1245-gp33-12 cells with treatment of TIF and
Spg/ml oTNFa. Data are presented as dot plots, with each dot representing an individual value,
horizontal lines indicating means and error bars indicating SEMs. Data significance was analyzed
by Ordinary one-way ANOVA in Prism. **P<0.01, ***P<0.001.
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4.5 Targeting LIF and COX2 sensitize PDAC tumors to CD8 T cell-mediated killing

To assess the contribution of COX2 upregulation to the killing resistance phenotype in
PDAC tumor cells, we introduced COX2 inhibitors (NS398, Celecoxib) or the COX2-synthesized
product (PGE2) into the coculture system. Interestingly, PGE2 treatment alone resulted in a
comparable killing-resistant outcome as TIF pre-treatment, while COX2 blockade with NS398 or
Celecoxib resensitized PDAC1245-gp33-12 cells to P14 CD8 T cell-mediated killing (Figure 4.15).
These results confirm that TIF induces PDAC tumor cells’ killing resistance through the
upregulation of COX2 in tumor cells. To assess whether COX2 inhibition could sensitize PDAC
to CD8 T cell therapy in vivo, we administered Celecoxib to PDAC1245-gp33-12-bearing ragl-/-
mice, with or without adoptive P14 CD8 T cell transfer. Our results showed that while Celecoxib
alone did not affect tumor growth in the absence of T cells (Figure 4.16A), it significantly enhanced
the killing efficiency of transferred P14 CD8 T cells, resulting in a further reduction in tumor
burden after 3 weeks of treatment compared to P14 CD8 T cell transfer alone (Figure 4.16B).
Notably, the survival benefit of Celecoxib+P14 CD8 T cell transfer over P14 CD8 T cell transfer
alone was observed in ragl-/- mice bearing another PDAC1245-gp33 tumor line (Figure 4.17).
These findings highlight the therapeutic potential of COX2 blockade, as identified through our in
vitro coculture platform, in combination with adoptive CD8 T cell therapy in PDAC.

Additionally, we investigated the impact of blocking LIF, another downstream target of
TNFa-NFkB signaling identified in tumor cells, on reducing CD8 T cell-mediated killing
resistance. Apart from LIF produced by cancer associated fibroblasts (CAFs), here we showed that
PDAC tumor cells can also be a source of LIF production, and that such production can be induced
with TIF treatment. However, it remains unclear how tumor cell-produced LIF makes PDAC

tumor cells resistant to killing, as it can work either by directly impacting CD8 T cell function or
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activating tumor cells’ intrinsic LIF signaling through autocrine or paracrine processes. To test
these possibilities, we blocked LIF signaling with a neutralizing antibody either at the TIF pre-
treatment stage or at the coculture stage, evaluating their impacts on CDS8 T cell-mediated killing.
Our results showed that LIF blockade in the coculture system did not restore T cell function for
killing, indicating that tumor cell-produced LIF does not act directly on CD8 T cells. Alternatively,
LIF signaling depletion during the TIF pre-treatment stage partially inhibited the acquisition of
killing resistance in PDAC1245-gp33-12 cells (Figure 4.18), confirming the direct role of LIF on
tumor cells. Taken together, our data demonstrated that tumor cell intrinsic LIF signaling, rather
than the impact of secreted LIF on cocultured T cells, contributes to tumor cells’ killing resistance
phenotype. Next, we sought to investigate the impact of LIF blockade on CD8 T cell therapy in
vivo. To achieve this, we administered aLIF to ragl-/- mice bearing PDAC1245-gp33-12 tumors,
with or without adoptive P14 CDS8 T cell transfer. Notably, we discovered that while LIF blockade
alone did not affect tumor growth in the absence of CD8 T cells, just 1 week of aLIF treatment
significantly enhanced CD8 T cell killing efficiency in tumor-bearing mice (Figure 4.19).

In summary, the inhibition of either COX2 or LIF in PDAC tumor cells disrupted TIF-
educated killing resistance phenotype. While directly targeting TNFa signaling failed to impact
tumor progression, targeting genes downstream of TNFa-NF«B holds promise for reducing PDAC
tumor’s immune resistance. Such an approach has the potential to serve as a therapeutic strategy

in combination with CD8 T cell therapy.
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Figure 4.15 TIF-induced killing resistance in tumor cells is partially mediated by COX2.

TIF education of killing resistance in tumor cells can be mediated by COX2 function. PDAC1245-
gp33-12 cells were either untreated or pretreated with TIF, and were then cocultured with P14
CD8 T cells. COX2-synthesized products (SuM PGE2) or COX2 inhibitors (10uM NS398 or 1uM
Celecoxib) were added into the coculture. Data were measured by counting beads-based flow
cytometry assay. Data are presented as dot plots, with each dot representing an individual value,
horizontal lines indicating means and error bars indicating SEMs. Data significance was analyzed
by Ordinary one-way ANOVA in Prism. ***P<(.001.
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Figure 4.16 COX2 inhibition promotes sensitivity of PDAC tumor to T cell-mediated killing.

A) Tumor volume change over time in ragl-/- mice bearing orthotopically transplanted
PDAC1245-gp33-12 tumor. Mice were treated daily with Veh or 200mg/kg Celecoxib o.g. for 2
weeks. Tumor volume was measured by ultrasound imaging. Data are presented as connecting-dot
plots, with each line of connected dots representing an individual tumor measured at different
timepoints. Data significance was analyzed by Two-tailed Unpaired t-test in Prism.

B) Tumor volume change over time in ragl-/- mice bearing orthotopically transplanted
PDAC1245-gp33-12 tumor. Mice receiving adoptive CD8 T cell transfer were treated daily with
Veh or 200mg/kg Celecoxib o.g. for 3 weeks. Tumor volume was measured by ultrasound imaging.
Data are presented as connecting-dot plots, with each line of connected dots representing an
individual tumor measured at different timepoints. Data significance was analyzed by Ordinary
one-way ANOVA in Prism. **P<0(.01.
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Figure 4.17 COX2 inhibition in combination with adoptive T cell therapy shows survival benefit
in PDAC-bearing mouse.

Survival study of ragl-/- mice bearing orthotopically transplanted PDAC1245-gp33-05 tumor.
Mice receiving adoptive CD8 T cell transfer were treated daily with Veh or 200mg/kg Celecoxib
o.g. for 39 days. Data significance was analyzed by Log-rank test in Prism. **P<(.01.

138



ns

* %k %k

-
(3]
]

% %k %k Untreated

+ 1 I pre-TIF
pre-TIF+pre-aLIF

-—

o
L

M

pre-TIF+co-aLIF

He

Survived Tumor Cell
(% Normalized to Ctrl)

e
(=)

T cells - + - + - + - +
TIF - - + + + + + +
pre-oLIF - - - = + + - -

co-alLlF - - - - - - + %

Figure 4.18 TIF-induced killing resistance is partially mediated by LIF signaling within tumor
cells.

TIF education of killing resistance in tumor cells can be mediated by LIF signaling in tumor cells.
PDAC1245-gp33-12 cells were either untreated or pretreated with TIF, and were then cocultured
with P14 CD8 T cells. Spg/ml of aLIF was added either during the pretreatment stage (pre-aLIF)
or directly into the coculture (co-aLIF). Data were measured by counting beads-based flow
cytometry assay. Data are presented as dot plots, with each dot representing an individual value,
horizontal lines indicating means and error bars indicating SEMs. Data significance was analyzed
by Ordinary one-way ANOVA in Prism. ***P<(.001.
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Figure 4.19 LIF blockade promotes sensitivity of PDAC tumor to T cell-mediated killing.

Tumor volume in ragl-/- mice bearing orthotopically transplanted PDAC1245-gp33-12 tumor.
Mice with or without adoptive CD8 T cell transfer were treated once every 3 days with Veh or
10mg/kg oLIF i.p. for 1 week. Data were measured by Ultrasound imaging. Data are presented as
dot plots, with each dot representing an individual tumor. Data significance was analyzed by
Ordinary one-way ANOVA in Prism. *P<0.05, **P<0.01.
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Discussion

The inherent resistance of pancreatic cancer, particularly PDAC, to immunotherapy is a
well-documented challenge. This resistance is predominantly ascribed to the desmoplastic stroma
of pancreatic cancer, which not only directly impedes immune effector cell function, as discussed
earlier, but also imparts resistance to immune effector cell-mediated killing by educating tumor
cells. In this study, we employed TIF in vitro to partially emulate the functions of the TME
observed in PDAC tumors, establishing a platform to investigate antigen-specific CD8 T cell
killing of PDAC tumor cells. Our results demonstrate that PDAC tumor cells exhibit efficient
killing by antigen-specific CD8 T cells in the absence of TME. However, TIF treatment of tumor
cells initiates a TNFa-NF«B signaling response, mirroring observations in vivo. This TNFa-NF«xB
response plays a crucial role in reinstating PDAC tumor cells' ability to resist CD8 T cell-mediated
killing. Notably, the effects of TIF can be counteracted either through TNFa depletion or inhibition
of downstream targets of TNFa-NF«kB, such as COX2 and LIF. Our in vivo experiments further
underscore that while direct targeting of TNFa may not be efficacious, independent blockade of
COX2 with Celecoxib and LIF with aLIF can sensitize PDAC tumors to adoptive CD8 T cell
therapy. These findings open avenues for the development of innovative therapeutic strategies in
pancreatic cancer, utilizing TIF as a valuable tool for further exploration.

Historically, the focus of TIF studies has predominantly centered around its formation and
the physical implications of its pressure on nutrient and drug delivery within solid tumors
(Bockelmann and Schumacher 2019) (Stylianopoulos, Munn et al. 2018) (Heldin, Rubin et al.
2004). TIF in solid tumors is typically characterized as hypoxic, acidic (attributed to lactate
accumulation), and exhibiting elevated pressure compared to plasma and subcutaneous interstitial

fluid (Wagner and Wiig 2015). These features collectively create a stressful microenvironment in
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solid tumors. Despite proteomic analyses dissecting TIF components (Baronzio, Parmar et al.
2014), limited efforts have been directed towards exploring the composition of TIF in pancreatic
cancer, where stromal components significantly contribute to TIF formation alongside tumor cells.
The contribution of stromal cell-secreted factors to the resistance of pancreatic tumors to treatment
remains unexplored. Additionally, while our findings demonstrate the feasibility of using TIF to
educate PDAC tumor cells to exhibit in vivo-like responses, it remains unexplored whether TIF
elicits similar effects on stromal cells, such as macrophages and fibroblasts, grown in 2D culture.
A parallel study in our laboratory indicates that TIF induces M2 marker expression in MO
macrophages cultured in vitro (data not shown), suggesting potential roles in supporting PDAC
tumor cells observed in vivo. Further investigation is warranted to determine whether TIF
treatment in vitro maintains in vivo features in cancer-associated fibroblasts (CAFs), as these cells
tend to lose their subtype features (i.e., iICAF, myCAF, and apCAF) after isolation from tumors
and cultivation on plastic plates. In addition, it is crucial to acknowledge that while TIF
recapitulates many features of the TME in PDAC, some responses altered within PDAC tumor
cells are uniquely observed in vivo but not replicated with TIF treatment. These disparities, such
as the activation of IFNy responses, enhanced IL6 signaling, downregulation rather than
upregulation of Myc target genes, and reduced spliceosome function (Figure 4.10 and 4.11), may
be attributed to the limitations of TIF representing only the soluble factors in PDAC tumors.
Responses triggered by matrix-bound factors or direct cell-cell interactions cannot be fully
captured by TIF. Despite these limitations, the use of TIF in vitro holds promise for providing a
more comprehensive understanding of the TME in PDAC, which, when combined with drug
screening and CRISPR screening, could lead to novel discoveries in the treatment of pancreatic

cancer.
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An outstanding revelation from our bulk RNA-seq analysis, comparing untreated in vitro
conditions, TIF-treated in vitro conditions, and in vivo groups, underscores the hyperactive TNFa-
NF«B signaling within PDAC tumor cells. Initially recognized as a pro-inflammatory cytokine,
TNFa's dual roles in carcinogenesis hinge on its concentration, production source, interacting
receptors, and the cell types it engages under different circumstances. In the context of PDAC,
TNFa has been predominantly identified as a pro-tumorigenic factor, promoting PDAC cell
growth (Egberts, Cloosters et al. 2008) and aggressiveness (Kali, Ostapchuk et al. 2017) in vitro.
In immune-deficient mouse models of human PDAC tumors, Infliximab, but not Etanercept (both
commercial TNFa-blocking antibodies), was effective in slowing tumor progression (Egberts,
Cloosters et al. 2008). And despite TNFa expression levels in human PDAC tumors not correlating
with tumor stage, higher TNFa levels were associated with poor responses to chemotherapies
(Zhao, Fan et al. 2016). However, clinical trials have shown that aTNFa fails to improve
chemotherapy efficacy in advanced PDAC-bearing patients (Wu, Fernandez et al. 2013). The
contradictory findings between in vitro and in vivo, as well as between mouse models and human
patients, underscore the complexity of direct and non-cell-type-specific TNFa targeting. While
TNFa signaling triggered in PDAC tumor cells can be pro-tumorigenic, its pro-inflammatory
effects on immune cells, such as macrophages and dendritic cells, suggest an anti-tumorigenic role.
The unpredictable impact of systemic TNFa blockade on PDAC tumor progression, with functions
on both sides muted, underscores the challenge of targeting TNFa directly. Although selective
targeting of TNFa signaling in tumor cells remains promising, our approach delves deeper into
PDAC cells on TNFa-NFkB downstream target genes. We hypothesize that the induction of
immunosuppressive genes or pathways through TNFa-NF«B signaling contributes to tumor cells'

resistance to CD8 T cell-mediated killing. This research identifies COX2 and LIF as factors that
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directly empower tumor cells to resist CD8 T cells, while other TNFa-NFxB-regulated factors
identified in our analysis may serve pro-tumorigenic roles through crosstalk with other stromal
cell types. For example, PDAC tumor cells secreting CXCL3 have been identified to interact with
CXCR2, an exclusive receptor expressed in cancer-associated fibroblasts (CAFs). This interaction
triggers the formation of myofibroblastic CAFs (myCAFs) and facilitates metastasis (Sun, He et
al. 2022). Conversely, the upregulation of Ednl serves as a significant regulator in mediating drug
infiltration through endothelial cells. The blockade of Endothelin receptor holds promise as a
potential strategy to enhance the perfusion of therapeutic agents into PDAC tumors (Gautam, Dalal
et al. 2022). Furthermore, Csf2, a gene expressing granulocyte-macrophage colony-stimulating
factor (GMCSF), has the ability to recruit Grl+ myeloid cells into tumors to inhibit anti-tumor
immunity of PDAC (Bayne, Beatty et al. 2012). The identification of these TNFa-NF«B targets
broadens our exploration into the diverse functions of TIF on various stromal cell types within
pancreatic tumors.

In summary, this study reveals a novel TIF-induced immune evasion program in pancreatic
cancer, providing potential strategies to overcome tumor cell resistance to T cell-mediated killing,
including LIF blockade, COX2 inhibition, and BET inhibitor (BETi) treatment. These findings
have broad implications not only for CAR-T therapies but also for various immunotherapy
strategies reliant on T cells, such as immune checkpoint blockade, T cell-stimulatory cytokine
treatment, and therapeutic cancer vaccines. Despite these promising discoveries, several
outstanding questions persist. Beyond TNFa, there may be additional factors in TIF educating
PDAC tumor cells, necessitating exploration for potential co-targets to enhance therapeutic
efficacy. Furthermore, the extent to which the identified factors in mouse TIF are present in human

PDAC tumors remains unclear and could be addressed through comparative mass spectrometry-
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based profiling. In addition, the epigenetic control of resistance regulatory genes, such as COX2
and LIF, following BET inhibition raises intriguing questions about whether BETi could serve as
a superior strategy over COX2 and LIF targeting. Super-enhancer profiling in PDAC tumor cells
upon TIF treatment could provide insights to these questions. Additionally, the functional
validation of identified therapeutic targets in human PDAC tumors remains an open question,
which could be addressed through evaluating LIF and COX2 blockade in tissue-slice cultures of
human PDAC tissues combined with exogenously added CAR-T cells. Ultimately, the future work
proposed here could even lead to personalized medicine strategies where patient specific TIF and
tumor slice cultures could be used to identify stromal immunosuppressive factors, model how their
targeted inhibition impacts T cell mediated killing, and guide patient enrollment into CAR-T cell

trials.
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Methods

All procedures were conducted in compliance with relevant institutional and national
ethical guidelines. All animal protocols were approved by the Institute of Animal Care and Use

Committee (IACUC) at the Salk Institute.

Cancer cell lines

PDAC1245-parental cell line was derived from a KrastSt-012D"*; Tpp53LSL-RIZZHS . pey |-

Cre mouse (KPC) mice (C57BL/6J) and was provided by David Tuveson at Cold Spring Harbor
Laboratories. GFP-expressing cell line PDAC1245-GFP was derived from single cell clone of
PDAC1245-parental transduced with lentivirus expressing GFP. Viral antigen gp33-41
(KAVYNFATC)-expressing cell lines PDAC1245-gp33-12 and PDACI1245-gp33-05 were
derived from single cell clones of PDACI1245-parental transduced with retrovirus expressing

fusion protein gp33-41-YFP.

Cell culture

All PDAC1245 tumor cell lines and pancreatic stellate cells were cultured in DMEM
(Corning, Cat #10-013-CM) with 10% fetal bovine serum (FBS) (Corning, Cat #35-010-CV) and
1% Anti-Anti (Gibco, Cat #15240-062) except specified otherwise. P14 T cells and naive T cells
were cultured in RPMI (Corning, Cat #10-040-CM) with 10% FBS (Fisher Scientific, Cat
#SH3039603), 1% Anti-Anti, 1% GlutaMAX (Gibco, Cat #35050-061), 1% sodium pyruvate
(Gibco, Cat #11360-070), 1% HEPES (Gibco, Cat #15630-080), 1% non-essential amino acid
(NEAA) (Gibco, Cat #11140-050) and 2-Mercaptoethanol (B-ME) (Gibco, Cat #21985-023)

except specified otherwise.
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Animals

Mice were housed at a temperature (22+1°C) and humidity (45-65%) controlled
environment with a 12h light-dark cycle. Wild-type C57BL/6J mice (The Jackson Laboratory, Cat
#000664) aged 8-12 weeks were used as hosts of orthotopic transplantation with PDAC1245-
parental and PDAC1245-GFP cells. B6.129S7-Ragltm1Mom/J (Ragl KO) mice (The Jackson
Laboratory, Cat #002216) aged 10-14 weeks were used as hosts of orthotopic transplantation with
PDAC1245-gp33 cells, and as donors for P14 CDS8 T cell transplantation. P14 Thyl.1+/+ mice

were provided by Susan Kaech at the Salk Institute characterized before (Kaech and Ahmed 2001).

Orthotopic transplant of PDAC tumor cells

To prepare the tumor cell-Matrigel suspension for orthotopic injection, PDAC tumor cells
grown in 2D culture plate were washed once with DPBS buffer (Corning, Cat #21-031-CM) and
were treated with 0.25% trypsin (Gibco, Cat #25200-056) for 5-7min until single cell suspension
formed. Equal volume of cell culture media was added to stop digestion, after which cells were
harvested, centrifuged (330g 5min) and resuspended in culture media. Cells were counted and
diluted to 1x104/ml with culture media, and were then mixed at 1:1 ratio by volume with cold
Martigel (Corning, Cat #354230) on ice.

To perform the orthotopic transplantation, 20ul of tumor cell-Matrigel suspension
(containing ~100 cells) was injected directly into the pancreatic parenchyma of mouse. About 2-3
weeks after transplantation, mice with successful injections would have a tumor with a diameter

of 5-8 mm. They were then randomized and enrolled in therapeutic treatments for 2-3 weeks. In
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some mouse studies, tumor volume was measured with ultrasound imaging for better arm

enrollment.

Drug preparation and treatment

OTX-015 (MedKoo Bioscience, Cat #206116), JQ1 (Wuxi AppTec) and iBET-762 (Wuxi
AppTec) were dissolved in dimethyl sulfoxide (DMSO) (Fisher, Cat #BP231-100) at 125mg/ml
as stock solution and was stored at -20°C. To use, stocking solution was diluted 1:10 into corn oil
(Sigma, Cat #C8267-500ML) and was administered to mice via oral gavage at 37.5mg/kg,
50mg/kg or 75mg/kg. DMSO dissolved in corn oil was used as Veh control.

aPDL1 (BioXCell, Cat #BE0101) was diluted in sterile saline and was administered to
mice via intra intraperitoneal injection at 10mg/kg. Saline was used as Veh control.

aCXCR3 (BioXCell, Cat #BE0249) was diluted in sterile saline and was administered to
mice via intra intraperitoneal injection at 10mg/kg. Saline was used as Veh control.

Gemcitabine (Torcis, Cat #3259) was diluted in sterile saline and was administered to mice
via intra intraperitoneal injection at 10mg/kg. Saline was used as Veh control.

Celecoxib (MedKoo, Cat #200700) was dissolved in DMSO at 333mg/ml as stock solution
and was stored at -20°C. To use, stocking solution was diluted 1:10 into corn oil (Sigma, Cat
#(C8267-500ML) and was administered to mice via oral gavage at 200mg/kg. DMSO dissolved in
corn oil was used as Veh control.

aLIF mAb (synthesized by GenScript, the sequence was provided by Tony Hunter at the
Salk Institute) was diluted in sterile saline and was administered to mice via intra intraperitoneal

injection at 10mg/kg. Saline was used as Veh control.
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oTNFa (BioXCell, Cat #BP0058) was diluted in sterile saline and was administered to

mice via intra intraperitoneal injection at 10mg/kg. Saline was used as Veh control.

P14 CDS8 T cell activation

Spleen and mesenteric lymph nodes were harvested from P14 Thyl.1+/+ mice aged 8-12
weeks. Tissues were minced, washed with DPBS and filtered through 100um cell strainers. Flow-
through lymphatic cells were centrifuged (400g S5min) and resuspended in 4ml 1 xACK lysis buffer
(Miltenyi Biotec, Cat #130-094-183) and incubated at RT for 8min to remove red blood cells. Cells
were centrifuged (400g Smin) and resuspended in Sml T cell culture media. Cells were filtered
through a 100pm cell strainer, and were plated in T cell culture media at 0.5M/ml supplied with
gp33-41 peptides (provided by Susan Kaech at the Salk Institute) and IL2 (Peprotech, Cat #200-
02). After 48h, cells were harvested (400g Smin) and washed once with pure RPMI, then replated
in T cell culture media at 0.3M/ml supplied with IL2. After 24h, >95% of alive and proliferating
cells in the cell suspension should be activated gp33-specific CD8 T cells. These cells can either
be used directly or further purified with CD8 Positive Isolation Kit (Invitrogen, Cat #11333D) for
downstream experiments such as in vitro tumor cell killing assay or adoptive T cell transfer in

Ragl KO mouse.

In vitro tumor cell killing assay

To collect tumor interstitial fluid (TIF), PDAC1245 tumors were cut into thin slices, put
on a 100um filter, and were spun at 400g for 10min at 4°C. Flowthrough liquid was collected,
pulled, and were spun again at 1000g for Smin at 4°C. Supernatant were collected, aliquoted and

snap frozen for future use.

155



For TIF pretreatment of tumor cells, PDAC1245-gp33-12 cells were seeded at 100k/ml
concentration in tumor cell culture media supplied with TIF (10%) and were cultured for 2 days.
Other reagents added into the culture (specified in each experiment) include: OTX-015 (1uM),
oTNFa (5pg/ml) and oLIF (Spg/ml).

For tumor cell-T cell coculture, both PDAC1245-gp33-12 cells and activated P14 CD8 T
cells were harvested, washed and resuspended in T cell culture media. 10k PDAC1245-gp33-12
tumor cells and 60k P14 CDS8 T cells were seeded in flat-bottom 96 well plate and were cultured
for 2 days. Other reagents added into the coculture (specified in each experiment) include: TIF
(10%), PGE2 (5uM), Celecoxib (1pM), NS398 (10uM) and aLIF mAb (5pg/ml). The killing
efficiency was measured by counting the number of live tumor cells in each well using precision

counting beads (BioLegend, Cat #B345814)-based flow cytometry.

Adoptive P14 T cell transfer

Activated P14 CD8 T cells were harvested, washed and resuspended in cold DPBS at
4M/ml. 50l cell suspension (containing ~0.2M cells) was injected into Ragl KO mice via retro-

orbital injection.

Stromal cell isolation from PDAC tumor

100-300mg of tumor chunk was minced with razor blades on plastics and was transferred
into a 50ml conical tube containing 20ml tumor digestion buffer. Components of the digestion
buffer include DMEM, collagenase IV (Img/ml) (Gibco, Cat #17104-019), soybean trypsin
inhibitor (Img/ml) (Gibco, Cat #17075-029), dispase (0.125mg/ml) (Gibco, Cat #17105-041),

DNase (50U/ml) (Sigma, Cat #D5025-150KU), and hyaluronidase (600units/ml) (Sigma, Cat
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#H3506-5G). Tumor samples were incubated with agitation at 37°C for 1h. After digestion,
samples were neutralized with 20ml cold cell culture media, filtered through 100um cell strainers
and were then centrifuged (400g Smin) and resuspended in 1ml FACS buffer (0.5% Bovine serum

albumin (BSA, Sigma, Cat #A7030-50G) in DPBS), and kept on ice for downstream assays.

Flow cytometry analysis

To perform fluorescence labeling, cell suspension samples were first blocked with Fc-
block (Tonbo, Cat #70-0161-M001) 1:200 diluted in FACS buffer at 4°C for 25min, and were then
incubated with surface-staining antibody diluted in FACS buffer at 4°C for 45min. After
incubation, samples were washed and resuspended in FACS buffer for surface protein analysis or
for Fluorescence-activated Cell Sorting (FACS). If intra-cellular proteins needed to be analyzed,
after the last wash with FACS buffer, samples were fixed with fixation buffer (Invitrogen, Cat
#00-5523-00) at room temperature (RT) for 40min. Samples were washed once with
permeabilization buffer (Invitrogen, Cat #00-5523-00), and were then incubated with intracellular-
staining antibody in permeabilization buffer 4°C for 1h (or overnight). After incubation, samples
were washed once with permeabilization buffer and were resuspended in FACS buffer for flow
cytometry analysis. LSR II or FACSymphony A3 flow cytometers (BD Biosciences) were used
for data collection. FlowJo 10 software (BD Biosciences) was used for data analysis.

List of antibodies (anti-mouse): aTim3-BV421 (1:400, BioLegend, Cat #119723),
aCD62L-BV605 (1:400, BioLegend, Cat #104438), aCD44-BV711 (1:400, BioLegend, Cat
#103057), aPD1-BV785 (1:400, BioLegend, Cat #135225), aPD1-PerCP (1:400, BioLegend, Cat
#135208), aCD45.2-Alexa Fluor 700 (1:200, BioLegend, Cat #109822), alLag3-APC (1:200,

BioLegend, Cat #125210), aCD8a-APC/Cy7 (1:400, BioLegend, Cat #100714), aCD8a-BV711
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(1:400, BioLegend, Cat #100748), aCD8a-BV510 (1:400, BioLegend, Cat #10075), aTCRp-
PE/Cy7 (1:200, BioLegend, Cat #109222), « TCRB-PE (1:200, BioLegend, Cat #109208), a TCRf-
APC/Cy7 (1:200, BioLegend, Cat #109220), aCD4-BUV395 (1:400, Invitrogen, Cat #363-0042-
82), aGranzyme B-Alexa Fluor 647 (1:200, BioLegend, Cat #515406), aKI67-PE/Cy7 (1:400,
BioLegend, Cat #652426), aThyl.1-PerCP (1:400, BioLegend, Cat #202516), aVa2-PE (1:400,

BioLegend, Cat #127808), aCD69-PE (1:400, BioLegend, Cat #104508).

Fluorescence-activated cell sorting (FACS)

As described previously, cell samples were blocked with Fc-block 1:200 diluted in FACS
buffer at 4°C for 25min, and were then centrifuged and incubated with surface-staining antibody
diluted in FACS buffer at 4°C for 45min. After staining, cell samples were washed once,
resuspended in FACS buffer containing 1/1000 DAPI (BioLegend, Cat #422801) and filtered with
40um cell strainers (Fisher, Cat #352340) right before loading onto the sorter. Cell sorting was
performed on a FACSAria Fusion sorter (BD). Sorted immune cells (DAPI-, CD45+), CAFs
(DAPI-, CD45-, Podoplanin+), tumor cells (DAPI-, CD45-, GFP+ or Epcam+), TAMs (DAPI-,
CD45+, CD11b+, F4/80+) or CD8+ T cells (DAPI-, CD45+, TCRb+, CD8a+) were either put into
cell culture or lysed in Trizol for RNA extraction.

List of antibodies (anti-mouse): aCD45-APC (BioLegend, Cat #109814), aCD45-BV510
(BioLegend, Cat #109838), Epcam-PerCP/Cy5.5 (BioLegend, Cat #118220), Podoplanin-PE/Cy7
(BioLegend, Cat #127408), F4/80-PE/Cy7 (BioLegend, Cat #123114), CD11b-PE (BioLegend,
Cat #101208), Ly6G-APC/Cy7 (BioLegend, Cat #108424), Ly6C-PerCP/Cy5.5 (BioLegend, Cat

#128012), MHCII-APC (BioLegend, Cat #107614).
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Naive T cell proliferation assay

Spleen and mesenteric lymph nodes were harvested from WT B6J mouse aged 6-8 weeks.
Tissues were minced, washed with DPBS and filtered through 100um cell strainers (Fisher, Cat
#352360). Flow-through lymphatic cells were centrifuged (400g 5min) and resuspended in 4ml
I1xACK lysis buffer (Miltenyi Biotec, Cat #130-094-183) and incubated at RT for 8min to remove
red blood cells. Cells were then centrifuged (400g Smin) and resuspended in MACS buffer (FACS
buffer containing 2mM EDTA, pH=7.3).

To prepare CFSE labeled T cells, Naive CD8a+ T Cell Isolation Kit (Miltenyi Biotec, Cat
#130-096-543) and Naive CD4+ T Cell Isolation Kit (Miltenyi Biotec, Cat #130-104-453) were
used to isolate naive CD8 T cells and naive CD4 T cells respectively according to manufacturer’s
protocols. Isolated naive T cells were centrifuged (400g 5Smin) and resuspended in 5%FBS-DPBS
at RT. CellTrace CFSE dye (Invitrogen, Cat #C34554) was dissolved in DMSO according to
manufacturer’s protocol, and further diluted in 5%FBS-DPBS to 50uM (10xworking solution). To
label the cells, 10xCFSE was added into T cell solution during low-speed vortexation to a final
concentration of SuM. Cells were incubated at RT for Smin in dark. Cells were then washed with
10 times volume of 5%FBS-DPBS, centrifuged (400g 5min), resuspended in T cell culture media
and counted.

To prepare antigen-presenting cells (APCs), CD90.2 MicroBeads (Miltenyi Biotec, Cat
#130-121-278) were used to get rid of pan-T cells from lymphatic cell suspension following
manufacturer’s protocol. To block proliferation, isolated APCs were centrifuged (400g Smin) and
resuspended in pre-warmed RPMI containing 30pug/ml mitomycin C (Fisher, Cat #501632696).
Cells were incubated at 37°C for 1h, then centrifuged (400g Smin) and washed with cold RPMI

for 3 times. Cells were resuspended in T cell culture media and counted.
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To set up the proliferation assay, 50k naive CD4/8 T cells and 200k APCs were added into
round-bottom 96 well plate supplied with 0.5pg/ml aCD3 (BioXCell, Cat #BE0261). 50-200k
immunosuppressive cells were added into the coculture. Naive T cells were let to proliferate for 3
days, after which the suppression efficiency was measured by analyzing the CFSE distribution

within in naive T cell population using flow cytometry.

Mouse PSC isolation

Isolation of PSCs from pancreata of wild-type C57BL/6J mice was carried out with a
protocol adapted from previous reports (Apte, Haber et al. 1998). Briefly, pancreatic tissues from
mice were incubated in Gey’s balanced salt solution (GBSS, Sigma-Aldrich) with 0.05%
Collagenase P (Roche), 0.02% Pronase (Roche) and 0.1% DNase I (Roche) at 37 °C with agitation
for 20min. Digested tissue was filtered through a 100mm nylon mesh. Cells were subsequently
pelleted, washed once with GBSS, and resuspended in 9.5ml GBSS containing 0.3% BSA and 8ml
28.7% Histodenz solution (Sigma) to reach an approximate density of 1.070. The cell suspension
was layered beneath GBSS containing 0.3% BSA, and centrifuged at 1400g for 20 min at 4 °C.
PSCs were retrieved at the interface of aqueous and Histodenz-containing solution. Harvested

PSCs were washed with GBSS and resuspended in cell culture media.

In vitro proliferation/viability assay

To test synergy between OTX-015 and Gemcitabine, PDAC1245-GFP cells were seeded
into 384-well plates with 200 cells per well and applied with drugs of gradient concentrations using
a D300e digital dispenser (HP). After 2 days of treatment, CellTiter-Glo assay (Promega, Cat #

G9681) was performed and luminescent signals measured by an Envision plate reader (Perkin
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Elmer). Relative cell numbers were calculated by normalizing luminescence signals from treated

wells to untreated controls.

Bulk RNA sequencing

Total RNA from samples was isolated by RNeasy Mini or RNeasy Plus Micro Kit and
controlled for quality with a 2100 Bioanalyzer (Agilent) prior to cDNA libraries construction.
Libraries were prepared using 100-500 ng total RNA with TruSeq Stranded RNA Sample
Preparation Kit (Illumina, v2) according to the manufacturer’s protocol. Briefly, mRNA was
purified, fragmented, and used for first-, then second-strand cDNA synthesis followed by
adenylation of 3' ends. Samples were ligated to unique adapters and subjected to PCR amplification.
Libraries were then validated by BioAnalyzer, normalized and pooled for sequencing. High-
throughput single-end sequencing was performed on the HiSeq 2500 system (Illumina) with a 100-
bp read length. Image analysis and base calling were performed with CASAVA (Illumina, v1.8.2).
Short read sequences were mapped to mouse (GRCm38) or human reference genomes (GRCh37)
using the RNA-seq aligner STAR (v2.5.1b) (Dobin, Davis et al. 2013). Known splice junctions
from mouse (Ensembl) or human (UCSC) genome annotations were supplied to the aligner and de
novo junction discovery was also permitted. Differential gene expression analysis and statistical
testing were performed using Cuffdift 2 (v2.2.1) (Trapnell, Hendrickson et al. 2013). Transcript
expression was calculated as gene-level relative abundance in fragments per kilobase of exon
model per million mapped fragments (FPKM) and employed correction for transcript abundance
bias. Hierarchical clustering was carried out using Cluster software (v3.0) and visualized by Java

Treeview (v3.0).
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Single cell RNA sequencing

scRNA-seq was performed with Chromium single cell kit (10x Genomics, v3), following
the manufacturer’s instructions. Single cell suspensions prepared by FACS were added to
Chromium RT mix to achieve the loading target of 7,000-10,000 cells. High-throughput
sequencing was performed at a NovaSeq (Illumina) sequencer. Demultiplexed fastq files from
were aligned to mouse reference genome (mm10) using Cell Ranger software (10x Genomics,
v4.0) with default settings. The R package Seurat (v3) was used to detect cell clusters based on
gene expression and to identify subpopulation-enriched markers (Stuart, Butler et al. 2019). Cells
detected with lower than 500 and higher than 6,500 genes and those with mitochondrial genes
higher than 15% were excluded from the analysis. For data normalization, a scale factor of 10,000
was used. Canonical correlation analysis (CCA) was performed to remove batch effects. Cell
clustering was performed with 0.6 resolution and results visualized by UMAPs. Contamination
cell clusters expressing well established tissuespecific markers other than those for fibroblasts
were validated by bioinformatic tools (e.g., ssMRMA, Enrichr) and excluded. scRNA-seq for each
cell type from each treatment condition were performed with 3 biological replicates. Trajectory

inference was performed with the Slingshot package (Street, Risso et al. 2018).

Quantitative reverse-transcription polymerase chain reaction (qPCR)

Total RNA (50-100 ng) was used for cDNA synthesis with iScript reagent (Bio-Rad, Cat
#1708840). qPCR was performed using a CFX384 detection system (Bio-Rad) by mixing cDNAs,
gene-specific primers and SsoAdvanced SYBR Green reagent (Bio-Rad, Cat #1725272).
Expression was analyzed using Bio-Rad CFX Maestro 2.3 software (Bio-Rad) with normalization

to B2m, Rplp0 or Gapdh expression.
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Primer sequence list:

Cxcl9-F: 5’-TCCTTTTGGGCATCATCTTCC-3’
Cxcl9-R: 5’-TTTGTAGTGGATCGTGCCTCG-3’
Cxcll0-F: 5’-CCAAGTGCTGCCGTCATTTTC-3’
Cxcl10-R: 5’-GGCTCGCAGGGATGATTTCAA-3’
Rplp0-F: 5’-AGATTCGGGATATGCTGTTGGC-3’
Rplp0-R: 5’-TCGGGTCCTAGACCAGTGTTC-3’
116-F: 5>-TAGTCCTTCCTACCCCAATTTCC-3’
116-R: 5>- TTGGTCCTTAGCCACTCCTTC-3’
111B-F: 5’-GCAACTGTTCCTGAACTCAACT-3’
I11B-R: 5’-ATCTTTTGGGGTCCGTCAACT-3’
Gapdh-F: 5’-AATGGTGAAGGTCGGTGTG-3’
Gapdh-R: 5’>-GTGGAGTCATACTGGAACATGTAG-3’
Cox2-F: 5’-GCGACATACTCAAGCAGGAGCA-3’
Cox2-R: 5’-AGTGGTAACCGCTCAGGTGTTG-3’
Lif-F: 5>-TCAACTGGCACAGCTCAATGGC-3’
Lif-R: 5’-GGAAGTCTGTCATGTTAGGCGC-3’
B2m-F: 5’-ACAGTTCCACCCGCCTCACATT-3’

B2m-R: 5>-TAGAAAGACCAGTCCTTGCTGAAG-3’

Histology analysis

Whole pancreatic tumor specimens isolated from mouse were fixed by immersing in 10%

buffered formalin overnight at 4°C. Samples were sequentially dehydrated with 30%, 50% and 70%
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ethanol, and were sent to UCSD histology core for paraffin embedding and sectioning (S5uM). For
standard histology analysis, section slides were stained with hematoxylin and eosin (H&E) and
Sirius Red (SR) according to standard protocols.

For immunohistochemistry (IHC), section slides were first dewaxed in Clear-Rite 3 (Fisher
Scientific, Cat #6915SS) and rehydrated with gradient ethanol solution. Slides were then processed
with a pressure cooker for 15min in citric acid-based antigen retrieval buffer (Vector, Cat #H-3300)
prior to staining. After antigen retrieval, slides were washed with DPBS and were incubated with
0.6% H202 (Sigma, Cat #H1009-100ML) in methanol (Fisher, Cat #A412-4) for 20min to block
endogenous peroxidase activity. After washing, slides were blocked with 2.5% goat serum
blocking buffer (Vector, Cat #MP-7404-50) at RT for 1h. Slides were then incubated with aCD8a
(Invitrogen, Cat #14-0195-82) primary antibody diluted 1:50 in blocking buffer at 4°C overnight.
In the next day, slides were washed and incubated with HRP-conjugated goat anti-rat secondary
antibody (Vector, Cat #MP-7404-50) at RT for 30min. After washing, slides were incubated with
DAB solution (Sigma, Cat #D3939) for 3-5min. Slides were then washed and counterstained with
Nuclear Fast Red (Vector, Cat #H-3403) for 10min. After this, slides were washed and dehydrated
with gradient ethanol solution and Clear-Rite 3. Lastly, slides were mounted with VectaMount
(Vector, Cat #H-5000) and scanned with VS-120 virtual slide system (Olympus). Quantifications

on the whole tumor sections or representative fields were performed with OlyVIA software.

ELISA

Intra-tumoral CXCL9 and CXCL10 cytokine levels were measured with corresponding
cytokine Elisa Kits (Abcam, Cat #ab203364 for CXCL9 and Cat #ab214563 for CXCL10)

according to manufacturer’s protocol.
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Cyanine5.5-1abeled polymer for biodistribution studies

Cyanine5.5-labeled polymer was dissolved in DPBS at 25 mg/ml. C57BL/6J mice bearing
PDACI1245-parental tumor was injected with 200ul of polymer and wait for 1 day, after which

tissues were harvested and imaged on IVIS for Cy5.5 fluorescence.
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