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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with an overall 5-year
survival rate of merely 10%. Mouse studies in the past decade have made progress towards a
better understanding of how PDAC cellular origin affects tumorigenesis. However, there is little
study done on the immune microenvironment differences between acinar and ductal cell-derived
precursor lesions and PDAC. Following our previous study that showed loss of Pten with

G12D mutations in the ductal cells (KPten?P“/*) resulted the formation of

oncogenic Kras
intraductal papillary mucinous neoplasias (IPMN) as the precursor lesion in mice, we further
found similar mutations in the acinar cells (KPten?4<"#"*) formed pancreatic intraepithelial
neoplasia (PanIN) instead. I subsequently used the KPten?P“*and KPten?“"#""* models to
elucidate the effect of cellular origin on the immune microenvironment by performing
immunohistochemistry. I focused on immune cell infiltration densities in precursor lesions and
PDAC derived from KPten??"’* and KPten?“"*"* mice and found that immune cell population
and its changes throughout tumorigenesis are different starting at a precursor lesion stage
between these two models. Additionally, macrophages polarized by conditioned media derived
from KPten’P"' PDAC cells were polarized in less magnitude compared with macrophages
polarized by KPten4<"" PDAC cells. This difference in polarization was at least partially due to
the lower expression of GM-CSF in KPten?P“! PDAC cells. Our study is the first to directly
compare immune cell population between acinar- and ductal-derived PDAC with the same

genetic background. Our study suggests cellular origin could influence PDAC immune

heterogeneity.
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Lay Summary

Pancreatic cancer is a devastating disease with an average 5-year survival rate of only 10%.
Currently, there is no effective immunotherapy treatment for pancreatic cancer because the
immune population around the tumor is heterogeneous among patients. One of the factors that
could contribute to this heterogeneity is the cellular origin of pancreatic cancer. To address this
hypothesis, I used two mouse models that formed pancreatic tumors from different cellular
origins and focused on their immune cell population. I found that the pancreatic immune
infiltration is different between the two mouse models during the progression of tumors. In
addition, I found that cellular origin resulted in distinct phenotypes of macrophages, which was
driven, in part, by the difference in the expression of the cytokine GM-CSF. Our study is the first
to show that cellular origin could modulate the immune environment in pancreatic cancer,

suggesting it could contribute to the immune heterogeneity seen in patients.
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Chapter 1: Introduction

1.1 Pancreatic ductal adenocarcinoma (PDAC)

Pancreatic ductal adenocarcinoma (PDAC), the primary cancer of the pancreas (Kleeff et al.,
2016), is a devastating disease with an overall 5-year survival rate of merely 10% due to poor
prognosis and lack of effective treatment (Siegel et al., 2021). PDAC is thought to arise from
three non-invasive premalignant lesions: microscopic pancreatic intraepithelial neoplasia
(PanIN), macroscopic intraductal papillary mucinous neoplasia (IPMN), and mucinous cystic
neoplasia (MCN) (Riva et al., 2018). With its increasing incidence but limited progress in
developing new treatments, the mortality rate of pancreatic cancer has remained relatively
similar for decades. In addition, it is projected to be the third leading cause of cancer-related
death in Canada by Brenner et al. (Brenner et al., 2020). A lack of symptoms or biomarkers in
the early stages of the cancer’s development, as well as drug resistance, all contribute to the poor
treatment outcomes of pancreatic cancer (Murakami et al., 2019). In addition, clinical studies
reveal that PDAC is a molecularly heterogeneous disease, causing the diverse symptoms and
sensitivity to treatment between different patients (Juiz et al., 2019). Therefore, understanding
the heterogeneity and carcinogenesis of PDAC is crucial for developing early detection methods
and more effective treatments. The PDAC heterogeneity can be defined by different genetic
alterations, molecular subtypes, precancerous lesion types, cellular origins, and/or immune
landscapes (Connor & Gallinger, 2022; Karamitopoulou, 2019; Patil et al., 2021). Each of these
potential contributors to PDAC heterogeneity will be discussed in detail in the following

sections.



1.2 Genetics basis of PDAC

Four main genetic mutations are associated with the formation of PDAC (Rhim & Stanger,
2010). Mutations in KRAS are recognized as the primary genetic event in the initiation and
growth of PDAC, where nearly 95% of human PDAC harbor mutationally activated KRAS
(Bryant et al., 2014). Contrary to common belief, oncogenic KRAS is not constitutively active,
and even normal healthy people have cells bearing oncogenic Ras mutations (Huang et al.,
2014). Instead, oncogenic KRAS requires upstream stimulants, such as pro-inflammatory
molecules, to enhance and prolong its activation (Daniluk et al., 2012). The other mutations
commonly observed in clinical PDAC samples occur in tumor suppressor genes, such as 7P53,
CDKN2A4, and SMAD4. These genes also contribute to the heterogeneity of this disease (Grant et
al., 2016). In addition, aberrant activation of the PI3K—AKT pathway has been widely implicated
in human cancers, including PDAC (Pulido, 2018). In the PI3K-AKT pathway, the PTEN tumor
suppressor dephosphorylates the PI3K product PIP3, and thus negatively regulates PI3K
signaling. It has been reported that up to 70% of pancreatic cancer cell lines or tumor tissues
have a decrease or loss of PTEN expression (Asano et al., 2004; Ying et al., 2011). PI3K
signaling is one of the major KRAS effector pathways, and it has been shown to engage with
Kras®'?P to form precursor lesions and PDAC (Eser et al., 2014; Ying et al., 2011). Indeed,
Kopp et al. demonstrated that reducing Pten expression in combination with activation of

GI2D gynergistically promoted the formation of precursor lesions and progression of IPMN

Kras
to invasive PDAC (Kopp et al., 2018), confirming the positive crosstalk between these two

pathways in tumorigenesis.



1.3 PDAC molecular subtypes

In the past decade, many studies have used next-generation sequencing to characterize the
transcriptomic landscape of PDAC (Aguirre et al., 2018; P. Bailey et al., 2016; Chan-Seng-Yue
et al., 2020; Collisson et al., 2011; Moffitt et al., 2015). The consensus from these studies of
human PDAC is that there are two broadly defined subtypes: the classical or basal subtype
(Martens et al., 2019). Classical tumors are often well differentiated, whereas basal tumors are
often poorly differentiated. In terms of survival, patients with basal-like PDAC tend to have a
lower disease-free and overall survival compared to patients with classical-like PDAC (Martens
et al., 2019). However, these previous studies utilized bulk RNA-sequencing that treated a piece
of tumor as one sample (Aguirre et al., 2018; P. Bailey et al., 2016; Chan-Seng-Yue et al., 2020;
Collisson et al., 2011; Moffitt et al., 2015), making the study of intratumoral subtype
heterogeneity difficult. More recently, Raghavan and colleagues utilized single-cell RNA-
sequencing (scRNA-seq) on patient metastatic tumor biopsies and discovered an intermediate
PDAC molecular subtype that expressed gene signatures associated with both basal and classical
subtype tumors (Raghavan et al., 2021). In addition, Raghavan et al. also demonstrated the
plasticity of PDAC subtypes, because they found that cells changed their transcriptional
phenotype in response to the signals from the microenvironment. As a result, PDAC molecular
subtypes might be more fluid and complicated than previously thought, potentially contributing

to intratumoral, as well as intertumoral, tumor heterogeneity (Raghavan et al., 2021).

1.4 PanIN vs. IPMN
As mentioned previously, both PanIN and IPMN are precursor lesions of PDAC. The major

difference between these two precursor lesions is their size, where PanIN is defined as a



microscopic (usually <0.5cm) flat or papillary lesion, while IPMN is macroscopic lesion
(usually >1cm) typically with papillary epithelial protrusions and abundant mucin production
(Basturk et al., 2015; M Distler et al., 2014). Both lesion types can be classified as low-grade to
high-grade (Figure 1.1), but IPMN can be further classified into four histological subtypes,
namely the intestinal, pancreatobiliary, oncocytic, and gastric subtypes (Basturk et al., 2015; M
Distler et al., 2014). While very similar gene mutations are found in PanIN and IPMN, notable
differences have been detected. Specifically, activating mutations in GNAS have been shown to
be more prevalent in [IPMN compared to PanIN. However, its occurrence is more common in
intestinal and gastric IPMN subtypes, whereas KRAS mutations are more prominent in
pancreatobiliary and gastric IPMN and almost absent in oncocytic IPMN (Basturk et al., 2015; M
Distler et al., 2014). Other genetic mutations that are more prevalent in IPMN compared to
PanIN include RNF43, BRGI, and PIK3CA (Dal Molin et al., 2012; Nog€ et al., 2020). The
importance of these mutations for IPMN development have been supported by studies in
genetically engineered mouse models bearing those genetic changes in the pancreas (Hosein et

al., 2022; Kopp et al., 2018; von Figura et al., 2014).

In terms of overall prognosis, patients with [IPMN-associated PDAC had better progression free
survival and overall survival compared to patients with PanIN-associated PDAC (McGinnis et
al., 2020). However, studies suggest subtypes of IPMN have independent prognostic values. For
example, the 5-year survival of patients with intestinal IPMNs was found to be significantly
better than patients with pancreatobiliary IPMNs. In addition, the pancreatobiliary subtype was
strongly associated with malignancy and recurrence, and the long-term survival of patients with

pancreatobiliary IPMN was comparable with that of PDAC patients without IPMN (Marius



Distler et al., 2013). Both pancreatobiliary and gastric IPMNs form tubular carcinoma, which
have a poorer outcome compared to patients with oncocytic or colloid (formed from intestinal
IPMN) carcinoma (Mino-Kenudson et al., 2011). In sum, the types of precursor lesions and even
the subtypes of IPMN contribute to patient heterogeneity, as they are different at a molecular and

histological level and are associated with different prognostic outcomes.

1.5 Cellular origin and PDAC tumorigenesis

Another potential contribution to the heterogeneity of PDAC is its cellular origin (Patil et al.,
2021). In the pancreas, there is an endocrine and exocrine component. Both acinar cells and
ductal cells make up the exocrine part of the pancreas, where PDAC usually arises (Rhim &
Stanger, 2010). Acinar cells are exocrine cells that secrete digestive enzymes, whereas ductal
cells make up the ductal structures that carry the digestive enzymes to the duodenum (Figure
1.2). Despite decades of research on PDAC pathogenesis, the exact lineage of the cellular origin
of PDAC remains unclear and the cells capable of giving rise to PDAC are controversial. Due to
the ductal morphology of most cases of PDAC, ductal cells were originally thought to be the cell
of origin for PDAC (Storz & Crawford, 2020). However, recent evidence suggests that both
acinar and ductal cells are capable of transformation and progression to PDAC in response to
different genetic abnormalities (J. M. Bailey et al., 2016; Ferreira et al., 2017; Kopp et al., 2018;
Lee et al., 2019; von Figura et al., 2014). Studies show that acinar cells are more sensitive to
KRAS mutation than ductal cells and can undergo acinar-to-ductal metaplasia (ADM) to
effectively develop PanIN and eventually PDAC (Gidekel Friedlander et al., 2009; Habbe et al.,
2008; Kopp et al., 2012). Although ductal cells are more resistant to the Kras®/?? mutation,
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many studies using mouse models have demonstrated that with combination of Kras and



other tumor suppressor gene losses, ductal cells could readily form PanIN or IPMN and
eventually progress to form PDAC (J. M. Bailey et al., 2016; Ferreira et al., 2017; Kopp et al.,
2018; Lee et al., 2019; Roy et al., 2015; von Figura et al., 2014). However, this tumorigenesis
process is different compared to how PDAC arises from acinar cells. Some of the major mouse

models that show how cellular origin affects tumorigenesis are discussed below.

1.5.1 Ductal cells require complete loss of 7rp53 function to develop PDAC

Mutations in 7P53 are one of the most commonly found mutation in human PDAC samples after
KRAS mutations (Waddell et al., 2015). The earliest and also most widely used mouse model
with 77p53 mutation is the “KPC” mouse model that Hingorani et al. developed in 2005
(Hingorani et al., 2005). In this model, mice expressed the Kras®/?P and Trp53%!7?H* gain-of-
function mutation (Lang et al., 2004) from alleles recombined by the Pdx/-Cre at an embryonic
stage. The KPC mice recapitulated many clinical histopathological features and were able to
develop PanIN and subsequently PDAC by 16-week of age (Hingorani et al., 2005). However,
during embryonic development, Pdx/ is expressed by early pancreatic progenitor cells that
contribute to all the cell lineages in the pancreas, including both acinar and ductal cells
(Magnuson & Osipovich, 2013). As a result, using embryonically activated Pdx/-Cre does not
allow researchers to study the effect of cellular origin on PDAC tumorigenesis. On the other
hand, in adult mice the expression of Ptf1a or Sox9, for example, is primarily in acinar or ductal
cells, respectively. This allows researchers to replace the PdxI-Cre allele with cellular-type-
specific Cre allele drivers to study how different mature cell types give rise to PDAC (Magnuson
& Osipovich, 2013). As a result, more recent efforts have been made to generate mouse models

with inducible Cre drivers that are cellular origin specific (Xu et al., 2019). For example, Bailey



et al. aimed to investigate the cell of origin specific effects of the Trp53%!72#/* mutation by
producing mouse models with a tamoxifen inducible-Cre expressed using a specific cell of origin
promotor (J. M. Bailey et al., 2016). Specifically, MistI-CreER was used to target recombination
to adult acinar cells, and Hnf1b-CreER was used to target recombination to adult ductal cells. In

GI2D_expressing acinar cells, expression from one Trp53%/72H allele enabled

the case of Kras
transformation of acinar cells to PanIN and subsequently PDAC as early as 2 months post-
injection of tamoxifen. Ductal cells were not affected by the presence of a single mutant 7rp53
allele, but the presence of 2 Trp53%172H alleles was sufficient to induce PDAC development from

Kras©'?P

-expressing ductal cells by as early as 2.5 months post-injection. These data
demonstrated that ductal cells appeared to be unaffected by expression of one copy of the mutant

Trp53 allele, and this suggested that PDAC formed in the KPC model was mainly derived from

acinar cells.

In addition to the gain-of-function 7rp53 mutation, Lee at al. used the P#f1a“ R or Sox9CreER

drivers to induce Kras®!/?P

expression and homozygous loss of Trp53 alleles at 3-4 weeks of age
in adult acinar or ductal cells, respectively (Lee et al., 2019). High-grade PanIN and PDAC
formed from both cells of origin, however ductal cells developed a smaller number, but higher-
grade of PanIN, that progressed to form invasive PDAC faster than acinar cells. In addition,
acinar-cell-derived tumors also had higher prevalence of mucinous glandular features compared
to ductal-cell-derived tumors, indicating the tumorigenesis process between acinar- and ductal-

cell-derived PDAC in these models was fundamentally different, and that cell of origin can have

an impact on tumor phenotype.



1.5.2 Loss of Brgl plays a context-dependent role on the tumorigenesis of IPMN and
PanIN

Brgl is part of the chromatin-remodeling SWI/SNF complexes. Brg/ inactivating mutations and
deletions have been found in human PDAC, with its expression frequently reduced or lost in
human IPMN samples (Dal Molin et al., 2012; Shain et al., 2012). Figura et al. used

embryonically active Ptfla-Cre to induce Kras®?P

expression and homozygous loss of Brgl,
and found mice developed cystic neoplastic lesions that resembled human pancreatobiliary
IPMN that progressed to form PDAC (von Figura et al., 2014). In addition, the IPMN-PDAC
developed with shorter latency but were less lethal and proliferative than PanIN-PDAC derived
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from mice with Kras expression and heterozygous loss of 77p53 (von Figura et al., 2014).

Further study suggested that adult ductal cells in the context of Kras®/?P

and Brgl loss initiated
IPMN:-like lesion formation (von Figura et al., 2014). Mechanistically, they found that Brg/
suppressed the dedifferentiation that preceded neoplastic transformation in mature ductal cells
but promoted tumorigenesis after tumors formed by supporting a mesenchymal-like
transcriptional landscape (Roy et al., 2015; von Figura et al., 2014). On the other hand, Brg/ was
necessary for PanIN initiation and progression to PDAC through positively regulating Sox9

expression in adult acinar cells, indicating how adult acinar and ductal cells respond differently

to the same mutation changes (Tsuda et al., 2018).

1.5.3 Ductal cells form PDAC in a PanIN-independent manner after loss of Fbw7
F-box and WD repeat domain-containing 7 (FBW?7) is the substrate recognition component of the
Skp1-Cull-F-box ubiquitin ligase complex. Genomic deletion or mutation of FBW?7 has

frequently been identified in many human cancers, and low protein expression commonly occurs



in human PDAC samples (Ji et al., 2015). Ferreira et al. found that embryonic deletion of Fhw7

in combination with Kras©/?P

expression resulted in hyperplastic ducts as early as postnatal day 0
(at birth), and the formation of dysplastic lesions by postnatal day 7 (Ferreira et al., 2017).
Further study utilizing adult ductal and acinar cell-specific CreER drivers found that while
activation of KRAS and loss of Fbw7 in adult acinar cells induced PanIN-dependent PDAC
transformation, the same genetic change in adult ductal cells resulted in PDAC development in a
low-grade PanIN independent manner (Ferreira et al., 2017). In addition, precursor lesions found
in the ductal cell model were not IPMN, but a non-mucinous dysplasia that quickly induced in
situ carcinoma, indicating different genetic mutation backgrounds also play a role in determining

ductal cell-derived precursor lesion phenotype (Ferreira et al., 2017; Lee et al., 2019; von Figura

et al., 2014).

1.5.4 Ductal cells are more sensitive to loss of Pten and form IPMN as the precursor
lesion

As mentioned previously, PTEN is a well-known tumor suppressor that plays critical roles in
controlling the PI3K pathway, with its mutation commonly found in many types of cancers
including PDAC (Pulido, 2018). Hill et al. first used Pdx1-Cre to induce Kras®/*P and
homozygous knockout of Pten at embryonic stage, but the mice rapidly formed PanIN with
occasional invasive cancer and none of the mice survived beyond 3 weeks of age (Hill et al.,
2010). In contrast, mice with only one copy loss of Pfen and activation of Kras had a median
survival of 3.5 months, and the tumorigenesis was associated with the formation of ADM and
PanIN. These results suggest that the lesions formed in the Pdx/-Cre mouse model used in Hill

et al. might be primarily derived from acinar cells. However, mice with only Pfen deletion in the



pancreas resulted in ductal metaplasia that originated from centroacinar cells rather than the
transdifferentiation of acinar cells (Stanger et al., 2005). As a result, utilizing a ductal and acinar
cell specific Cre driver was needed to further investigate how adult ductal or acinar cells

specifically responded to the loss of Pten with or without Kras®/?? expression.

To further investigate the effect of Pten loss in adult acinar or ductal cells, Kopp et al. utilized
the Ptf1a“*ER and Sox9CreER drivers, respectively (Kopp et al., 2018). The authors found that

G12D in the ductal cells was enough to

homozygous loss of the Pten alleles without Kras
predispose mice to form PanIN, as well as IPMN that were of either oncocytic or
pancreatobiliary subtype. Interestingly, spontaneous Kras mutation was observed in [PMN

GI2D vyith loss of

mostly associated with the pancreatobiliary subtype. When expression of Kras
one or two copies of Pten was induced in ductal cells at 4 weeks of age, ductal cells readily
formed PanIN, and pancreatobiliary or gastric IPMN in the common and/or main pancreatic
ducts, with some invasive PDAC having loss of heterozygosity at the Pten locus in the Pten
heterozygous model. In addition, the tumor latency of the Pten heterozygous mice with Kras®/?P
is shorter compared to mice with only homozygous loss of Pten, but longer compared to mice
with Kras®?P and homozygous loss of Pten. In adult acinar cells, homozygous loss of Pren did
not result in premalignant lesions by 13 months of age, indicating that adult ductal and acinar
cells are not equally sensitive to Pften loss. Recently, Talbert and colleagues demonstrated that

mice with Kras©/?P

and homozygous loss of Pfen in adult acinar cells (designated as
KPtepcinarMcinar in our study) formed PanIN as precursor lesions, with an average survival of

107 days (Talbert et al., 2019). Mice with Kras®/*P and heterozygous loss of Pten in adult acinar

cells (KPten®<m@/*) resulted in PanIN lesions, as well (Figure 1.3 A), but with almost the same
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tumor latency as mice expressing only Kras®/?? (KPten™") in their acini (unpublished data from
our laboratory). Histologically, we did not find any morphological differences between PDAC
arising in the KPten cinardcinar and KPten*4<me’* genotypes; however, their morphologies are
different from PDAC derived from the Kras®/?P; Pten®P*! ductal model as we previously
described (Kopp et al., 2018). We observed tumors with intratumoral cystic dilations of varying

size and occurring with gastric type epithelium in KPten®4cinar’+

pancreata, instead of the small
gland-like structures we observed in the Kras®/?P;Pten*P““! tumors (Figure 1.3 B) (Kopp et al.,
2018). In addition, many intratumoral cysts in moderately and well differentiated tumors
developed papillae (Figure 1.3 B, circled). These results further indicate that cellular origin has a
significant impact on precursor lesion initiation and PDAC tumorigenesis in the context of

identical genetic driver mutations, making it an important factor to consider when studying

tumor phenotypes, clinical outcomes, and treatments.

1.6 PDAC immune microenvironment

The tumor microenvironment (TME) of pancreatic cancer, including cancer-associated
fibroblasts, extracellular matrix, and various types of immune cells, participates in controlling
tumor growth, invasion, and metastasis (Murakami et al., 2019). A tumor can be defined by its
immunogenicity, namely the ability of a tumor to induce an immune response that can inhibit its
growth. This can be contributed by both the antigen expression and antigen presentation of a
tumor that can drive a response of the adaptive immune system (Blankenstein et al., 2012). An
“immunogenic” tumor, such as melanoma, has a high mutation burden and can present mutated
antigens that can be targeted by the adaptive immune system (Passarelli et al., 2017). An “non-

immunogenic” tumor, such as PDAC, has significantly less somatic mutations that contribute to
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the scarcity of mutated antigens (Brouwer et al., 2021), and dysfunctional/immature dendritic
cells that could not facilitate antigen presenting to simulate the adaptive immune system (Hegde
et al., 2020; Passarelli et al., 2017). In addition, PDAC TME is also immunosuppressive with
increased infiltration of immunosuppressive cells such as tumor-associated macrophages,
myeloid-derived suppressor cells, and regulatory T cells to hamper the activation and function of
effector lymphocytes and facilitate host immune surveillance escape (Li et al., 2020). This
immunosuppressive phenotype is one of the contributors to PDAC’s poor response to immune-
checkpoint inhibitor therapies that generally benefits other types of “immunogenic” cancers
(Schizas et al., 2020). In addition, interpatient immune microenvironment heterogeneity also
contributed to the ineffectiveness of clinically approved immunotherapy (Liudahl et al., 2021).
Recently, Balachandran et al. found that pancreatic tumors with high neoantigen number and
abundant CD8+ T cell infiltration are associated with longer patient survival, offering hope to
utilize neoantigen-specific immunity to treat PDAC in selective patients (Balachandran et al.,

2017).

Immune cells are present very early in PDAC tumorigenesis, with multiple cells types being
detected surrounding precursor lesion, both IPMN and PanIN (Bernard et al., 2019; Clark et al.,
2007; Hiraoka et al., 2006; Roth et al., 2020). The cells in the immune system can be sub-
categorized into those involved in the innate immune system or the adaptive immune system.
The innate immune system includes immune cells that are readily present and can be
immediately recruited to site of infection to provide the first response (Inman et al., 2014).
Macrophages are one type innate immune cell, and in adult hematopoiesis they are generated

from common myeloid precursor cells derived from hematopoietic stem cells (Qualls & Murray,
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2011) (Figure 1.4). Common myeloid precursor cells will then differentiate into monocytes,
which travel in the blood and migrate into tissues and differentiate into macrophages (Figure
1.4). The differentiation of monocytes into macrophages is largely facilitated by cytokines such
as macrophage colony-stimulating factor (M-CSF) (Qualls & Murray, 2011). Another source of
macrophages, called tissue-resident macrophages, are derived from yolk sac progenitor cells
early in embryogenesis, and unlike monocyte-derived macrophages, tissue-resident macrophages
are long lived and capable of self-renewal (Davies et al., 2013) (Figure 1.4). In PDAC TME, the
macrophages are called tumor-associated macrophages and they tend to have an

immunosuppressive activity and promote tumorigenesis (Inman et al., 2014).

Unlike the first defense offered by the innate immune system; the adaptive immune system
requires a longer time to become active through the antigen presenting process. However, this
also makes the adaptive immune cells the most effective against neoantigen-bearing cells, such
as cancer cells (Inman et al., 2014). CD8+ T cells and regulatory T cells are example cell types
from the adaptive immune system. Both cell populations initially originate from a common
lymphoid progenitor cell that differentiates from hematopoietic stem cells (Lewis & Blutt, 2019)
(Figure 1.4). Common lymphoid progenitor cells will further migrate to the thymus for T cells to
mature (Figure 1.4). In the thymus, through somatic recombination of the T cell receptor genes,
CD3+ T cells further mature into CD3+ CD8+ T cells, which later become cytotoxic T cells.
CD3+ T cells can also become CD3+ CD4+ T cells, which later become T helper cells that help
coordinate the immune response by stimulating other immune cells; and CD3+ CD4+ CD25+ T
cells, which later become regulatory T cells (Lewis & Blutt, 2019) (Figure 1.4). In the TME,

during the early stages of tumor initiations, naive T cells would be primed in the draining lymph
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nodes by antigen presenting cells with immunogenic antigens from tumor cells, followed by their
concomitant activation and migration to the TME (Gonzalez et al., 2018). In addition, CD4+ T
helper cells help the further activation of the CD8+ T cells to cytotoxic lymphocytes and
memory T cells (Borst et al., 2018). CD3+ CD4+ CD25+ T cells can also be derived from CD3+
CD4+ T cells directly (Lewis & Blutt, 2019). In PDAC, CD8+ T cells are often rare, and when
present, not effective, whereas regulatory T cells exert an inhibitory effect on the CD8+ T cells
and contribute to the immunosuppressive microenvironment of PDAC (Liudahl et al., 2021;
Oleinika et al., 2013; Steele et al., 2020). The effects of CD8+ T cells, regulatory T cells, and
tumor associated macrophages on the progression from pre-neoplastic lesions to PDAC are

discussed further in the following sections.

1.6.1 Cytotoxic CD8+ T cells

As a member of the lymphoid cell population, the cytotoxic CD8+ T cell is one of the most
powerful effectors of the adaptive immune system that mediates anti-tumoral effects (Raskov,
Orhan, Christensen, et al., 2021). In analyses of a mouse model with embryonic Kras®/??
mutation and in human PDAC samples, only a low level of CD8+ T cells were found at the
PanIN and IPMN stage, and this infiltration decreased in the invasive lesions (Clark et al., 2007;
Hiraoka et al., 2006; Roth et al., 2020). In addition, CD8+ T cells were more commonly found in
the stromal compartment or in tertiary lymphoid structures that were not directly adjacent to
tumor cells, again indicating their hindered infiltration (Ene-Obong et al., 2013; Liudahl et al.,
2021; Roth et al., 2020; Stromnes et al., 2017). Although both CD8+ T cells and CD4+ T cells

have been found in human PDAC, functional T cells with high expression of T cell receptor

signaling and effector-related genes were rarely observed (Stromnes et al., 2017). Indeed, recent
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publications found that CD8+ T cells in patients displayed an exhausted gene expression
signature (7/GIT), which was more pronounced in advanced disease (Sivakumar et al., 2021;
Steele et al., 2020). In addition, the spatial distribution of CD8+ T cells in PDAC also has
important prognostic correlation, with CD8+ T cells in close proximity to PDAC cells
correlating with increased overall survival (Carstens et al., 2017). In summary, the scarcity of
effective CD8+ T cells and their relatively limited infiltration into the tumor contributes to an

ineffective immune surveillance against PDAC.

1.6.2 Regulatory T cells (Tregs)

Expressing the transcription factor forkhead box P3 (FOXP3), Tregs suppress effector T cells by
secreting immune-suppressive cytokines such as TGF-f, and inducing effector T-cell apoptosis
by secreting cytotoxic enzymes such as granzyme B (Murakami et al., 2019). In addition, Tregs
express immune checkpoint molecules, such as CTLA-4 and TIGIT, that could ultimately inhibit
effector T cells function (Kurtulus et al., 2015; Oleinika et al., 2013; Sivakumar et al., 2021;
Steele et al., 2020). Although they are necessary to suppress excessive immune responses to
maintain normal immune homeostasis, Tregs are also involved in tumor development in various
types of cancer (Ohue & Nishikawa, 2019). In contrast to CD8+ T cells, the infiltration of an
active immunosuppressive Treg population is readily observed in clinical and mouse PanIN and
IPMN, and the infiltration increased in PDAC (Clark et al., 2007; Hiraoka et al., 2006; Hosein et
al., 2022; Liudahl et al., 2021; Roth et al., 2020; Sivakumar et al., 2021). Mechanistically,
previous studies found that PDAC cells produced CCLS5 and VEGF to promote recruitment of
Tregs through CCRS5 and neuropilin-1 (Fan et al., 2020). Clinically, low numbers of Tregs and

high CD8+ T cell infiltration are associated with long-term survival in patients with PDAC after
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pancreatectomy (Liu et al., 2016; Lohneis et al., 2017). In summary, the presence of
immunosuppressive Tregs promotes the immune escape phenotype generally seen in PDAC

TME.

1.6.3 Tumor-associated macrophages (TAMs)

The high infiltration of macrophages into the stroma of human and mouse precursor lesions and
PDAC have been investigated previously (Clark et al., 2007; Liudahl et al., 2021; Roth et al.,
2020). The macrophages infiltrating tumor are called tumor-associated macrophages (TAM).
Recently, research from the DeNardo laboratory showed that macrophages in PDAC could be
derived from both circulating monocytes and embryonically-established tissue-resident
macrophages (Y. Zhu et al., 2017). In addition, tissue-resident-derived TAMs showed a more
pro-fibrotic transcriptional profile that was distinct from monocyte-derived TAMs (Baer et al.,
2022; Y. Zhu et al., 2017). Overall, TAMs regulate immunosuppression through secretion of
immunosuppressive cytokines and chemokines, and by promoting Treg recruitment to block
effector T cell proliferation (Lankadasari et al., 2019; Yamamoto et al., 2012). In addition,
TAMs could express PD-L1 to induce CD8+ T cells exhaustion (Xiang et al., 2021), and the high
infiltration of TAMs was shown to facilitate the exclusion of CD8+ T cells from PDAC in mouse
model (Beatty et al., 2015b). Indeed, Liudahl et al. (2021) has recently demonstrated that a high
intratumoral CD8+/CD68+ (human macrophage marker) ratio and the tumors being lymphoid
rich was associated with a longer survival and better outcome in PDAC patients pre-surgically
treated with chemotherapy and radiation therapy. These authors also argued that myeloid cells
played a crucial role in the immunosuppression of CD8+ and CD4+ T cells, as most of the CD4+

T cells were senescent and non-tumor responsive and the CD8+ T cells were mostly exhausted
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and not effective (Liudahl et al., 2021; Sivakumar et al., 2021; Steele et al., 2020). As a result,
TAMs play an important role in facilitating the immunosuppressive PDAC TME, in additional to

Tregs.

Macrophages can be activated with distinct activation states at a specific time that ranges on the
spectrum from pro-inflammatory to anti-inflammatory, and this biological process is called
macrophage polarization (Hosein et al., 2019; Részer, 2015; Xue et al., 2014). A pro-
inflammatory dominant (M1-cell state) macrophage phenotype is usually associated with the
removal of pathogens during infection; an anti-inflammatory dominant (M2-cell state)
macrophage phenotype is usually associated with the wound healing process, which includes
tissue remodeling, phagocytosis of dead cells, and the resolution of inflammation (Shapouri-
Moghaddam et al., 2018). However, these beneficial effects of M2-like macrophages can be a
double-edged sword, as the anti-inflammatory characteristics could result in an
immunosuppressive and pro-tumoral phenotype that is typically observed in TAMs in cancers
(Shapouri-Moghaddam et al., 2018). A list of M1-cell state and M2-cell state markers that can
help define the polarization state of macrophages can be found in Table 1.1. Recent studies
suggest that the polarization of macrophages allows them to express both pro-inflammatory and
anti-inflammatory markers. Indeed, in vivo and in vitro TAMs showed not only a pro-tumoral
phenotype but inflammatory signatures, as well (Hosein et al., 2019; Xue et al., 2014). Khabipov
et al. (2019) and Boyer et al. (2022) recently showed that murine PDAC cell lines polarized
macrophages towards a more pro-tumoral M2-like phenotype in vitro, indicating the

predominant polarization state of TAMs that might be present in the PDAC TME.
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In recent years, there has been an emerging interest in the incorporation of immunotherapy, such
as an immune checkpoint inhibitor, into the treatment regimen for many solid tumors. However,
clinical trials of immunotherapy in pancreatic cancer have uniformly been disappointing and may
only benefit a small subset of patients. This could be potentially due to the fact that most patients
lack the stimulated adaptive response to neo-antigens, and the immune microenvironment
between patients is heterogeneous (Liudahl et al., 2021; Sivakumar et al., 2021; Steele et al.,
2020). To develop more effective immunotherapy options for PDAC and selected patients that
could benefit from immunotherapies, we need to have a better understanding of what causes the
heterogeneity in PDAC immune microenvironment. Previous studies indicated that an “immune-
escape” PDAC TME phenotype shows similarities with a more basal-like PDAC molecular
subtype, whereas an “immune-rich” phenotype shows similarities with a more classical-like
PDAC (P. Bailey et al., 2016; Collisson et al., 2011; Karamitopoulou, 2019; Moffitt et al., 2015;
Wartenberg et al., 2018). In addition, Flowers and colleagues recently demonstrated that a ductal
cellular origin is associated with a basal-like human PDAC phenotype, whereas an acinar cellular
origin is associated with a classical-like PDAC (Flowers et al., 2021). These results suggest that
the cellular origin of PDAC could potentially contribute to different immune microenvironment

GI2D with reduced Pten in

phenotypes. We previously demonstrated that mice expressing Kras
ductal cells developed IPMN and PDAC, and mice with the same genetic changes in the acinar
cells developed PanIN and PDAC (Kopp et al., 2018; Talbert et al., 2019). Herein, we took
advantage of these mouse models to investigate whether cellular origin and precancerous lesions
influenced the presence of different immune cell types in the PDAC immune microenvironment.

For my studies, I primarily focused on mice in which an oncogenic form of Kras was expressed

and one copy of the Pten locus was deleted specifically in ductal cells (Sox9CreER) or acinar
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cells (Ptf1a“rER). In these models, precancerous lesions formed gradually over time, likely
through acquisition of secondary mutations or epigenetic changes and subsequently progressed
to form primary tumors in a stochastic fashion. I specifically chose models with a longer latency
and more stochasticity to more closely adhere to the events occurring during PDAC development

in humans (Kopp et al., 2018).

1.7 Hypothesis

GI12D

I hypothesize that Kras expression and loss of Pfen in adult ductal or acinar cells will result

in different immune cell infiltration and phenotypes in the precursor lesions and PDAC.

1.8 Objective
To investigate the immune microenvironment surrounding precursor lesions and PDAC derived
from an acinar or ductal origin, we examined cell type-specific tamoxifen-inducible Cre-

recombinase mouse models that have oncogenic Kras®/?P

mutations and heterozygous or
homozygous loss of Pten specifically in acinar (KPten*4<"a/*| K Ptep*Acinar/Acinar regpectively)
and ductal cells (KPten*P"</*/ KPten®Pu</APuct respectively) (Figure 1.5 A). The genetic changes
in the acinar cell model were facilitated by the acinar cell expressed Ptf1a“ R, whereas the
changes in the ductal cell model were facilitated by the ductal cell expressed Sox9CreER. Mice
were injected at 4-weeks-old with tamoxifen to induce recombination and were harvested at later
timepoints when it was expected that pancreatic tumors had formed (Figure 1.5 A-B). PDAC cell
lines were established from a few pancreatic tumors, and the rest were fixed for histological

analysis (Figure 1.5 B). I used immunohistochemical staining against CD8, FOXP3, F4/80 to

detect and quantify the immune infiltration of CD8+ T cells, Tregs, and macrophages,
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respectively. In addition, we measured the distance between immune cells and the nearest ductal
epithelium for CD8+ T cells and Tregs. I found that the immune cell infiltration and how it
changes during tumorigenesis are different between the two cellular origin models starting at the
precursor lesion stage. Specifically, PDAC derived from ductal cells tends to have more CD8+ T
cell and Treg cell infiltration than those derived from acinar cells. Additionally, PDAC cells
derived from ductal cells did not activate macrophages as much as the PDAC cells derived from
the acinar cell model. This was, in part, due to the reduced expression of granulocyte-
macrophage colony-stimulating factor (GM-CSF) in ductal cell-derived PDAC. With these
studies we are beginning to understand how cellular origin shapes the immune microenvironment
and its evolution throughout tumorigenesis. This could provide insight into the development of
personalized immunotherapy, as the cellular origin of a patient’s pancreatic tumor might offer
insight into its unique immune microenvironment, making targeted immunotherapy more

efficient and accurate.
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Low-grade

High-grade

Figure 1.1 Histological difference between PanIN and IPMN.
Adapted from Singhi et al. Figure 1 (Singhi & Wood, 2021). Hematoxylin and eosin (H&E) stain
showing low-grade and high-grade PanIN and IPMN. PanIN is <0.5 cm in size, whereas IPMN

is >1 cm in size. Part a and d; magnificationx20. Part b, e; magnification x40.

21



Common bile duct Pancreatic duct

-\‘)—Tail of

pancreas

Lobules

Acinar cells secrete
Head of pancreas digestive enzymes.

Pancreatic islet
cells secrete
hormones.

Pancreatic duct

[
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Figure 1.2 The pancreatic structures.

Adapted from Anatomy & Physiology, Connexions Web site.
http://cnx.org/content/col11496/1.6/, Jun 19, 2013. The exocrine part of the pancreas consists of
acinar cells and ductal cells. Acinar cells are exocrine cells that secret digestive enzymes, which

will travel to the duodenum through the pancreatic duct made from ductal cells.
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High-magnification Low-magnification

High-magnification Low-magnification

Serous-cyst

Figure 1.3 KPten?cina/rcinar gy K Pten®A<ira’+ tumors histology.

(A) Low-magnification (top row) and high-magnification (bottom row) images of H&E staining
of PanIN in KPten*" mice and KPten*4<""’* mice.

(B) Low-magnification (top row) and high-magnification (bottom row) images of H&E staining
of the different histological tumor phenotypes observed in KPtenAcna/Adcinar and K PepAAcinar’+
mice. For high-magnification of gastric-gland image, circles show papillae in the gastric type
epithelium. All phenotypes were observed in both genotypes.

Scale bars: 500 um (A, top), 100 um (A, bottom), 500 um (B, top), 50 um (B, bottom)
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Figure 1.4 The differentiation of CD8+ T cells, CD4+ T cells, regulatory T cells, and
macrophages.

A simplified diagram showing the differentiation of CD8+ T cells, CD4+ T cells, regulatory T
cells, and macrophages through adult hematopoiesis from hematopoietic stem cell in the bone
marrow. In addition to adult hematopoiesis, macrophages can also be differentiated from yolk
sac progenitors during embryogenesis, and this macrophage population are called tissue resident

macrophages.
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Figure 1.5 Schematic describing the alleles utilized to generate the mouse models and
tissues used for this study.

(A) Schematic of the alleles in the Ptf1a“"ER; Kras™St-012P; Pten/"*; R26RLSL-1FP
(KptenAAcinar/+)’ Plf]aCreER’. KI’CZSLSL_GUD,' Ptenﬂox/ﬂox’. R26RLSL-YFP (KptenAAcinar/AAcinar); and

Sox9CreER; Kras™:-01?P: Pten/"*; R26R-SLTFP (K Pten®P <), Sox9CreER,; Kras"SL-012P;

Pten/1/10x; R26RESL-YFP (K Pten®Pre/APucty mouse lines used in this study. Allele schematics reflect

their composition before and after recombination induced by tamoxifen (TM) injection.
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(B) Cre-mediated DNA recombination of Kras"SL-¢1?P| Pten**  and R26R-SL-TFP alleles in
Ptfla- and Sox9-expressing cells was induced at 4 weeks of age with tamoxifen. Pancreata was

harvested later for histology sections and/or creating primary PDAC cell lines.

M1-cell state macrophage markers M2-cell state macrophage markers

iNOS, CD80, CD86, CD169, TLR2, TLR4, Arginase, CD163, CD206, CD204, VEGF,
pSTATI, TNF, IL6, IL1, IL23, CCL2, CCLS, | IL10, CXCR1, CXCR2, CCL17/18/22/24
1L12, CXCL8/9/10/11/16

Table 1.1 M1- and M2- cell state specific markers.
Markers adapted from Ka et al. and Takeya and Komohara (Ka et al., 2014; Takeya &

Komohara, 2016).



Chapter 2: Material and Methods

2.1 Mice

Sox9CreER (Font-Burgada et al., 2015), Ptf1a“"**R(Kopinke et al., 2012), Pten*(Lesche et al.,
2002), Kras*-¢2P(Tuveson et al., 2004), and R26RL-YP(Srinivas et al., 2001) mice have been
described previously and were maintained on a mixed C57BL/6 and CD1 background (Charles
River Laboratories). 6-week-old C57BL/6J female mice were ordered from The Jackson
Laboratory. Tamoxifen (Sigma-Aldrich) was dissolved in corn oil and administered
subcutaneously at 5 mg per 40 g of body weight per injection. All described animal experiments
were approved by the University of British Columbia and University of California, San Diego

Animal Care and Use Committees.

2.2 Histology and immunohistochemical analysis

Paraffin-embedded sections were prepared and underwent immunohistochemical (IHC) stains as
described previously (Lee et al., 2019; A. M. Y. Zhang et al., 2019). In short, sections were first
deparaffinized and rehydrated through a series of xylene and ethanol incubation. Optional
antigen retrieval was then performed on the rehydrated slides for each antigen staining according
to Table 1. Slides were then quenched with 2% H2O: solution in 1X phosphate buffered saline
(PBS) (pH=7.4) for 15 mins at room temperature. Afterwards, slides were blocked with 5%
normal donkey serum (NDS) in 0.1% Triton-X in 1X PBS (pH=7.4) for an hour at room
temperature unless specified by the InmPRESS® HRP Polymer Detection Kit (Vector
Laboratories). Sections were then incubated overnight at 4°C with primary antibodies.

Biotinylated secondary antibodies were incubated with the sections at room temperature for an
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hour before changing to VECTASTAIN Elite Avidin-biotin complex (Vector Laboratories) with
two hours incubation at room temperature. Slides stained using InmPRESS® HRP Polymer
Detection Kit were incubated with InmPRESS Polymer Reagents for 30 mins at room
temperature instead. 3-3’-diaminobenzidine tetrahydrochloride (DAB) was used as the
chromogen. Slides were counter stained with Mayer’s hematoxylin (Sigma-Aldrich) and
mounted with Cytoseal (Fisher). The mounted slides were then scanned using 3DHISTECH
Panoramic MIDI slide scanner (3DHISTECH Ltd., Hungary). The primary and secondary
antibodies used for IHC staining with antigen retrieval methods are listed in the Table 2.1. One
section per mouse was used to do each IHC staining, as our sections are archive sections that are

limited.

The distance of Tregs and CD8+ T cells distance to the nearest ductal epithelium was measured
manually using the measuring annotation tool in Aperio ImageScope software (Leica
Biosystems, Germany). All Tregs and CD8+ T cells infiltrating the stoma around each lesion
were included in the analysis. The areas of interest surrounding every lesion in an entire
pancreatic section of a mouse was classified and analyzed. The area of interest includes the
immediate stromal structure that separated a particular lesion from another/ normal adjacent area.
After creating a measuring annotation mark for the distance for all Tregs and CD8+ T cells
within the area of interest, the Aperio ImageScope software would also provide a count of total
annotations, hence the total number of infiltrating Tregs or CD8+ T cells for that area of interest.
The infiltration density of Tregs or CD8+ T cells in each class of lesion was then calculated as
the total number of infiltrating cells normalized to the pixel area occupied by the hematoxylin

staining (all nuclei) within the area of interest. Pixel area was used instead of lesion area as
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IPMN tend to be much bigger than PanIN with a lot of empty space inside. The microinvasion
area near a [IPMN or Pre-IPMN was counted as PDAC. 10-14 mice were analyzed for each

genotype.

Macrophage infiltration was quantified by using the positive pixel count tool in Aperio
ImageScope software. In short, fixed paraffin embedded mouse pancreatic sections were first
stained for F4/80 antigen to visualize macrophages. An entire section for each slide was then
assessed and annotated with areas of interest inclusive of ADM, PanIN, IPMN, Pre-IPMN, or
PDAC. The infiltration density (%) of F4/80+ macrophages for each lesion category was
expressed as the pixel area occupied by the DAB staining (F4/80+) normalized to the pixel area
occupied by the DAB staining plus the hematoxylin staining (all nuclei). The infiltration density
for each lesion category was then graphed as the average infiltration density of a specific type of
lesion for the entire pancreatic section per mouse and 9-14 mice were analyzed for each
genotype. CD206 staining positivity within PDAC in mice of different genotypes was quantified

in the same way.

2.3 Primary PDAC cell culture

Primary mouse cell lines were established from PDAC harvested from KPten*P </~
KPten®PucvADuct and KPten4<"e’* mice (the PDAC cell lines derived from these mice are
designated as KPten*P"“! and KPten®4" PDAC cells) as previously described with slight
modifications (Reichert et al., 2013). Briefly, 3-8 mm of tumor was minced with a razor blade or

spring scissors and incubated in Dulbecco's modified Eagle's medium/Ham’s F-12
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(DMEM/Ham’s F-12; Corning) with 2.22 mg/mL collagenase B (Roche), 0.05 mM CaCl, and
0.02 mg/ml DNase I (Sigma-Aldrich) at 37°C for ~20 minutes. The digested tissue was collected
by centrifugation at 1000 rpm for 5 min with soft deceleration and the supernatant was removed.
The cell clumps were dissociated by 0.05% trypsin-EDTA (Corning) at room temperature for 5
minutes then the trypsin was inhibited by additional of 2 mg/ml soybean trypsin inhibitor
(Sigma-Aldrich) and 2% Fetal Bovine Serum (FBS, HyClone) in 1X PBS (Lonza). The cells
were washed three times with Hank’s Balanced salt solution (HBSS; Lonza) containing 0.02
mg/ml DNase I. Finally, the cells were plated on a 2.31 mg/ml rat tail collagen type I (Corning) 2
mm thick gel and grown in pancreatic ductal cell medium as previously described (Reichert et
al., 2013) with slight modifications: 0.25 mg/ml bovine serum albumin (VWR), 5 mg/ml D-
glucose (VWR), 0.1 mg/ml soybean trypsin inhibitor type I (Sigma-Aldrich), 5 pl/ml insulin-
transferrin-selenium (Gibco), 25 pg/ml bovine pituitary extract (Gibco), 20 ng/ml epidermal
growth factor (Sigma-Aldrich), 5 nM 3, 3', 5-triiodo-L-thyronine (Sigma-Aldrich), 1 uM
dexamethasone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), 1.22 mg/ml
nicotinamide (Sigma-Aldrich), 5% Nu-serum IV culture supplement (Corning), 0.5X
penicillin/streptomycin (VWR), and 2.5 mg/ml fungizone (Life Technologies) in DMEM: Ham’s
F12 medium. Cells were grown in a humidified incubator at 37°C and 5% CO., refed every two
days and passaged at ~80% confluency. In addition, polymerase chain reaction (PCR) was

performed on cell lines to confirm recombination as described in Table 2.2.

To passage cells, the medium was aspirated and the collagen with adherent cells was digested by
2.22 mg/mL collagenase type XI (Sigma-Aldrich) solution and 0.02 mM CacCl, in warm DMEM:

Ham’s F12. The collagen gel typically disappeared after 12 minutes in the 37°C water bath. The
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cell suspension was spun at 1500 rpm for 5 minutes and the supernatant was removed. The cells
were dissociated by 0.05% trypsin-EDTA at room temperature for 5 minutes, followed by
trypsin inhibition with 2 mg/ml soybean trypsin inhibitor in 2% FBS in 1X PBS. Cells were
washed with HBSS four times by centrifuge and the cell pellet was resuspended in the pancreatic
ductal cell medium and plated on collagen gels at a 1:3 split. For long-term preservation, primary

PDAC cell lines were stored in 10% DMSO and 90% FBS in liquid nitrogen.

2.4 PDAC conditioned media generation

PDAC conditioned media from the cell line 367 (KPten*P““") was generated using pancreatic
ductal cell medium. Medium was refreshed when PDAC cells reached 50-60% confluence, and
the conditioned media was harvested after 24 hrs, sterile filtered using Nalgene™ Rapid-Flow™
Vacuum Filter Units (Thermo Scientific), and aliquoted and stored at -80 °C. To generate
conditioned media from PDAC cells (“Drop-out” media) to produce low baseline macrophage
polarization background, the following components were removed from the “Complete”
pancreatic ductal cell medium recipe: bovine serum albumin (BSA), soybean trypsin inhibitor
type I (STI), insulin-transferrin-selenium (ITS), bovine pituitary extract (BPE), cholera toxin,
and fungizone. The Nu-serum IV culture supplement concentration (using a batch with minimal
endotoxin levels) was subsequently increased from 5% to 10% to compensate for the loss of
BPE. KPten*P ! (except 367) and KPten*4" PDAC cells were cultured in this drop-out media
for 5 passages and subsequently expanded into 3 10-cm cell culture dishes (Corning). Low-
endotoxin PDAC conditioned media was harvested the same way as for the KPten*P! 367 cell

line. Fresh Drop-out pancreatic ductal cell medium placed on collagen without cells for 24 hrs
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was used as negative control for effect of the media alone on macrophage. It was aliquoted and

stored at -80 °C in a manner similar to the PDAC conditioned media.

2.5 RAW 264.7 cell culture and polarization

RAW 264.7 murine macrophages (ATCC, Manassas, VA, USA) were a generous gift from Dr.
Lisa Osborne’s Laboratory at UBC. RAW 264.7 cells were cultured in T-75 cell culture flasks
(Thermo Scientific) at 37°C and 5% CO; in growth media made with 10% FBS and 1x
penicillin/streptomycin (VWR) in Dulbecco's modified Eagle's medium (Gibco). Cells were

passaged using 1x Versene (Gibco) according to manufacture protocol.

To expose RAW 264.7 murine macrophages to KPten*P*“! 367 conditioned media for the nitric
oxide synthase and arginase activity assays, 4x10° cells were seeded into each T-75 flask using
the following medias: 367 PDAC conditioned media was mixed with RAW 264.7 growth
medium at a 2:3 ratio. To generate polarization controls, negative control pancreatic ductal
medium (see above) was mixed with RAW 264.7 medium at a 2:3 ratio with a total volume of
8ml per T-75 flask. The MO control was cultured in RAW 264.7 medium only. Negative control
was cultured in the media mixture without any cytokine stimuli. For the M1 state control, 50
ng/ml of IFN-y (STEMCELL Technologies) was added to the media mixture, and for M2 state
control, 10 ng/ml of IL-4 (STEMCELL Technologies) and IL-13 (STEMCELL Technologies)
were added to the media mixture. RAW 264.7 macrophages were cultured in these control
medias and PDAC conditioned media for 24 hrs and then harvested for nitric oxide synthase and

arginase activity assay.
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To polarize RAW 264.7 murine macrophages with each Drop-out PDAC conditioned media,
each drop-out media was mixed with RAW 264.7 medium at a 2:3 ratio. One million cells were
seeded into each 6-well (Corning) with a total volume of 2 ml media mixture. The MO control
was used to assess the baseline state of the RAW 264.7 cells. RAW 264.7 macrophages were

incubated for 24 hrs in the media and then collected for RNA isolation.

2.6 Limulus Amebocyte Lysate (LAL) assay

The LAL assay was conducted by using ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit
(Genscript) to measure endotoxin level according to the manufacture protocol. In short, each
component in the pancreatic ductal medium was diluted to the concentration in the final medium
and then subjected to the LAL assay. Colorimetric reading was performed using the TECAN

Spark plate reader (TECAN). Endotoxin level was calculated as endotoxin unit (EU) per ml.

2.7 Arginase activity assay

The arginase assay was conducted by using the Arginase Activity Assay Kit (Sigma-Aldrich)
according to the manufacture’s protocol. In short, 1x10° cells were lysed with 10 mM Tris-HCI
(pH 7.4) containing 1X Halt™ Protease Inhibitor Cocktail (ThermoFisher) and 0.4% (w/v)
Triton X-100 (Fisher Scientific), and a small aliquot of the cell lysate was used to perform the
Micro BCA assay (Thermo Scientific) for protein concentration. Both assays were performed
using clear 96-well plates (Corning), and colorimetric reading was performed using the TECAN

Spark plate reader (TECAN). Arginase activity was calculated as mU per mg of total protein.
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2.8 Nitric Oxide Synthase Assay

Nitric oxide synthase assay was conducted by using Nitric Oxide Synthase Activity Assay Kit
(Abcam) according to the manufacture’s protocol. In short, 3x10° cells were lysed with NOS
Assay Buffer containing 1X Halt™ Protease Inhibitor Cocktail (ThermoFisher), and a small
aliquot of the cell lysate was used to perform the Micro BCA assay (Thermo Scientific) for
protein concentration. Both assays used clear 96-well plates (Corning), and colorimetric reading
was measured using TECAN Spark plate reader (TECAN). Nitric oxide synthase activity was

calculated as mU per mg of total protein.

2.9 Cytokine array assay

Cytokine expression in KPten*P““! or KPten*4" PDAC cells conditioned media was measured
by using Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems) according to the
manufacture protocol. Conditioned media from KPtern*?" PDAC cell lines 409 and 746A, and
KPten*4<inar PDAC cell lines 321A and 339A were analyzed. An average integrated density of
each cytokine from duplicated spots was calculated using ImageJ (U. S. National Institutes of

Health).

2.10 Bone marrow-derived macrophages cell culture

Bone marrow-derived macrophages (BMDMs) were differentiated from bone marrow harvested
from femurs of 6-11 week old C57BL/6J female mice, as previously described (Toda et al.,
2021), with slight modifications. Female C57BL/6J mice were chosen for BMDM derivation as
all PDAC cell lines in this study were derived from female mice. In short, bone marrow cells

were flushed from both ends of a femur by using 25G needles (BD) with 10 ml of ice-cold
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DMEM: Ham’s F12 medium. Both femurs from each mouse were used, and each femur
generated around 20-30 million bone marrow cells. After harvesting, bone marrow cells were
seeded in T-175 cell culture flasks (Thermo Scientific) with a seeding density of 5x10° cells per
ml of BMDM medium and each flask had 20 ml. BMDM medium consists of 10% heat-
inactivated low-endotoxin FBS (Hyclone) and 0.5x penicillin/streptomycin in DMEM: Ham’s
F12 medium. Mouse macrophage-colony stimulating factor (mM-CSF) (STEMCELL
Technologies) was added to the culture medium fresh at a concentration of 50 ng/ml, and bone
marrow cells were cultured at 37°C and 5% CO, for 7 days for BMDMs to differentiate. Fresh
BMDM medium (20 ml) with 50 ng/ml mM-CSF was added to the culture on day 3 of
differentiation. On day 6, 20 ml of culture medium was removed, then 20 ml fresh BMDM
medium with 50 ng/ml mM-CSF was added to the culture. BMDM cells were harvested at day 7

using Accutase (Innovative Cell Technologies, Inc.) according to manufacturer’s protocol.

2.11 BMDM cell culture in conditioned PDAC media

To assess the effects of PDAC-secreted factors on BMDMs, PDAC conditioned media was
mixed with BMDM medium at a 2:3 ratio. To generate BMDM controls, negative control media
was mixed with BMDM medium at a 2:3 ratio. MO controls were cultured in BMDM medium
without mixing with the negative control media. For MO and negative control (NC), mM-CSF
was added to the media mixture at 10 ng/ml as it plays an important role in macrophage survival
(Otero et al., 2009). For M1 control, 50 ng/ml of IFN-y was added to the media mixture, and for
M2 control, 10 ng/ml of IL-4 and IL-13 was added to the media mixture. To neutralize GM-

CSF/CCLS5/CXCL12/M-CSF, anti-GM-CSF antibody (Invitrogen eBioscience; 16-7331-81),
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anti-CCL5 antibody (R&D System; MAB478-100), anti-CXCL12 antibody (R&D System;
MAB310-100), anti-M-CSF antibody (R&D System; MAB416-100), Rat IgG2a kappa isotype
control antibody (Invitrogen eBioscience; 16-4321-81), or Rat IgG2b isotype control antibody
(R&D System; MABO0061) was added to the PDAC conditioned media mixture at a
concentration of 1 pg/ml (Guo et al., 2017; Huen et al., 2015; Sottnik et al., 2015). The media
mixture was incubated with the antibodies with rocking at 4 °C for 1 hr prior to adding the media
to the BMDMs. BMDMs were seeded at a density of 1x10° cells per 6-well (Corning) with 2 ml
of media mixture described above for 24 hrs. Three technical replicates (three 6-wells) were
performed for each PDAC cell line. Afterwards, the media was aspirated, and the wells were
washed with HBSS. RNA was harvested by adding 350 ul RLT buffer (Qiagen) directly to the

wells.

2.12 RNA extraction and Quantitative real-time PCR analysis

RNA from cells was extracted using the RNeasy Mini Kit (Qiagen) and the RNA concentration
was measured by the NanoDrop® ND-1000 UV-Vis Spectrophotometer (Thermo Scientific).
cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific) and quantitative real-time PCR (qPCR) analysis was performed with 10 ng
cDNA using the Power SYBR® Green PCR Master Mix kit (Applied Biosystems). The qPCR
conditions were 95°C for 10 min, 95°C for 15s, and 60°C for 60s, with the last two steps repeated
for 39 cycles. The accumulation of double-stranded DNA was measured in real-time using the
Bio-RadCFX384, C1000 Touch Thermal Cycler (Bio-Rad), and the fold change expression was
calculated as 2"22¢t against negative control. Duplicates were performed for each sample in 384-

well plate (Bio-Rad) to account for pipetting error. 7hp was used as housekeeping gene, and ACt
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was calculated as the difference of Ct values between gene of interest and 7bp. The stability of
Thp was validated with RNA-seq data with a FPKM value of 9-10 for all groups. qPCR primer

sequences can be found in Table 2.3.

2.13 RNA-sequencing and analysis

Bulk-RNA sequencing was performed by the BRC sequencing core. Sample quality control and
quantity measurement were performed using the Agilent 2100 Bioanalyzer. Smples were then
prepped following the standard protocol for the NEBNext Ultra II Stranded mRNA (New
England Biolabs). Sequencing was performed on the Illumina NextSeq2000 with Paired End

61bp x 61bp reads. Sequencing data was demultiplexed using [llumina's bel2fastq?2.

RNA-sequencing preliminary analysis was performed by Dr. Stephane Flibotte using the
previously described method (Vuilleumier et al., 2019). In short, the alignments to the
transcriptome were performed by using STAR, HISAT2, kallisto, or Salmon aligners.
Quantification of the reads was then performed directly with STAR, kallisto and Salmon or with
RSEM and StringTie. In all cases, de-multiplexed read sequences were aligned to the Mus
Musculus (mm10) reference genome sequences. In-house Perl scripts were used to sum all the
read counts for all genes and comprise matrices for the gene read counts. Differential expression
analysis was then performed on the data from those matrices using R package DESeq2 and
edgeR and produced results from the total 10 pipelines. The output for each pipeline compiles a
list of genes ranked by the P-value for differential expression after correction for multiple testing

with a significant cut-off value of p<0.05. A combined list of genes was obtained with the 10
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pipelines and genes with a significance of p<0.05 in at least half the pipelines were considered as
differentially expressed and thus used in this study. Genes with an inconsistent differentially
expression direction between pipelines were eliminated from the combined list. The kallisto-
DESeq?2 pipeline was used to make heatmaps, as it produced similar results with the combined
list. Heatmaps were created with the R package pheatmap using the regularized log transformed
data obtained with kallisto-DESeq2. Row means were subtracted to improve difference in

visualization.

To compare our PDAC cell lines with those in Aiello et al. (Aiello et al., 2018), the principal
component analysis (PCA) eigenvectors were first calculated with the prcomp R using only the
samples in Aiello et al., then the location of the five PDAC cell lines in this study was calculated
using those eigenvectors. The plots were done using ggplot2 in R. To create KIC macrophage
pseudo bulk-RNA-sequencing data from the scRNA-seq data set in Hosein et al. (Hosein et al.,
2019), Seurat was used to recreate the macrophage clusters reported in the original manuscript.
The total counts for each gene that is unique to the KIC macrophage cluster were obtained with
the aggregate function in R, which compiled all the counts for each gene in a specific cluster.

Gene ontology pathway enrichment analysis was performed by using Enrichr (Xie et al., 2021).

2.14 Statistical analysis

Statistical parameters including the sample size n (number of animals or cell lines), mean +
standard error of the mean (SEM), and statistical significance are reported in the figure legends
and figures. Parametric and non-parametric P values were calculated in GraphPad Prism 8.0 or

Excel. GraphPad Prism was used to calculate the mean and SEM. p<0.05 was considered as
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significant and asterisks denote statistical significance level (*, p< 0.05; **, p<0.01; ***,

p<0.001; ***% p<0.0001).
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Primary antibodies

laboratories, Inc.

Antigen Source Catalog Dilution | Species Antigen retrieval
F4/80 Invitrogen 14-4801-82 | 1:100 Rat 30s 0.4mg/ml proteinase K digestion or no
eBioscience Thermo antigen retrieval
Fisher
FOXP3 Invitrogen 14-5773-82 | 1:200 Rat Low pH buffer 200mL 10mM citrate buffer
eBioscience Thermo at pH 6
Fisher
CDg8 Invitrogen 14-0808-82 | 1:1000 | Rat Low pH buffer 200mL 10mM citrate buffer
eBioscience Thermo at pH 6
Fisher
MMR/CD206 | R&D Systems AF2535-SP | 1:1000 | Goat 30s 0.4mg/ml proteinase K digestion or no
antigen retrieval
Secondary antibodies
Antigen Source Catalog Dilution | Species Used for which primary antibodies
Rat Vector Laboratories | MP-7404- 1:2 Goat Used for CD8, FOXP3
50
Goat Vector Laboratories | MP-7405- 1:2 Horse Used for CD206
15
Rat Jackson 712-065- 1:1000 | Donkey Used for F4/80
ImmunoResearch 150

Table 2.1 Primary and secondary antibodies used for IHC staining in this study.
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Mouse allele

Primer name

Sequence (5°-3°)

Product

Recombined Kras Webl GTCTTTCCCCAGCACAGTGC Amplifies a ~650bp Kras9'*P and
Web2 CTCTTGCCTACGCCACCAGCTC | ~620bp wildtype band.
- TCCCAGAGTTCATACCAGGA
PTEN6637-F #1294 Amplifies a ~650bp Loxp band, a
Recombined Pren PTEN6925-R #1295 | GCAATGGCCAGTACTAGTGAAC | ~500bp wildtype band and ~300bp Pren
PTENT319-R #1296 | AATCTGTGCATGAAGGGAAC knockout band.

Table 2.2 PCR primers sequences used for recombination analysis.
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Gene name | Forward primer Reverse primer

Thp 5’-AGAACAATCCAGACTAGCAGCA-3’ 5’-GGGAACTTCACATCACAGCTC-3’
Argl 5’-TTGGGTGGATGCTCACACTG-3’ 5’-GTACACGATGTCTTTGGCAGA-3’
Mrcl 5’-CTCTGTTCAGCTATTGGACGC-3’ 5’-CGGAATTTCTGGGATTCAGCTTC-3
Cdi63 5’-GGTGGACACAGAATGGTTCTTC-3’ 5’-CCAGGAGCGTTAGTGACAGC-¥

1l6 5’-CTGCAAGAGACTTCCATCCAG-3’ 5’-AGTGGTATAGACAGGTCTGTTGG-3’
Nos2 5’-GTTCTCAGCCCAACAATACAAGA-3’ 5’-GTGGACGGGTCGATGTCAC-3’

Inf 5’-CCTGTAGCCCACGTCGTAG -3’ 5’-GGGAGTAGACAAGGTACAACCC-3’
Cxcll0 5’-CCAAGTGCTGCCGTCATTTTC-3’ 5’- GGCTCGCAGGGATGATTTCAA-3’
Cdse6 5’-CTGGACTCTACGACTTCACAATG-3’ 5’- AGTTGGCGATCACTGACAGTT-3’
1110 5’-GCTCTTACTGACTGGCATGAG-3’ 5’- CGCAGCTCTAGGAGCATGTG-3’
Tgfb 5’-CTCCCGTGGCTTCTAGTGC-3’ 5’- GCCTTAGTTTGGACAGGATCTG-3
Cxcr2 5’-ATGCCCTCTATTCTGCCAGAT-3’ 5’-GTGCTCCGGTTGTATAAGATGAC-3’
Cd274 5’-TGCGGACTACAAGCGAATCACG-3’ 5’-CTCAGCTTCTGGATAACCCTCG-3
Ccl9 5’-CCCTCTCCTTCCTCATTCTTACA-3’ 5’-AGTCTTGAAAGCCCATGTGAAA-3
Csf2rb 5’-GTGGAGCGAAGAGTACACTTG-3’ 5’-CCAAAGCGAAGGATCAGGAG-¥
Socs2 5’-AGTTCGCATTCAGACTACCTACT-3 5’-TGGTACTCAATCCGCAGGTTAG-3’
Cerl 5’-CTCATGCAGCATAGGAGGCTT-3’ 5’-ACATGGCATCACCAAAAATCCA-3’
Ccl6 5’-GCTGGCCTCATACAAGAAATGG-3 5’-GCTTAGGCACCTCTGAACTCTC-3
Saa3 5’-TGCCATCATTCTTTGCATCTTGA-3’ 5’-CCGTGAACTTCTGAACAGCCT-3

Table 2.3 qPCR primer sequences used in this study.
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Chapter 3: Cellular origin affects immune infiltration

Introduction

To test the hypothesis that the immune cell infiltrations are difference between acinar-cell- and
ductal-cell-derived precancerous lesions and PDAC, I first conducted IHC on pancreatic
histology sections to study the immune infiltration pattern and density of Tregs, CD8+ T cells,

and macrophages.

3.1 KPten®“"@”* mice have more Tregs and CD8+ T cells at the precursor lesion stage,
whereas KPten*?"<’* mice are more enriched in those cell population at the PDAC stage.
To investigate the immune infiltration differences in KPten*4<""* and KPten*"’" mice, we

used archived paraffin embedded pancreas histology sections generated from these mouse

ADuct/+ AAcinar/+

models (age 4-8 months for KPten mice, age 7-18 months for KPten mice) and
performed IHC staining using antibodies against immune cell populations that have the most
prognostic value. The first two immune cell populations I investigated by IHC staining were
Tregs and CD8+ T cells by using anti-FOXP3 or anti-CDS antibodies, respectively (Figure 3.1
A-B). Both cell populations have prognostic value as low numbers of Tregs and high CD8+ T
cell infiltration were associated with long-term survival in patients with PDAC after
pancreatectomy (Liu et al., 2016; Lohneis et al., 2017). We first quantified the total number of
cells surrounding or infiltrating into different types of morphological structures, specifically
ADM, PanIN, microscopic IPMN (Pre-IPMN), IPMN, or PDAC. Overall, both immune cell
populations had similar infiltration pattern between KPten®4<"@/* and KPten*P*’* models. First,

I found that the majority of Tregs and CD8+ T cells were present around ADM lesions in both

KPten*P“’* and KPten*4<"@* mice, although the infiltration of these cells is higher in
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KPten*4<nar™* mice compared to KPten*?"’* mice (Figure 3.1A-B, Figure 3.2 A). In addition, in
KPten*P“’* mice, there were significantly less Tregs and CD8+ T cells present surrounding pre-
IPMN (FOXP3+: 7x10°° cell count/negative pixel area (CN); CD8+: 3.5x10°° CN) or IPMN
(FOXP3+: 1.9x10° CN; CD8+: 1.8x10°% CN) compared to ADM (FOXP3+: 2.6x10 CN; CD8+:
1.4x107 CN) (Figure 3.1 A-B, Figure 3.2 A). Interestingly, the number of FOXP3+ and CD8+
cells increased when the IPMN was associated with PDAC (FOXP3+: 5.8x10°% CN; CD8+:
3.8x10% CN) (Figure 3.2 A). This is consistent with previous clinical observations that FOXP3+
cells are more prevalent in PDAC compared to [IPMN (Hiraoka et al., 2006; Roth et al., 2020). In
KPten*4<"ar™* mice, on the other hand, the number of these cell populations decreased from
ADM (FOXP3+: 9.9x107 CN; CD&+: 4x10~° CN) to PanIN (FOXP3+: 3.7x10 CN; CD8&+:
1.5x107° CN) to PDAC (FOXP3+: 4.2x10°° CN; CD8+: 1.7x10°° CN) (Figure 3.1 A-B, Figure 3.2
A). This decrease in the CD8+ T cell population from PanIN to PDAC is consistent with
previous mouse model and clinical studies (Hiraoka et al., 2006; Tiberti & Nezi, 2020). Overall,
Treg and CD8+ T cell infiltration are significantly higher in PanIN in KPten®4<"@* mice
compared to IPMN in KPten*P“’* mice (Figure 3.1 A-B, Figure 3.2 A). In addition, there are

generally more Tregs and CD8+ T cells in KPten*P#’* PDAC compared to KPten*4<"#’* PDAC.

Since the distance between CD8+ T cells and PDAC cells had prognostic value (Carstens et al.,
2017), I decided to look at how close Tregs and CD8+ T cells were to the
preneoplastic/neoplastic cells by measuring the distance between these immune cells to the
nearest ductal epithelium. All values were shown in violin plot to demonstrate data distribution.
In both KPten*P** and KPten®4“"*’* mice the immune cells were further away from the tumor

cells in PDAC compared those nearby IPMN or PanIN, respectively (Figure 3.1 A-B, Figure 3.2
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B). In addition, Tregs and CD8+ T cells were closer to the preneoplastic cells in PanIN in
KPten®<na* mice compared to IPMN in KPten*P“’* mice (Figure 3.1 A-B, Figure 3.2 B).
These data suggest a potential trend that a higher number of immune cells infiltrating lesions is
correlated to a shorter distance of the immune cells from the preneoplastic/neoplastic cells.
Consistent with this trend, I also saw significantly shorter distance of Tregs and CD8+ T cells to
the tumor cells in KPten*P*"* PDAC compared to KPten*4<"#’* PDAC (Figure 3.1 A-B, Figure
3.2 B). Taken together, these data show that infiltration of both Tregs and CD8+ T cells
decreased as PanIN progressed to become PDAC in KPten®4"@/* mice but increased as IPMN

progressed to become PDAC in KPten*P*"* mice.

3.2 Macrophage infiltration differs at the precursor lesion level between KPten*P"’* and
KPten®<na”* mice.

In addition to CD8+ T cells and Tregs, I studied the infiltration of macrophages next, as they are
one of the most abundant and investigated myeloid cell populations in the PDAC immune
microenvironment (Beatty et al., 2015a; Liou et al., 2017; Tu et al., 2021; Yaqing Zhang et al.,
2017; Y. Zhu et al., 2017). To look at the infiltration of macrophages, I did IHC staining against
the F4/80 antigen. In KPten®P““’* mice, macrophage infiltration into the stroma was most
abundant in ADM lesions and PDAC, but there were very few F4/80+ cells present in the stroma
associated with PanIN, Pre-IPMN, and IPMN lesions (Figure 3.3 A). Interestingly, we found that
macrophages tended to infiltrate the stalk of the IPMN where invasion of tumor cells into the
stoma was apparent, rather than inside IPMN nodules (Figure 3.3 Ai, Aii). KPten®4“"#"* mice on
the other hand had uniformly high macrophage infiltration around precursor lesions and PDAC

(Figure 3.3 B). To quantify the macrophages that were surrounding the precursor lesions and
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PDAC, I quantified the average infiltration density of macrophages surrounding each lesion type.
I found that the infiltration density of macrophages surrounding precursor lesions in
KPten*4<nar’* mice (46-50%) was significantly higher than those in KPten*?"’* mice (26-38%),
similar to what I found in the CD8+ T cells and Tregs infiltrations (Figure 3.3 C). Specifically,
PanIN in the KPten*4“"#’* model had twice as much as macrophage infiltration when compared
to IPMN in KPten*P"* mice (Figure 3.3 C). However, I did not observe any significant
difference in TAM infiltration between KPten*P*’* PDAC and KPten*<"*’* PDAC (Figure 3.3
C). I did similar macrophage quantification for the KPten*P</APuct and KPtentAcinar/Adcinar
histology sections with homozygous loss of Pfen and observed similar results (Figure 3.4). In
addition, the macrophage infiltration differences between the acinar cell and ductal cell PDAC
models were similar between the Pten heterozygous and the homozygous models (Figure 3.3,
Figure 3.4). Taken together, these results show that lesions arising from acinar cells tend to
attract more macrophages than precursor lesions of a ductal cell origin, at least in this genetic

context.
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Figure 3.1 Tregs and CD8+ T cells infiltration pattern in precursor lesions and PDAC

between KPten®4<"@’* and KPten®P“<"* mice.

(A) Representative images of immunohistochemistry for FOXP3 in different precursor lesions

and PDAC in KPten*P*’* and KPten®4"@’* mice. Black arrows point Tregs cells.
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(B) Representative images of immunohistochemistry staining for CD8 in different precursor

lesions and PDAC in KPten*P"’* and KPten*4“"*"* mice. Black arrows point CD8+ T cells.

Scale bar: 50 pm.
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Figure 3.2 Treg and CD8+ T cells infiltration level and proximity to neoplastic cells are

different between KPten®4<na’* and KPten®P*<"* mice.

(A, left) Quantification of Tregs as indicated by FOXP3+ cells divided by the total number of

hematoxylin positive pixels in a region of interest in KPten*P"’* and KPten*4<"“"* mice (n=10-

12 mice per genotype). (A, right) Quantification of CD8+ T cells as indicated by the number of
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CDS8+ cells divided by the total number of hematoxylin positive pixels in a region of interest in
KPten®P "+ and KPten®4“"@’* mice (n=10-14 mice per genotype). Mann—-Whitney U test was
used for statistic calculation.

(B, left) Quantification of the distance between individual FOXP3+ T cells and the nearest
glandular structure lumen in KPten*P“"* and KPten®4“"** mice (n=10-12 mice per genotype).
(B, right) Quantification of the distance between individual CD8+ T cells and the nearest
glandular structure lumen in KPten*P“"* and KPten®4“"*"* mice (n=10-14 mice per genotype).
All values shown in either box graph or violin plot to demonstrate data distribution. One-way
ANOVA with Tukey test was used for statistic calculation. *P<0.05, **P<0.01, ***P<0.001,

*aAxP<0.0001.
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Figure 3.3 Macrophage infiltration differs at the precursor lesion level between KPten“P"<*
and KPten®1<"@”* mice, but not at PDAC stage.

Low-magnification (top row) and high-magnification (box outlined area in top row shown in
bottom row) images of immunohistochemistry for F4/80 in different precursor lesions and PDAC
in KPten®P“’* (A) and KPten*<"*’* (B) mice. Black arrow in (A) points PDAC microinvasion
in an area near a pre-IPMN. Ai and Aii in (A) are high-magnification images of the stalk and
nodule aspects of the IPMN shown at low power in the first column.

(C) Quantification of macrophages infiltration as indicated by F4/80 staining positivity in a
region of interest in KPten*P“’* and KPten®4“"* mice (n=11-13 mice per genotype).

All values shown in box graph to demonstrate data distribution. All values shown as mean+SEM.
One-way ANOVA with Tukey test was used for statistic calculation. *P<0.05, **P<0.01,

*#%P<0.001. Scale bar: 400 um (A, top, IPMN; B, top), 50 um (A, bottom, Ai, Aii; B, bottom).
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Figure 3.4 Macrophage infiltration between KPten"P</ADuct qpd KPten®Acina/AMcinar g]gq
differs at the precursor lesion level, but not at PDAC stage.

Low-magnification (top row) and high-magnification (box outlined area in top row shown in
bottom row) images of immunohistochemistry for F4/80 in different precursor lesions and PDAC
in KPten*P“’* (A) and KPten®4“"*’* (B) mice.

(C) Quantification of macrophage infiltration as indicated by F4/80 staining positivity in a region
of interest in KPtenPu</APuct and K Ptencinar/Acinar mice (n=9-10 mice per genotype).

All values shown in box graph to demonstrate data distribution. All values shown as mean+SEM.
One-way ANOVA with Tukey test was used for statistic calculation. *P<0.05, ***P<0.001.

Scale bar: 400 um (A, B top), 50 um (A, B bottom).

53



Chapter 4: Cellular origin determines immune and PDAC phenotype

4.1 Genetic characterization of primary cell lines created from KPten*P"< and KPten"1¢nr
mice.

Based on the classical definition of macrophage activation states, macrophages can be polarized
to a M1-like pro-inflammatory state, or a M2-like anti-inflammatory state depending on cytokine
and chemokine signals in the TME (van Dalen et al., 2018). However, recent studies suggested
that the polarization of TAMs was dynamic and plastic rather than fixed at one of the extreme
ends of the M1 to M2 spectrum (Rdszer, 2015; Xue et al., 2014). As we observed differences in
FOXP3+ and CD8+ cell infiltration, as well as differences in the presence of macrophages as
normal cells formed tumors from acinar and ductal cells, we decided to study macrophage
polarization differences between the two cellular origin models by using an in vitro polarization
system. To do this our laboratory previously established PDAC primary cell lines specifically
from tumors from different cellular origins, so that we could create conditioned media from the
tumor cells. I have designated these PDAC cell lines as KPten*P"“! (367, 409, 746 A-the numbers
represent different mice) or KPren®4<"e (321A, 333A, 339A) PDAC cells. These cell lines were

ADuct/+

established from tumors from two KPten mice (367, 746A, no macroscopic IPMN was

noted), one macroscopic IPMN in a KPten”Puc/ADuct

mouse (409, arising from spontaneous
recombination of the genetic alleles), and three grossly visible tumors in KPten®4<na’* (321 A,
333A, 339A) mice (note: cell lines derived from the same cellular origin are treated as biological
replicates). In terms of the morphology of the PDAC cell lines, they showed epithelial

cobblestone-like morphology and grew in colonies of cells, which generated a monolayer on the

thick collagen gel of the cell culture plate (Figure 4.1 A). All PDAC cell lines showed
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recombination of the Kras®/?P allele (Figure 4.1 B), and all KPten*4<"" PDAC cell lines showed
genetic loss of heterozygosity at the Pten locus (Figure 4.1 C). The two KPten*P*’* PDAC cell
lines 367 and 746A still retained some level of wildtype Pten allele (Figure 4.1 C). As a result, |
have characterized these PDAC cell lines for the first time and showed that all KPten®4<nar
PDAC cell lines had loss of Pren heterozygosity, whereas the two KPten*P“’* PDAC cell lines

still retained the wildtype Pten allele.

4.2 Optimization of PDAC culture media for macrophage polarization studies.

To harvest PDAC cell line conditioned media to study the macrophage polarization phenotype, I
first cultured the PDAC cell lines until they reached 50-60% confluence, then refreshed the
media and let it condition for 24 hrs. Afterwards, I harvested this conditioned media and dilute it
2:3 with complete macrophage media, and subsequently used this mixture to condition
macrophages for 24 hrs. To first test out my macrophage polarization paradigm, I used RAW
264.7 macrophages due to their easy culture conditions and their reported ability to polarize in
response to PDAC conditioned media (Khabipov et al., 2019). I used conditioned media
generated from one of the KPten*P"“! PDAC cell lines, 367, to try to polarize RAW 264.7
macrophages for 24 hrs. I also included a MO control (cultured in RAW 264.7 macrophage
medium only), a negative control (NC) (cultured in 2:3 ratio of unconditioned pancreatic ductal
medium to RAW 264.7 macrophages medium), a M1 control (cultured in NC media with 50
ng/ml IFN-y), and a M2 control (cultured in NC media with 10 ng/ml of IL-4 and IL-13). After
24 hrs, I harvested RAW 264.7 macrophages from each polarization group to perform an
arginase activity or a nitric oxide synthase (iNOS) activity assay (Figure 4.2 A, B). Surprisingly,

I observed a high-level arginase activity and iNOS activity in the NC control media compared to
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the MO control media (Figure 4.2 A, B). Thus, some components of the duct media alone likely
induced the arginase activity in the NC and M1 controls, and the iNOS activity in the M2 and
NC controls (Figure 4.2 A, B). Additionally, because the level of arginase and iNOS activities in
the RAW 264.7 cells exposed to KPten*P““!-367 conditioned media was similar to the NC
control, this suggested that any activity from the tumor cell line might simply be due to

background activity caused by the pancreatic ductal medium.

To reduce the arginase and iNOS activity levels induced by the pancreatic ductal medium, I tried
removing different components in the medium recipe one by one and then polarizing RAW
264.7 macrophages in the specific drop-out media mixed with RAW 264.7 macrophage medium
at a 2:3 ratio for 24 hrs. Afterwards, I harvested RNA from the macrophages and chose to use
qPCR assays of Argl and Nos2 (iNOS) gene expression as readout for the arginase and iNOS
activity to improve the throughput of my assays. I found that only by removing bovine serum
albumin (BSA), bovine pituitary extract (BPE), soybean trypsin inhibitor (STI), insulin-
transferrin-selenium (ITS), and cholera toxin together from the pancreatic ductal medium (5-
drop-out media) could decrease the expression level of both Arg/ and Nos2 by 20- and 4-fold
(Figure 4.2 C). However, the level of Nos2 was still about 20-fold higher compared to M0
control (Figure 4.2 C). To further reduce the Nos2 expression, I focused on removing
components that might have substantial amounts of endotoxin, since it could trigger a strong pro-
inflammatory response in macrophages (Laskin et al., 1994). To identify components with
endotoxin, I performed a limulus amebocyte lysate (LAL) assay on pancreatic ductal medium
components that might have substantial amount of endotoxin. Surprisingly, I found that

fungizone has a relatively high amount of endotoxin units that accounted for almost all of the
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endotoxins present in the 5-drop-out media configuration (Figure 4.2 D). Therefore, I removed
fungizone from the 5-Drop-out media and designated this new medium formula as 6-Drop-out
ductal media. qPCR analysis of Arg/ and Nos2 expression level shows the Nos2 background
induced by the 6-Drop-out ductal media was reduced to almost the same level as the MO control

(Figure 4.2 E).

After successfully generating the low-endotoxin, low arginase background 6-Drop-out ductal
media, I cultured KPten*4<"* and KPten*P“* PDAC cell lines in this medium for at least 5
passages to monitor gene expression by qPCR because we hypothesized that some of the
cytokine gene expression previously in tumor cell lines from our laboratory could be due to the
presence of the endotoxin. I specifically examined the expression of those cytokine genes
previously identified in the Kopp laboratory as differentially expressed between tumors of
different cellular origins (manuscript in preparation) (Figure 4.3 A-E). I found that expression of
genes, such as Tnf, 1133, and I/4ra reduced over time but began to stabilize after 3 passages in the
6-Drop-out media. This suggested that although the cytokine expressions in these PDAC cell
lines did change after being cultured in the 6-Drop-out media, they eventually stabilized. I also
noticed during the passaging of the cells in 6-Drop-out media that their expansion times began to
reduce noticeably. Because I had completely removed BPE, which is thought to act like a serum
replacement factor, I doubled the amount of Nu-Serum IV to compensate for the loss of serum.
This complementation restored growth of 5 of the 6 cell lines. The sixth line, KPten*P"<! 367
couldn’t proliferate in this complemented Drop-out medium long-term and underwent
senescence (Figure 4.3 F). As a result, KPten*P“! 367 was excluded from further polarization

analysis with the 6-Drop-out ductal cell media. Additionally, the other 2 KPten*P“! PDAC cell
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lines began growing faster with apparent loss of cell contact inhibition and acquired a
mesenchymal morphology (Figure 4.3 G). Interestingly, the KPren4<"e" cell lines did not change
their growth or morphology in the 6-Drop-out ductal cell media suggesting that the 6-Drop-out

ADuct cell

media was permissive for KPren®4<"r cells but exerted a selection pressure on KPten
lines. Overall, these results demonstrate the effects of medium components on influencing

immune cell phenotypes and cytokine expression in tumor cells, as well as emphasizes the

importance of reducing the background activity induced by the medium itself.

4.3 KPten*“nr and KPten*?"“' PDAC cells polarized RAW 264.7 macrophages and
BMDMs with an M2-like phenotype but with different cytokine expressions

After optimizing my macrophage polarization conditions, I generated conditioned media from
each of the remaining KPten®4“"" and KPten*P* PDAC cell lines and then froze it in aliquots. I
then conditioned RAW 264.7 macrophages with the PDAC conditioned media for 24 hrs. I have
combined biological replicates (cell lines) derived from each cellular origin together for the
qPCR analysis, and I have shown the triplicates for each cell line to show the heterogeneity
between the biological replicates. qPCR analysis of the 264.7 cells exposed to conditioned media
derived from KPten*4<"" PDAC cells showed higher than baseline levels of Tnf, Cd86, and M2-
cell state markers Arg/ and Cxcr2 (Takeya & Komohara, 2016) (Figure 4.4A). KPten*P* PDAC
conditioned macrophages on the other hand expressed higher than baseline levels of Tnf, Argl,
and //10; and lower than baseline level of Nos2 (Figure 4.4A). Comparing the two cellular
origins, KPten*4<"" PDAC conditioned RAW macrophages expressed significantly higher levels
of Agrl and Cxcr2, whereas KPten*P*' PDAC conditioned macrophages expressed higher level

of 7110 and decreased level of Nos2 (Figure 4.4A). However, I found that conditioned RAW
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macrophages do not express M2-cell state TAM markers Mrcl and Cd163 (Ct value higher than
35) (Haque et al., 2019). Therefore, I decided to validate and further test my observations in
primary bone marrow-derived macrophages (BMDMs), as they have been widely used for

macrophage phenotyping studies (Orecchioni et al., 2019).

First, I harvested femur bone marrow (BM) cells from wild-type BL6 females at 6-11 weeks of
age. | preferentially used females, since my PDAC cell lines were all collected from female
mice. I then differentiated these cells into F4/80+ macrophages using M-CSF for 7 days.
Consistent with a macrophage identity, more than 95% of the BM-derived cells were typically
CD11b+F4/80+ after 7 days of culture (Figure 4.4.B). Similar to RAW 264.7 cells, I then re-
plated macrophages on day 7 of culture into 6 wells then exposed them to conditioned media
from KPten*4<"@" and KPten*P*“' PDAC cell lines. Similar to my observations with RAW264.7
cells, qPCR analysis shows that BMDMs polarized by KPten*4<"* PDAC cells exhibited higher
than baseline expression of M1-cell state marker 7/6 (Orecchioni et al., 2019), Argl, Cxcr2,
Mrcl, and Cd163 (Figure 4.4 C). KPten*?*PDAC polarized BMDMs, on the other hand,
expressed higher than baseline levels of Argl, 1110, Mrcl, and Cd163; and lower than baseline
level of Nos2 (Figure 4.4 C). Comparing the two cellular origins, by KPten*4<"" BMDMs
exhibited a much higher levels of 7/6 and Argl, whereas KPten*P* BMDMs expressed lower
levels of Cd86, Nos2, and Cxcr2, and a slightly higher level of /10 (Figure 4.4 C). The
expression of both Mrcl and Cd163 were similar between the BMDMs exposed to KPtenA¢iner
or KPten*P*’ PDAC cell conditioned media (Figure 4.4 C). To repeat this polarization
experiment and ensure the PDAC cell lines stability, I generated another batch of conditioned

media from KPten*4<"@" and KPten*P*“' PDAC cell lines and did the same polarization study.
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Although there were variations in gene expression levels between the two independent
experiments, the general trend of the gene expression difference between BMDMs polarized by
KPten*4¢inar and KPten*P"“' PDAC cell lines were similar in terms of 116, Cd86, Argl, 1110,
Cxcr2, Mrcl, and Cd163 expressions (Figure 4.4 C-D). In both cases, I observed the higher
expression of Nos2 in KPten*4<"*" BMDMs compared to KPten*P* BMDMs (Figure 4.4 C-D).
However, the expressions of Nos2 were very low with a Ct value of 34 and above, thus was not

really expressed.

To validate the M2-like transcriptional programs that I observed in BMDM:s polarized by
KPten*4<ar and KPten*P* PDAC cell lines, we performed IHC staining on KPten*4<"e/* and
KPten*P "+ PDAC using marker CD206, which is encoded by Mrcl (Figure 4.4 E) (Haque et
al., 2019). There was a strong signal for CD206 in the stroma (Figure 4.4 E). When quantified by
calculating the CD206+ infiltration density, I found that 40% of the area of interest was positive,
about the same positivity as F4/80 (Figure 4.4 F). This suggests that the majority of macrophages
present surrounding lesions in KPten®4@’+ and KPten*P** pancreata have some level of an
M2-like phenotype (Figure 4.4 F, Figure 3.3 C, Figure 3.4 C) (Rossi Sebastiano et al., 2020).
Similar to the TAM quantification data and the qPCR data, there was no significant difference in
CD206+ cells between PDAC in KPten*<"@’* and KPtenP*"* mice (Figure 4.4 F, Figure 3.3 C,
Figure 3.4 C). Overall, these results demonstrate that BMDMs polarized by KPten®4<"e and
KPten*P*'PDAC cell lines both exhibit an M2-like phenotype, but the extent and breadth of the
changes in the transcriptional program might be different between the two polarized BMDM

groups.
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4.4 BMDMs polarized by KPten*4“"s* PDAC cells show a greater similarity to in vivo
TAMs compared to BMDMs polarized by KPten*?" PDAC cells.

To further investigate the transcriptional landscape of BMDMs polarized by KPten*4<i" or
KPten*P* PDAC cell conditioned media, we did bulk RNA-sequencing (RNA-seq) on the
polarized BMDM samples, as well as the M0, NC, M1, and M2 controls. BMDMSs polarized by
the KPten*4<"a PDAC cell line 339A was omitted from the analysis due to RNA degradation at
the time of sequencing. Analysis of differentially expressed genes revealed that compared to the
negative control groups (M0 and NC combined), 197 genes were more highly expressed in
KPten*4cinar PDAC polarized BMDMs, whereas only 27 genes were more highly expressed in
KPten*P! PDAC polarized BMDMs (Figure 4.5 A-B, Appendix A.1-A.2). In both cases, most
of the differentially expressed genes were downregulated compared to the negative control group
(Figure 4.5 A, B). Examination of the genes that were upregulated in KPten®4"" BMDMs
suggested that they are related to GM-CSF signaling (Ccl6, Ccrl, Csf2rb) (Croxford et al., 2015;
Jarmin et al., 1999), STATS pathway (4rgl, Socs2, Ccl9) (Hennighausen & Robinson, 2008;
Huen et al., 2015; T. Yang et al., 2016), STAT3 pathway (Stat3, Socs3, Cd274) (Hennighausen
& Robinson, 2008; Marzec et al., 2008), and NF-kB activation (71r4, Arid5a, Nfkbia) (Figure 4.5
A) (Nyati et al., 2019). One notable gene is Cd274, which codes the immune checkpoint protein,
programmed cell death receptor ligand 1 (PD-L1). Many studies have shown that the expression
of PD-L1 in PDAC contributed to a worse prognosis and poorer survival outcome for patients
(Birnbaum et al., 2016; Liang et al., 2018; Yamaki et al., 2017; Yue Zhang et al., 2022). This
suggested the TAM population in KPten*4<" PDAC might contribute to a worse survival
outcome. Gene Ontology (GO) analysis of pathways enriched in KPten®4"s> BMDMs also

revealed categories related to cytokine signaling response, induction of NF-«xB, and
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inflammatory response, indicating a strong polarization response of KPtern*4<"" BMDMs (Figure

4.5 C, Appendix A.3).

Interestingly, most of the genes upregulated in KPten*P** BMDMs compared to controls were
related to protein folding and cell adhesion (Figure 4.5 B, D, Appendix A.4). However,
KPten*P*t BMDMs uniquely expressed higher levels of Mrcl, which is a well-known M2-like
TAM marker; and Cd93, which has been recently shown to be associated with an M2-like TAM
phenotype (Figure 4.5 B, D, Appendix A.4) (Z. Zhang et al., 2022). The higher expression of
Mrcl in KPten®P* BMDMs by RNA-seq might be the fact that KPten*4<"*"-339A polarized
BMDMs, which had high expression level of Mrcl (Figure 4.4 C-D), were not included for the
RNA-seq analysis. Nevertheless, KPten*P* BMDMs also expressed higher level of Mki67,
indicating higher proliferation (Figure 4.5 B). We also found KPten®4“"s" BMDMs and
KPten*P* BMDMs shared 8 markers, mostly related to cell-cell adhesion (Appendix A.1-A.2).
However, one common marker that stood out was Cd33, whose expression in myeloid cells was
associated with a poor survival in melanoma patients (Choi et al., 2020). We also noticed that the
PDAC cell polarized BMDMs do not fit neatly into the same transcriptomic profile as either M1
or M2 controls, as their most variable gene expressions do not align (Figure 4.5 E). This
confirms previous results (Boyer et al., 2022; Wu et al., 2020) and suggests that tumor-educated
macrophages (TEM) do not equal to an M1 or M2 state, and that the traditional M1 and M2

polarized states do not necessarily represent the in vivo TME.

To further investigate if our in vitro polarized BMDMs show similarity to in vivo TAMs, we re-

analyzed a scRNA-seq data set of the macrophages from the “late KIC”
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(Pdx1Cre;Kras®'’P; Cdkn2a"**/**) mouse model from Hosein and colleagues (Hosein et al.,
2019), and then created a pseudo-bulk RNA-seq gene expression profile to identify markers that
were unique to the KIC macrophages then compared their expression between the KPten®4cinar
BMDMs and KPtern*P*“ BMDMs from our studies. Comparing our polarized BMDM markers
with late KIC macrophage markers, we found a somewhat stronger correlation between
KPten®<ar BMDMs and the late KIC macrophages, compared to KPten*?"“ BMDMs and the
late KIC macrophages (Figure 4.5 F). In addition, 26 out of the 38 enriched pathways in
KPten®<ar BMDMs overlap with those in the late KIC macrophages, including those shown in
Figure 4.5 C (Appendix A.3). On the contrary, KPten*?"“* BMDMs showed relatively little
resemblance to the late KIC macrophages, with only one enriched pathway overlapping with the
late KIC macrophages (Figure 4.5 F, Appendix A.4). Although both KPten*4<"a" BMDMs and
KPten*P* BMDMs expressed KIC macrophage markers, about two-third of these markers were
higher expressed by KPten*4<" BMDMs compared to KPten*P"“* BMDMs (Appendix A.5),
again indicating a stronger resemblance between KPten®4" BMDMs and in vivo TAMs.
Overall, these results demonstrate that KPten*4<"@ PDAC cell conditioned media polarized

BMDMs to a greater extent and more closely resembled previously examined in vivo TAMs.

4.5 BMDMs were polarized by KPten*‘<"* PDAC cells through the GM-CSF signaling
pathway.

To further dissect the mechanism behind the difference in BMDM polarization between the
acinar and the ductal cell of origin, we did RNA-seq on the KPten* <" and KPten*P* PDAC
cell lines. I found that many cytokines and chemokines were differentially expressed between

KPten*4¢inar and KPten*P"“' PDAC cell lines, including Csf2, which codes for the protein GM-
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CSF (Figure 4.6 A-B). GM-CSF signaling is known to affect the STAT3, STATS, and NF-xB
signaling pathways (Thorn et al., 2016; Zhan et al., 2019). Here, I have found that some of the
genes that are upregulated in KPten*4<"” BMDMs are related to these pathways (Figure 4.5 A).
This suggests a potential role for GM-CSF in driving the transcriptional response of BMDMs to
KPten*4¢in@ conditioned media with a greater response. In addition, Boyer and colleagues
recently showed the secretion of GM-CSF from PDAC cells polarized BMDMs towards a pro-
tumoral phenotype with an increased expression in markers such as Arg/ and Ccrl (Boyer et al.,
2022). To examine whether the GM-CSF protein was present in the PDAC cell conditioned
media, [ measured the secreted levels of GM-CSF and other cytokines in PDAC cell conditioned
media using the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems). I found
that KPten*4<"a" PDAC cells indeed have a much higher secretion of GM-CSF in their

conditioned media, validating the RNA-seq data (Figure 4.6 C, Appendix B.1).

To further interrogate whether the higher secretion level of GM-CSF from KPten®4<"ar PDAC
cells drove the increased M2-like phenotype of KPten4<"s" BMDMs, I neutralized GM-CSF
using antibody in the conditioned media and then cultured BMDMs with the neutralized
conditioned media or an IgG control neutralized conditioned media. I then used qPCR to
quantify the changes in selected pro-M2 like and GM-CSF signaling related markers in polarized
BMDMs. As expected, I saw a dramatic reduction in Arg/ expression with the neutralization of
GM-CSF in KPten*4<"a BMDMs compared to the IgG control (Figure 4.6 D). The absolute
magnitude of suppression varied, likely due to the differences in expression and secretion of
GM-CSF present in each KPten*4<" PDAC cell line (Figure 4.6 A-C). Interestingly, KPten*Pu!

PDAC cell line 409 also expressed low levels of Csf2, but neutralizing GM-CSF activity in
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conditioned media from this cell line slightly increased the Argl expression in KPten*P"'-409
polarized BMDMs (Figure 4.6 D). This suggests that how BMDMs responded to the GM-CSF
neutralization in the PDAC conditioned media depended on which cellular origin the media was
derived from. In addition to changes in Arg/ expression, I observed the reduction of many GM-
CSF signaling related-markers (Ccl6, Ccrl, Csf2rb, Socs2, Ccl9, Cd274) and the STAT3-related
M2-TAM marker Mrcl (Jones et al., 2016) in KPten*4<"e BMDMs (Figure 4.6 D). The
expression level of 7/6, which is a downstream target of NF-«xB signaling (Brasier, 2010),
decreased significantly in the KPten*4<"” BMDMs neutralized with GM-CSF as well (Figure 4.6
D). Interestingly, the expression level of pro-M2 markers Cd/63 and Saa3 (Djurec et al., 2018;
Shiraishi et al., 2018) increased in KPten*4<"" BMDMs treated with anti-GM-CSF antibody

(Figure 4.6 D).

KPten*P*' BMDMs, on the other hand, showed a much milder response in gene expressions
following the GM-CSF neutralization. More specifically, only the KPten*P““' PDAC cell line 409
conditioned BMDMs produced a significant response following the neutralization in some genes
related to GM-CSF signaling (Ccl6, Socs2), and the M2-markers Mrcl and Cd163 (Figure 4.6
D). It should be noted that some gene expressions, especially those in KPten*P“ BMDMs, were
not influenced by the GM-CSF neutralization, indicating GM-CSF was not the only cytokine that
promoted the BMDM polarization phenotype (Figure 4.6 D). Interestingly, similar to the
observation with the expression changes in Arg/ between cellular origins, the gene expression
changes in Cd163 also showed the opposite trend between KPten*4<"" BMDMs and K Pten*Pu<!
409 BMDMs (Figure 4.6 D). In addition, the expression levels of most of the genes in Figure 4.6

D expressed by KPten*4<"*" BMDM s treated with anti-GM-CSF antibody decreased to almost
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the same level as KPten*P* BMDMs (Figure 4.6 D). Overall, these results show KPten®4cinar
PDAC cell polarized BMDMs to a greater extent, which was at least partially due to increased

GM-CSF signaling.

4.6 KPten*<nr and KPten*?"“' PDAC cells show distinct molecular subtypes.

To further investigate the transcriptomic differences between KPten*4<"e" and KPten*P*' PDAC
cells in addition to differences in cytokine expressions, we performed differential gene
expression analysis of the previously mentioned RNA sequencing data, as described previously
(Vuilleumier et al., 2019). We found that most of the top 200 most significantly differentially
expressed genes were enriched in expression in the KPten*P*“' PDAC cell lines compared to
KPten*4¢inr PDAC cells (Figure 4.7 A). Examining the GO terms associated with the
differentially expressed genes, as well as the genes with the greatest change, suggested that
KPten*P*'PDAC cell lines had higher expression of genes associated with a mesenchymal
phenotype. Studies in the past decade aiming to subtype clinical PDAC samples by using next
generation sequencing demonstrated that at a transcriptomic level, PDAC can be generally
categorize into either basal (quasi-mesenchymal) or classical subtypes (Martens et al., 2019).
Basal subtype PDAC tended to express genes enriched for signatures of epithelial-to-
mesenchymal transition (EMT) program and interferon response (Aiello et al., 2018; Chan-Seng-
Yue et al., 2020; Espinet et al., 2021), whereas classical subtype PDAC expressed genes
enriched for epithelial, gastric, and pancreatic lineage programs (Chan-Seng-Yue et al., 2020;
Raghavan et al., 2021). To examine which PDAC subtype KPten*P“ or KPten*<" PDAC cell
lines more closely resembled, we studied the expression of genes related to a basal or classical

subtype. I found that genes associated with a basal and classical subtype were differentially
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expressed in KPten®4<"a and KPten*P*'PDAC cells (Figure 4.7 B). Specifically, while
KPten*P*! PDAC cells strongly expressed many basal subtype-related genes, especially ones
related to an EMT-like program, KPten*4<" PDAC cells had higher expression levels of
classical subtype-related genes (Figure 4.7 B). In addition, KPten*P*“' PDAC cells also expressed
a higher level of interferon response-related gene signatures, such as Ifit2, Ifitm1, and Ifitm?2
(Figure 4.7 B) that were previously linked to a basal like PDAC subtype (Espinet et al., 2021).
This suggests a more classical-like PDAC subtype for KPten*4<"s" PDAC cells, and a more

basal-like PDAC subtype for KPten*P* PDAC cells.

To further compare the molecular subtypes of our PDAC cell lines with previously published
data sets examining PDAC subtype, we first compared our PDAC cell lines with the mouse
PDAC cell lines created in Aiello et al. (Aiello et al., 2018). These cell lines were characterized
as either having complete EMT (C-EMT) with basal-like phenotype, or partial EMT (P-EMT)
with classical-like phenotype. We used these cell lines to create a basal to classical Eigen vector
and then examined how close our PDAC cell lines clustered to the basal or classical end of the
spectrum. Principle component analysis (PCA) revealed that KPten*4<"” PDAC cell lines were
clustered with P-EMT cell lines, indicating their similarity to the classical phenotype (Figure 4.7
C). KPten*P"' PDAC cell lines were situated between P-EMT cell lines and C-EMT cell lines,
with one of the KPten*P*’ PDAC cell lines being closer to the C-EMT cluster. The clustering of
the KPten*P"“' PDAC cell lines near zero suggests that they have an intermediate phenotype with

a weak similarity to the classical subtype or basal subtype (Figure 4.7 C).
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I then compared the differentially expressed gene signatures in KPren4<"e" and K Pten®P!
PDAC cells with the scRNA-seq human PDAC subtype signatures from Raghavan et al.
(Raghavan et al., 2021). In this paper, they found metastatic PDAC cells exhibited 3 different
subtypes intracellularly, including single-cell basal (scBasal), single-cell classical (scClassical),
and single-cell intermediate co-expressing (scIC) subtype categories (Raghavan et al., 2021).
Using the gene signatures correlated with these 3 different PDAC subtypes published by
Raghavan et al., we compared our KPten*4¢"*" and KPten*P"“’ PDAC cell markers with the
makers in Raghavan et al., and this was plotted as a Venn diagram. These Venn diagrams
revealed that KPten®4<"a PDAC cells indeed have a strong overlap with scClassical subtype,
some overlap with scBasal subtype, and few gene shared with scIC subtype (Figure 4.7 D). On
the other hand, KPten*P*“' PDAC cells have a weaker overlap with scClassical subtype compared
with KPten®4<ar PDAC cells (Figure 4.7 E). However, KPten*”*PDAC cells have a stronger
overlap with both scBasal and scIC subtypes than KPten*4<"* PDAC cells (Figure 4.7 E). These
results support the hypothesis that KPten*P*“’ PDAC cells have a more intermediate/basal-like
subtype, while KPten®4<ar PDAC cells have more features associated with a classical subtype.
Although at this stage, we can’t make any definitive conclusions regarding how this subtype
difference might affect the expression level of Csf2, this will be discussed in detail in Chapter 5.
Overall, these results show that cellular origin affects the molecular subtype of PDAC, with the
ductal cellular origin having a tendency towards basal-like phenotype, and the acinar cellular

origin having a classical phenotype.
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Figure 4.1 KPten*?" and KPten*1"* PDAC cell lines morphology and alleles
recombination.

(A) Representative image showing the cobblestone epithelial morphology of the PDAC cell lines
used in this study. PDAC cells grew as colonies and formed a monolayer structure, with
occasional vesicles detected. Original magnification: 40X.

(B) LSL-KrasDEL PCR showing the recombination of the Kras allele. The wildtype Kras band
is 622bp, whereas the Kras®/?P recombined allele is 650bp. The DNA ladder is in 100bp
increments. Spleen and liver tissues were used as negative controls.

(C) Pten knockout PCR showing the recombination of the Pten allele. The Pten Loxp band is
650bp, wildtype Pten band is 500bp, whereas the Pten recombined deletion allele is 300bp. The
DNA ladder in 100bp increments. Spleen and liver tissues were used as negative controls.
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Figure 4.2 Pancreatic ductal cell medium optimization for macrophage polarization

experiment.
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(A) Arginase activity of RAW 264.7 macrophages measured as mU per mg of total protein in
different polarization groups. (n=1 per group).

(B) Nitric oxide synthase (iNOS) activity of RAW 264.7 macrophages measured as mU per mg
of total protein in different polarization groups. (n=1 per group).

(C) Relative expression level of Argl and Nos2 (iNOS) of RAW 264.7 macrophages polarized
by the complete pancreatic ductal medium and the 5 drop-out media (pancreatic ductal medium
without BSA, BPE, STI, ITS, and cholera toxin) compared to the MO control measured by qPCR.
(n=2 per group)

(D) Endotoxin level of each component of the pancreatic ducal medium measured by LAL assay
as Endotoxin Unit (EU) per ml. (n=1 per group)

(E) Relative expression level of 4rg/ and Nos2 of RAW 264.7 macrophages polarized by the 6
drop-out media (pancreatic ductal medium without BSA, BPE, STI, ITS, fungizone, and cholera

toxin) compared to the MO control measured by qPCR. (n=3 per group)
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Figure 4.3 PDAC cell lines showed stabilized cytokine expressions after 5 passages in the

Drop-out media.



(A-E) Selected cytokine expressions in KPten*4¢e" and KPten*P"! PDAC cell lines stabilized
starting at passage 3 (P3) when cultured in the 6-Drop-out ductal media by qPCR. Data is
normalized to the gene expression from passage 3. (n=1 per cell line)

(F) KPten*P*! PDAC cell line 367 showed senescent features at P3 in the 6-Drop-out ductal

media (enlarged and flattened cell morphology) when cultured in the 6-Drop-out ductal media.

Original magnification: 40X.
(G) KPten*P“' PDAC cell lines 409 and 746A showed loss of cell contact inhibition and
mesenchymal morphology when cultured in the 6-Drop-out ductal media. Original

magnification: 40X.
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Figure 4.4 KPten*1“"s and KPten*?"“' PDAC cells polarized RAW 264.7 macrophages and

BMDMs with an M2-like phenotype.
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(A) Relative expression of genes in RAW 264.7 macrophages polarized by KPten*4<"@" and
KPten*P ! conditioned media normalized to the negative control (NC). Experiment was
performed with 3 replicates (same color) for each cell line, and each cell line was represented as
a different color (the color for each cell line can be seen in the legend underneath C and D, there
are three KPten*4<"@ cell lines and two KPten*P“! cell lines). Dotted line indicates NC baseline.
(n=3 cell lines for KPten*4<"@" n=2 cell lines for KPten*P*"y Mann—Whitney U test was used for
statistic calculation.

(B) Representative flow cytometry graph showing BMDMs being double positive for CD11b and
F4/80 markers.

(C) Relative expression of genes in BMDM s polarized by KPten*4<"e" and KPten P <!
conditioned media normalized to the negative control (NC). Experiment was performed with 3
replicates (same color) for each cell line, and each cell line was represented as a different color
(the color for each cell line can be seen in the legend underneath C and D, there are three
KPten®<nar cell lines and two KPten®P* cell lines). Dotted line indicates NC baseline. (n=3 cell
lines for KPten*4<"@r n=2 cell lines for KPten*P“") Mann—Whitney U test was used for statistic
calculation.

(D) Repeated BMDM polarization experiment using a second batch of conditioned media
generated from KPten*4<"@" and KPten*P"“' PDAC cell lines. Relative expression of genes was
normalized to NC. Experiment was performed with 3 replicates (same color) for each cell line,
and each cell line was represented as a different color (the color for each cell line can be seen in
the legend underneath C and D, there are three KPten*4<"e" cell lines and two KPten*P cell

lines). Dotted line indicates NC baseline. (n=3 cell lines for KPten*4<"@ n=2 cell lines for
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KPten*Pu") Figure legend for each cell line for figure A, C, and D are indicated at the bottom of
graph C and D. Mann—Whitney U test was used for statistic calculation.

(E) Low-magnification (top row) and high-magnification (bottom row) images of
immunohistochemistry for CD206 in KPten*P“’* and K Pten*4<"<"* PDAC.

(F) Quantification of CD206 staining positivity in KPten*P"’* and KPten*4<"¢"* PDAC (n=5-6).
All values shown as mean+=SEM. *P<0.05, **P<0.01. Scale bar: 400 um (D top), 50 um (D

bottom).
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Figure 4.5 BMDM:s polarized by KPten"4<"* PDAC cells show greater similarity to in vivo
TAMs.

(A) Heat map of the differentially expressed genes in KPten*4"a PDAC polarized BMDMs
compared to MO and NC groups.

(B) Heat map of the differentially expressed genes in KPten*P“! PDAC polarized BMDMs
compared to MO and NC groups.

(C) Expression signatures enriched in KPten*4<"# PDAC polarized BMDMs relative to MO and
NC groups, as identified by Enrichr analysis. These enriched pathways also overlap with those
enriched in late KIC macrophages described in Hosein et al.

(D) Expression signatures enriched in KPten*?"! PDAC polarized BMDMs relative to MO and
NC groups, as identified by Enrichr analysis. Platelet degradation (GO: 0002576) pathway
overlaps with late KIC macrophages described in Hosein et al.

(E) Heat map showing the top 500 most variable genes in each of the BMDM groups. Note the
transcriptomic difference between KPten®4"" BMDMs, K Pten*P*“* BMDMs, and the M1 and
M2 control BMDMs.

(F) Heat map showing the Spearman correlation between KPren*4<"" PDAC polarized BMDMs,

KPten*P ' PDAC polarized BMDMs, and late KIC macrophages described in Hosein et al.
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Figure 4.6 KPten*4“"s* PDAC cells polarized BMDMs through GM-CSF signaling pathway.
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AAcinar and

(A) Heat map of the differentially expressed chemokines and cytokines in KPten
KPten*P ! PDAC cell lines.

(B) Quantification of Csf2 expression in KPten*4<"" and KPten*P*' PDAC cell lines. (n=3 for
KPten*4¢inar n=) for KPten*Pu")

(C) Quantification of cytokines and chemokines secretion level in the conditioned media
generated from KPten*4<"@" and KPten*P"' PDAC cell lines by cytokine array assay. (n=2 for
KPten®cinar n=) for KPten*P"") Unpaired student-t test was uased for statistic calculation.
(D) Relative expression of genes related to GM-CSF signaling in KPten*4<"*" and KPten"P !

BMDMs neutralized with anti-GM-CSF antibody or isotype control by qPCR. All gene

expressions were normalized to the negative control (NC), which expression levels were

indicated as dotted line at fold change equals to 1. Legend at the lower right corner indicates the

cellular origin for each PDAC cell polarized BMDM group. Unpaired student-t test was used for

statistic calculation.

All values shown as mean+SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 4.7 KPten®1“"e" and KPten*?"* PDAC cells express distinct molecular subtypes.
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(A) Heat map of top 200 differentially expressed genes in KPten*4<"@" and KPten*P" PDAC cell
lines.

(B) Heat map of differentially expressed basal- and classical-PDAC subtype related markers in
in KPten®4<ar and KPten*P"! PDAC cell lines.

(C) Principal component analysis (PCA) plot of KPten®4“" and KPten*P* PDAC cell lines in
relation to C-EMT and P-EMT cell lines from Aiello et al.

(D) Venn diagram showing the overlap gene signatures between KPten*4<"@ PDAC cell lines
differentially expressed genes and scBasal, scClassical, and scIC transcriptional states signatures
described in Raghavan et al.

(E) Venn diagram showing the overlap gene signatures between KPren*?“ PDAC cell lines
differentially expressed genes and scBasal, scClassical, and scIC transcriptional states signatures

described in Raghavan et al.
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Chapter S: Discussion

I show here that with the same genetic mutations, acinar and ductal cells resulted in distinct
precursor lesions, which ultimately led to diverse evolution of the PDAC immune landscape. I
found that KPten*4“""* mice tended to have more immune cell infiltration at the precursor
lesion stage compared to KPten*P“’* mice, but at the PDAC stage the infiltration of Tregs,
CD8+ T cells, and TAMs were lower in KPten®4<"’* mice. In addition, secreted factors from
KPten®cinar PDAC cells had a greater effect on BMDMs and induced both a pro-tumoral
phenotype and pro-inflammatory properties. KPten*?*“’ PDAC cells on the other hand had less
effect on the BMDM transcriptome, potentially due to lower expression of GM-CSF. In addition,
the transcriptome of KPten®4" PDAC cells was very similar to the classical molecular PDAC
subtype, whereas KPten*P*’ PDAC cells had an intermediate-to-basal-like molecular subtype. In
summary, I have shown for the first time that PDAC cellular origins can affect the immune cell
infiltration, as well as its evolution and transcriptional phenotype. These results suggest the
importance of taking cellular origin into account when studying the immune microenvironment

of PDAC and potentially developing therapeutics.

5.1 Cellular origin affects immune landscape evolution from precursor lesion to PDAC
To study the effects of cellular origin on the PDAC immune microenvironment, I investigated
the immune infiltration of CD8+ T cells, Tregs, and macrophages into pancreatic lesion areas in
KPten*P“’* and KPten*4<"@* mice. Interestingly, I found the infiltration of these immune cells
populations is the most abundant in ADM lesion in both models. Macrophages have been shown
to drive ADM process by secreting inflammatory cytokines, and their population is abundant and

easily detected at the earliest stages of tumorigenesis (Liou et al., 2013; Schlesinger et al., 2020).
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Consistent with previous data (Pitarresi et al., 2016; S. Yang et al., 2021), the recruitment of
Tregs positively correlates with macrophage infiltration, and it was readily detectable at the
ADM stage. It was previously found that with the release of chemokines into the
microenvironment, the infiltration of CD8+ T cells also started at an early stage of PDAC
tumorigenesis (Foucher et al., 2018), consistent with our findings. It should be noted that the
ADM formed in KPten*P"’" mice was the result of inflammation caused by the pancreatic duct
blockage and was accompanied the atrophy of acinar cells, whereas the ADM formed in
KPten®<inar’* mice was primarily the result of the effects of the oncogenic Kras mutation in
acinar cells. Interestingly, I observed that immune cell infiltration is higher in KPten4¢nar’*
ADM than KPten®P*’* ADM, indicating that additional pro-inflammatory signaling driven by
Ras activation might promote more immune infiltration than inflammation alone, consistent with
previous results (Storz & Crawford, 2020). I also observed macrophage infiltration in [IPMN is
almost exclusively in the stalk area where the nodule attached to the wall of the cyst and not
within the fibrovascular stalk of the nodule itself. Since cancer-associated fibroblasts have been
shown to play an important role in the recruitment of macrophages (Gunaydin, 2021), this

indicates a potential difference in the stromal composition between the IPMN stalk and the

nodule.

I found that the KPten*4“"#’* pancreas tends to be more immune-active at precursor lesion stage,
whereas in KPten*P"’* pancreas the infiltration of CD8+ T cells, Tregs, and macrophages only
increased when IPMN became invasive and formed PDAC. This increased incidence of T cells at
PDAC stage was also observed in another IPMN mouse model with Kras®/?? and loss of Rnf43

(Hosein et al., 2022). I also observed an inverse relationship between T cell infiltration and its
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distance to neoplastic ductal cells, confirming the negative role of stroma on impeding the
infiltration of T cells in tumors (Joyce & Fearon, 2015). Interestingly, I found the CD8+ T cells
are significantly closer to tumor cells in KPten*P*’* PDAC with higher infiltration compared to
KPten*4<nar’* PDAC. As spatial distribution of CD8+ T cells in proximity to PDAC correlates
with increased overall patient survival (Carstens et al., 2017), this indicates IPMN-derived
PDAC might correlate with a better prognosis compared to PanIN-derived PDAC, confirming
previous observation (McGinnis et al., 2020). In addition, a high intratumoral CD8+ T cells to
macrophage ratio has been shown to correlate with a longer median survival, and patients with
lymphoid rich tumors have significantly improved survival outcome after surgery (Liudahl et al.,

2021), again suggesting a better outcome for patients with [IPMN-derived PDAC.

Previous clinical studies specifically examining the IPMN immune landscape showed that the
infiltration of CD8+ T cells decreased as IPMN progressed to become invasive, contrary to our
study (Bernard et al., 2019; Roth et al., 2020). It should be noted that these studies did not
compare IPMNs within the same histological subtype (Bernard et al., 2019; Roth et al., 2020),
whereas in our study the IPMNs formed are predominately pancreatobiliary (PB-IPMN) (Kopp
et al., 2018). Our results might indicate the relatively low level of CD8+ T cell infiltration in PB-
IPMN contributes to its worst clinical prognosis among all IPMN subtypes (Marius Distler et al.,
2013). Overall, our studies show that the immune landscape evolution is fundamentally different
between acinar and ductal derived lesions and PDAC. Future studies using multiplex IHC are
necessary to further dissect the differences in the immune cell landscape as tumors develop from

different cellular origins.
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5.2 Cellular origin affects in vitro BMDM polarization

I have shown here that BMDM s exposed to conditioned media from KPten*4<"" and KPtenP !
PDAC cells showed an M2-like phenotype, which I also confirmed was present in vivo with IHC
staining for CD206. Furthermore, my RNA-seq analysis revealed that both acinar- and ductal-
cell-derived PDAC media induced BMDM to express pro-tumoral markers. Specifically,
KPten*4¢inv_exposed BMDMs expressed Argl, Cerl, Cer2, Ccl6, and Ccl9. These genes were
previously associated with a pro-tumoral function of TAMs in vivo and are reported to be
involved in enhancing tumor migration and survival (Grossman et al., 2018; Grzywa et al., 2020;
Masetti et al., 2021; Yan et al., 2015; Yaqing Zhang et al., 2020). In addition, the expression of
SAA in human TAMs in breast cancer tissue was associated with poor prognosis (M. Yang et al.,
2016). The expression of Cd274 (PD-L1) on TAMs is critical for the immunosuppression of
CD8+ T cells in vivo, thereby enhancing tumor progression (Petty et al., 2021). As the
expression of PD-L1 correlates with worse prognosis and survival for PDAC patients (Birnbaum
et al., 2016; Liang et al., 2018; Yamaki et al., 2017; Yue Zhang et al., 2022), this might indicate
the TAMSs in our acinar cell model also contribute to an unfavourable outcome. However,
KPten®<iir BMDMs were polarized to a greater extent compared to KPten*?"“ BMDMs,
indicated by the larger number of differentially expressed genes and enrichment of immune
response-related GO pathways. Interestingly, I observed the increased expression of proliferation
marker Mki67 in KPten*P* BMDMs, indicating the ductal-cell-derived PDAC might induce
proliferation instead of a strong M2-like phenotype in the BMDMs. On the other hand,
KPten*4¢inar BMDMs showed downregulation in genes related to cell division and cell cycle
compared to the negative control group. It has been shown that M2-macrophages derived from

the bone marrow lost their immunosuppressive phenotype with increased proliferation in vitro,
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whereas bone marrow-derived M2-macrophages that were non-proliferative were able to
maintain their immunosuppressive phenotype (Cao et al., 2014). This suggests a potential inverse
relationship between macrophage polarization and proliferation, which could potentially explain
the difference in polarization and proliferation between KPten*P“*’ BMDMs and KPren®4nar
BMDMs. In sum, my results strongly suggest that the cellular origin of PDAC can affect

macrophage polarization and their proliferation.

When we compared our conditioned BMDMs with markers from late KIC macrophages (Hosein
et al., 2019), which were in vivo TAMs, 1 found that KPten*4<"a” BMDMs showed a greater
correlation with in vivo TAMs compared to KPten*P*“* BMDMs. This was also confirmed by the
higher gene expression levels of KIC macrophage markers in KPten®4“"s" BMDMs compared to
KPten*P*' BMDMs. In addition, KIC macrophages exhibited a pro-inflammatory phenotype
(Hosein et al., 2019) and had enriched pathways related to regulation of inflammatory response,
which the KPten*4<"s* BMDMs also shared. This indicates KPten*<"*" BMDMSs not only
showed pro-tumoral properties but exhibited the pro-inflammatory features as well. This shows
the complexity of macrophage polarization and that pro-tumoral macrophages do not necessarily
express only M2-related markers. Future studies on macrophage polarization are necessary to
further dissect this combined effect of polarization that produces both phenotypes at the same
time. It should be noted that our conditioned BMDMSs do not represent the entire population of in
vivo TAMs, because a significant population of TAMs in pancreatic tumor in vivo are tissue-
resident macrophages, which showed a more pro-fibrotic transcriptional profile compared to
monocyte-derived TAMs (Baer et al., 2022; Y. Zhu et al., 2017). Our in vitro BMDM system

could only model monocyte-derived TAMs, thereby excluding the tissue-resident macrophage

87



population that are found in vivo (Toda et al., 2021). As a result, future studies using induced
pluripotent stem cell (iPSCs)-derived primitive macrophages would be necessary to further
dissect the role of PDAC cellular origin on the polarization of tissue-resident macrophages
(Takata et al., 2017). Nonetheless, my study shows that KPten*4<"= PDAC cells polarized
BMDMs with a greater similarity to in vivo TAM, therefore validating our BMDM polarization

system.

Compared to KPten*4<"s BMDMs, KPten*P*“* BMDMs showed relatively little overlap with in
vivo TAMs, potentially since KPten*P“* BMDM:s are more similar to the negative control group
(MO0 and NC BMDMs) and not very polarized in nature. This indicates that unlike the acinar
cellular origin, the ductal cell derived-PDAC cells do not play as big of a role in polarizing
macrophages and express very few M2-TAM markers according to the RNA-seq data.

ADuct/+ an d

Interestingly, our previous observation on the increased TAM infiltration in KPten
KPten®PucvADuct mice at the PDAC stage and not at the IPMN stage might suggest the increased
desmoplastic stroma played a more important role in recruiting TAMs and not the tumor cells
themselves. Recent publications suggest cancer associated-fibroblasts (CAFs) play an important
role in recruiting and polarizing TAMs towards a pro-tumoral phenotype (Raskov, Orhan,
Gaggar, et al., 2021; Velez-Delgado et al., 2022; A. Zhang et al., 2017). This might indicate
CAFs play a major role in not only recruiting, but also polarizing TAMs in the ductal cell-
derived PDAC, whereas in the acinar cell-derived PDAC both CAFs and the tumor cells could
recruit and polarize TAMs. Future studies that incorporate CAFs into the in vitro polarization

system are necessary to further investigate if CAFs could indeed polarize macrophages better

than PDAC cells alone in the ductal cell model.
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5.3 Cellular origin differences in BMDM polarization are facilitated by GM-CSF
signaling

I have shown here that the expression of many pro-tumoral genes in KPtern*4<"" BMDMs are
facilitated by GM-CSF signaling, which played an important role in the larger polarization effect
seen in KPten*4<" BMDMs. GM-CSF has been shown to promote PDAC tumorigenesis and the
development of an immunosuppressive myeloid cell population in the PDAC TME (Bayne et al.,
2012; Pylayeva-Gupta et al., 2012). Recently, Boyer and colleagues showed GM-CSF could
polarize BMDMSs with a pro-tumoral phenotype, which was mediated at least partially through
metabolic changes (Boyer et al., 2022). Here, I have shown that the pro-tumoral effects by GM-
CSF signaling was mediated through many downstream signaling pathways including STAT3
and STATS, confirming previous results (Ruffolo et al., 2021; Thorn et al., 2016). Interestingly, I
found the expression of pro-tumoral markers Cd/63 and Saa3 increased with the GM-CSF
neutralization. The expression of Cd163 was shown to be inhibited by pro-inflammatory genes
such as /6 as the result of the activation of NF-kB signaling (Z. Zhu et al., 2020). In our model,
the neutralization of GM-CSF dampened the NF-«B signaling, as shown in the decreased
expression of 7/6, which may have subsequently resulted in the increased expression of Cd/63.
As for Saa3, its expression was shown to inhibit the effects of GM-CSF signaling through
decreasing its receptor transcription (Kim et al., 2017). Therefore, the decreased expression of
Csf2rb might be the result of increased Saa3 expression. However, it is still unknown what

caused the increased in Saa3 expression with the neutralization of GM-CSF.
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The paradoxical pro-inflammatory and immunosuppressive properties of GM-CSF have been
documented (Zhan et al., 2019). This dual role of GM-CSF, with its positive regulation of NF-
kB, might contribute to the proinflammatory properties I observed in KPten®4“"s" BMDMs when
compared to the KIC macrophages (Parajuli et al., 2012). Zhan and colleagues suggested that the
biological outcome of GM-CSF signaling, and which selective downstream pathway is activated
is dependent on its signaling strength (Zhan et al., 2019). According to the cytokine array data,
KPten*4<inar 339 A had the most GM-CSF secreted in the conditioned media, KPten*P* 409
secreted less GM-CSF compared to KPten*4<" PDAC cells, and KPten*P“! 746 A had almost no
GM-CSF in the conditioned media (Appendix B.1). This is reflected in the GM-CSF
neutralization data, where KPten*4“"" BMDM s had a greater response to neutralization than
KPten*P*' BMDMs; KPten*P"' 409 BMDM s had response in some gene expressions; and 746A
BMDMs was not affected by the neutralization at all. This difference in GM-CSF concentration
could partially explain the opposite outcomes seen in the expression of Arg/ and Cdl63 with the
neutralization of GM-CSF from the KPten*P"“! 409 polarized BMDMs compared with
KPten®<i"ir BMDMSs. How exactly different doses of GM-CSF orchestrates multiple
downstream signaling pathways and regulates specific gene expression still remains unknown
(Zhan et al., 2019). In the case of KPten®<"ar 339A, its GM-CSF secretion levels were the
highest among all PDAC cell lines, perhaps near the saturation level for the assay (Appendix
B.1). In addition, KPten*4<"ar 339 A polarized BMDMs expressed the highest amounts of all
genes I investigated with my qPCR analysis and had the most changes in those gene’s expression
with the GM-CSF neutralization. This might suggest that at a very high dosage, GM-CSF could
trigger the upregulation of all its downstream signaling pathways, producing a strong add-on

effect on the macrophage polarization. Future studies investigating how GM-CSF dosage can
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affect macrophage polarization are necessary to further dissect the mechanism behind the

paradoxical role of GM-CSF.

Although GM-CSF played an important role in the polarization of KPten*4<"" BMDMs, the
mechanism behind the small effects of KPten*P* conditioned media on BMDMs is still
unknown. As KPten*P*'PDAC cells secreted more M-CSF, CXCL12, and CCLS5 in the
conditioned media, and previous evidence suggests each of these cytokines has an effect on
polarizing macrophages into a pro-tumoral phenotype (Babazadeh et al., 2021; Y. Zhu et al.,

2014; Zhuang et al., 2021), I neutralized these cytokines and examined changes in gene

expression. Unfortunately, I found that neutralization of each of these factors had little effects on

expression of gene related to polarization (Appendix B.2-B.4). Nevertheless, I have shown that

the difference in GM-CSF expression between KPten*4<"@" and KPten*P"' PDAC cells played a

critical role in causing the difference in magnitude of the Arg/ expression between BMDMs

exposed to conditioned media from tumors of two different cellular origins. Future studies are

necessary to tease out the mechanism behind the polarization of KPten*P*“’ BMDM:s, as well as

the interesting induction of BMDM proliferation.

5.4 Cellular origin affects PDAC molecular subtypes

I have shown that the transcriptional profiles of PDAC cells derived from acinar and ductal

cellular origins are vastly different, and the two cellular origins resembled different molecular

ADuct

subtypes. While KPten*4<"e" PDAC cells strongly express classical subtype genes, KPten
PDAC cells gene expression resembles an intermediate-to-basal-like subtype. Espinet and

colleagues found that a cell-intrinsic activation of an interferon response gene signatures in

91



PDAC was correlated with a basal-like subtype and a ductal cellular origin (Espinet et al., 2021).
We indeed found a higher expression of interferon response-related gene signatures in KPten*P <!
PDAC cells, confirming previous findings. In addition, Flowers and colleagues recently
demonstrated that ductal cell-derived and acinar cell-derived tumor signatures are enriched in
basal-like and classical-like subtypes, respectively, by using mouse models, again confirming
that cellular origin could impact the molecular subtype of PDAC from an early tumorigenesis
stage (Flowers et al., 2021). However, in our study, we found that KPten*P“’ PDAC cells exhibit
a strong intermediate subtype, in addition to their basal-like program such as EMT, as their

scBasal and scClassical signatures are both relatively abundant with a higher scIC signatures as

well.

Raghavan and colleagues recently identified a IC state of PDAC subtype that expresses both
basal and classical markers, indicating the traditional classification of either a basal or classical
subtype is limited and doesn’t represent the molecular heterogeneity of PDAC at a cellular level
(Raghavan et al., 2021). Indeed, from our RNA-seq data we found that both KPten*4<"" and
KPten*P*'PDAC cells express gene signatures related to basal and classical subtype, but the
direction of tendency towards each subtype is different. KPten*P““’ PDAC cells express a
significant number of classical-related gene signatures in addition to their basal-related gene
signatures. This might explain the lower magnitude in fold change in genes differentially
expressed by KPten*4<"" PDAC cells, as both cellular origins expressing genes associated with a
classical phenotype, albeit with KPten*4<"" PDAC cells express them at slightly higher levels
than KPten*P*“' PDAC cells. On the other hand, the basal-like programs, such as EMT, that

KPten*P*'PDAC cells acquired are uniquely and strongly expressed by these cells only,
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therefore producing a higher magnitude in fold change. In addition, Raghavan et al. also found
scBasal PDAC had higher infiltration of C/QC+ TAMs, whereas scClassical PDAC had higher
infiltration of SPP1+ TAMs (Raghavan et al., 2021). Interestingly, KPten*?*“ BMDMs had
higher transcriptional levels (FPKM) of both Clgc (KPten*P*BMDMs:1893.51, 1726.88;
KPten®cinar BMDMSs:1615.7, 1600.69) and Spp! (KPten*P* BMDMs: 1450.6, 2133.94;
KPten*4¢"ar BMDMSs: 691.126, 730.49), again indicating a more scIC-like subtype of the

KPten*Put PDAC cell lines.

In addition, Raghavan and colleagues discovered that the TME of IC subtype PDAC is enriched
in T cells, including CD8+ T cells and Tregs (Raghavan et al., 2021). This correlates with our
previous findings that KPten*P“”* PDAC has more CD8+ T cell and Treg infiltration compared
to KPten*4<ma’* PDAC. Since the idea of an intermediate PDAC molecular subtype is still
relatively new, how it and its T cells rich TME correlates with patient prognosis is still unknown.
Future studies are necessary to investigate its correlation with prognosis and dissect the
mechanism behind the potential correlation. I did not identify any studies linking GM-CSF
expression with any of the PDAC molecular subtypes. Our study is the first to show the
correlation between GM-CSF expression and a classical PDAC subtype. Future studies will be
necessary to further investigate the correlation between PDAC molecular subtype and the
expression of GM-CSF. Another limitation of our study is the small sample size for cell lines,
and it is unknown how the PDAC molecular subtype and the polarized BMDMs phenotype
might be with additional samples. As a result, future studies need to include additional samples
to investigate the effect of cellular origin on PDAC molecular subtype and BMDM polarization

more vigorously. Nonetheless, our results confirmed that cellular origin indeed affects molecular
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subtype, with an acinar cell of origin strongly correlating with a classical PDAC phenotype and

the ductal cell of origin having tendency towards a basal-like phenotype.

5.5 Closing remarks and future directions

I have shown the importance of cellular origin in the recruitment and progression of immune cell
infiltration, the phenotype of macrophages, and the fundamental transcriptome of the PDAC
cells. This might partially explain the immune heterogeneity seen in PDAC patients, as they have
various degrees in the infiltration of myeloid cells and lymphocytes, with different levels of
immune checkpoint expressions (Liudahl et al., 2021; Narayanan et al., 2021; Steele et al.,
2020). As a result, it may be important to take the cellular origin into account when developing
targeted immunotherapies for PDAC, as it might give clues about the patient’s immune
microenvironment. The limitations of our study are that our ductal mouse model developed
primarily PB-IPMN as the precursor lesions, but ductal cells could also give rise to PanIN and
other types of IPMN based on the genetic background (Collet et al., 2020; Kopp et al., 2018; Lee
et al., 2019). As a result, future studies need to investigate if differences in precursor lesion
histology play an important role in determining the immune microenvironment in PDAC derived
from the ductal cell origin. In addition, studies using clinical samples are necessary to confirm
our observation of the immune infiltration we found in PB-IPMN and the PDAC derived from it.
It is still unknown if cellular origin and the differences in immune microenvironment have a role
in determining prognosis clinically. Thus, future studies using scRNA-seq are crucial to

investigate the cellular origin and the immune cell population of clinical PDAC samples.
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Appendices

Appendix A BMDM RNA-seq

Al

KPten®4<a- BMDM differentially expressed genes

The table below lists differentially expressed genes of KPten®4<"s" BMDMs compared to M0 and

NC BMDM controls. Genes are ranked by significance. Genes that are highlighted are shared

with KPten®P* BMDMs

gene id gene name log2FoldChange | log2CPM | baseMean

ENSMUSG00000052336 | Cx3crl -2.87 6.07 1797.38
ENSMUSG00000026580 | Selp 5.3 4.09 453.64
ENSMUSG00000029082 | Bstl 3.02 5.95 1670.09
ENSMUSG00000037095 | Lrgl 6.18 2.97 211.37
ENSMUSG00000015766 | Eps8 2.48 6.45 2359.23
ENSMUSG00000029413 | Naaa 1.79 5.74 1446.93
ENSMUSG00000020027 | Socs2 2.14 3.52 308.86
ENSMUSG00000029553 | Tfec 1.51 5.72 1428.86
ENSMUSG00000003541 | Ter3 1.41 5.47 1197.34
ENSMUSGO00000039899 | Fgl2 1.3 5.55 1271.07
ENSMUSG00000018927 | Ccl6 2.59 9.86 | 25272.79
ENSMUSG00000026365 | Cth 1.4 7.8 6007.84
ENSMUSG00000027848 | Olfml3 -3.96 1.67 82.98
ENSMUSG00000026656 | Fcgr2b 1.59 7.66 5504.21
ENSMUSG00000008318 | Relt 1.34 4.5 610.33
ENSMUSG00000071068 | Treml2 1.87 3.42 288.38
ENSMUSG00000040253 | Gbp7 1.52 5.84 1562.04
ENSMUSG00000026605 | Cenpf -1.86 4.71 702.83
ENSMUSG00000020641 | Rsad2 -1.61 4.58 641.24
ENSMUSG00000092021 | Gbpl11 6.19 0.83 46.37
ENSMUSG00000031444 | F10 2.96 3.41 287.35
ENSMUSG00000025804 | Cerl 2.33 6.48 2423.92
ENSMUSG00000045932 | Ifit2 -1.84 4.93 821.87
ENSMUSG00000025429 | Pstpip2 1.58 4.94 829.98
ENSMUSG00000032724 | Abtb2 2.18 3.26 256.67
ENSMUSG00000021990 | Spatal3 -1.98 3.27 257.44
ENSMUSG00000037224 | Zfyve28 -1.43 4.5 604.7
ENSMUSGO00000053113 | Socs3 2.24 6.14 1906.54
ENSMUSG00000030748 | 114ra 1.56 9.14| 15292.03
ENSMUSG00000039753 | FbxI5 1.43 6.41 2272.15
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ENSMUSG00000026558 | Uck2 0.96 6.1 1846.63
ENSMUSG00000003032 | KIf4 1.3 5.49 1213.3
ENSMUSG00000041773 | Encl -1.23 6.25 2047.86
ENSMUSG00000051339 | 2900026 A02Rik -1.54 4.17 481.05
ENSMUSG00000048264 | Dip2c 1.55 4.28 523.03
ENSMUSG00000047222 | Rnase2a 6.58 0.3 31.36
ENSMUSG00000074896 | Ifit3 -2.38 4 429.96
ENSMUSG00000107260 | NA 8.57 1.88 94.03
ENSMUSG00000036362 | P2ry13 1.83 3.15 238.69
ENSMUSGO00000071713 | Csf2rb 1.05 9.24 | 16402.21
ENSMUSGO00000015852 | Ferls -1.52 7.15 3841.5
ENSMUSG00000040229 | Gpr34 -1.95 2.84 191.23
ENSMUSG00000050075 | Gprl71 1.99 2.7 174.04
ENSMUSG00000019256 | Ahr 1.28 3.95 415.75
ENSMUSG00000073902 | Gm1966 1.79 4.27 525.98
ENSMUSG00000002602 | Axl -1.99 4.38 559.35
ENSMUSG00000045092 | Slprl -1.17 6.2 1976.98
ENSMUSG00000056498 | Tmem154 1.44 7.6 5256.57
ENSMUSG00000024053 | Emilin2 1.25 9.15 | 15360.05
ENSMUSG00000031613 | Hpgd -1 52 986.85
ENSMUSGO00000055541 | Lairl -1.29 5.99 1683.09
ENSMUSGO00000052512 | Nav2 -1.16 4.49 596.83
ENSMUSG00000037447 | Arid5a 1.31 5.71 1393.11
ENSMUSG00000050212 | Evalb 0.99 5.05 893.82
ENSMUSGO00000033952 | Aspm -1.54 4.3 524.15
ENSMUSG00000032218 | Ccnb2 -1.82 4.95 830.23
ENSMUSG00000023008 | Fmnl3 -1.12 5.86 1565.64
ENSMUSGO00000015396 | Cd83 -1.36 5.12 934.94
ENSMUSGO00000045312 | Lhfpl2 -1.01 7.37 4460.68
ENSMUSG00000025324 | Atpl0a 1.44 3.31 267.17
ENSMUSG00000046223 | Plaur 0.94 5.44 1175.32
ENSMUSGO00000056758 | Hmga2 -0.85 6.53 2489.87
ENSMUSG00000003882 | I17r -1.44 6.02 1747.58
ENSMUSGO00000057337 | Chst3 -1.62 3.07 221.92
ENSMUSG00000022218 | Tgml1 1.94 1.95 103.3
ENSMUSG00000023349 | Clec4n 1.19 6.83 3024.25
ENSMUSG00000045328 | Cenpe -1.58 4.99 853.92
ENSMUSG00000047250 | Ptgsl 0.97 6.31 2140.44
ENSMUSG00000032661 | Oas3 -1.07 6.42 2304.83
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ENSMUSG00000030786 | Itgam 1.09 10.29 27694.8
ENSMUSG00000045917 | Tmem?268 1.44 6.05 1791.72
ENSMUSGO00000059089 | Fcgr4 1.29 6.51 2474.42
ENSMUSG00000018920 | Cxcl16 -1.45 6.71 2774.89
ENSMUSGO00000035683 | Melk -2.17 3.15 237.08
ENSMUSG00000032076 | Cadml -1.03 6.4 2226.87
ENSMUSG00000022494 | Shisa9 -2.34 1.99 104.97
ENSMUSG00000000318 | Clec10a 1.54 5.52 1221.66
ENSMUSG00000003779 | Kif20a -1.67 5.22 1004.09
ENSMUSG00000028716 | Pdzklipl -1.99 3.11 229.49
ENSMUSG00000020638 | Cmpk2 -1.39 3.89 398.43
ENSMUSGO00000054342 | Kcnn4 -2.22 5.89 1571.6
ENSMUSG00000026785 | Pkn3 -1.64 2.69 170.93
ENSMUSG00000021250 | Fos -1.26 6.31 2134.96
ENSMUSG00000034656 | Cacnala -1.33 5.11 925.83
ENSMUSG00000049866 | Arldc -0.78 7.72 5695.25
ENSMUSG00000030717 | Nuprl 1.16 3.52 304.07
ENSMUSG00000031274 | Col4a5 -2.23 3.08 225.98
ENSMUSG00000034459 | Ifitl -1.76 3.49 300.56
ENSMUSG00000021338 | Carmill -1.76 2.13 115.92
ENSMUSG00000024451 | Arap3 -1.53 5.97 1694.1
ENSMUSG00000006205 | Htral 1.97 1.77 90.54
ENSMUSG00000040855 | Reps2 -0.88 53 1058.79
ENSMUSG00000035673 | Sbno2 0.89 8.15 7689.21
ENSMUSGO00000034858 | Fam214a -0.88 5.03 878.76
ENSMUSG00000019122 | Ccl9 0.99 9.69 | 22347.92
ENSMUSG00000022508 | Bcl6 -0.79 5.81 1516.1
ENSMUSG00000089665 | Fcor 2.39 2.48 155.97
ENSMUSGO00000027715 | Cena2 -1.84 5.16 966.44
ENSMUSG00000058290 | Espll -1.63 3.85 387.91
ENSMUSG00000038390 | Gprl62 -2.64 4.54 613.42
ENSMUSG00000012443 | Kifl1 -1.75 4.68 692.13
ENSMUSG00000041498 | Kif14 -2.05 24 139.66
ENSMUSG00000018334 | Ksrl 1.11 4.44 584.63
ENSMUSG00000047592 | Nxpe5 1 6.82 3060.55
ENSMUSG00000047798 | Cd3001f 1.2 7.27 4144.11
ENSMUSGO00000058818 | Pirb 0.97 9.88 25153.7
ENSMUSG00000042842 | Serpinb6b -2.94 2.82 188.18
ENSMUSGO00000027331 | Knstrn -1.47 4.46 536.21
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ENSMUSG00000021624 | Cd180 -1.86 6.78 2952.96
ENSMUSG00000061132 | Blnk -1.44 6.21 2001.45
ENSMUSG00000028068 | Iqgap3 -1.98 4.33 540.38
ENSMUSG00000030737 | Slco2bl -1.24 3.69 345.18
ENSMUSG00000032578 | Cish 1.5 3.04 199.7
ENSMUSG00000024989 | Cep55 -1.62 3.67 341.46
ENSMUSG00000004105 | Angptl2 -1.68 5.95 1586.97
ENSMUSG00000021069 | Pygl 0.95 8.3 8488.47
ENSMUSG00000021665 | Hexb -0.83 8.16 7724.23
ENSMUSGO00000025582 | Nptx1 -3.2 2.93 204.2
ENSMUSG00000000386 | Mx1 -2.06 2.85 201.71
ENSMUSG00000002233 | Rhoc -1.4 491 793.52
ENSMUSGO00000033355 | Rtp4 -1.15 5.28 1044.16
ENSMUSG00000096054 | Synel -1.24 4.69 694.62
ENSMUSG00000021728 | Emb 1.2 9.27 | 16754.02
ENSMUSG00000004562 | Arhgef40 -1.75 2.44 143.18
ENSMUSG00000022021 | Diaph3 -1.92 3.76 362.96
ENSMUSG00000027469 | Tpx2 -1.46 5.09 913.01
ENSMUSG00000040829 | Zmynd15 -1.52 2.61 160.72
ENSMUSG00000004609 | Cd33 1.86 6.5 2584.6
ENSMUSG00000022469 | Rapgef3 -2.11 1.41 68.97
ENSMUSG00000029304 | Sppl -1.19 10.37 | 35734.75
ENSMUSG00000026628 | Atf3 -1.16 7.54 5030.37
ENSMUSG00000042476 | Abcb4 -1.12 5.1 923.95
ENSMUSGO00000053101 | Gprl41 1.17 4.9 808.13
ENSMUSGO00000019987 | Argl 4.77 -0.81 13.87
ENSMUSG00000102051 | I830127L07Rik 3.71 -0.23 21.61
ENSMUSG00000009654 | Oit3 -1.75 2.82 187.65
ENSMUSGO00000017754 | Pltp -0.99 876 | 11612.84
ENSMUSGO00000026955 | Sapcd2 -2.77 1.25 60.9
ENSMUSGO00000099398 | Ms4al4 -1 4.83 767.41
ENSMUSG00000028459 | Cd72 -2.7 6.31 2109.59
ENSMUSG00000030867 | Plk1 -1.72 4.43 580.31
ENSMUSG00000059824 | Dbp -1.07 5.59 1292.16
ENSMUSG00000026683 | Nuf2 -1.67 4.03 437.75
ENSMUSG00000070407 | Hs3st3b1 3.01 1.31 64.91
ENSMUSG00000072620 | Slfn2 0.87 8.83 | 12305.04
ENSMUSG00000019818 | Cd164 1.09 7.63 5352.94
ENSMUSG00000020689 | Itgb3 -2.25 3.77 366.98
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ENSMUSG00000022305 | Lrpl2 0.7 7.39 4533.37
ENSMUSG00000029516 | Cit -1.63 3.27 254.93
ENSMUSG00000051212 | Gpr183 -2.07 3.44 291.33
ENSMUSG00000033066 | Gas7 0.73 8.18 7846.09
ENSMUSG00000020658 | Efr3b -2.39 241 140.71
ENSMUSG00000000489 | Pdgfb -2.26 4.9 824.7
ENSMUSG00000038379 | Ttk -1.85 2.54 154.37
ENSMUSGO00000036086 | Zranb3 -2.11 4.38 561.39
ENSMUSGO00000031584 | Gsr 1.2 7.31 4296.89
ENSMUSG00000008305 | Tlel -1.36 3.89 392.62
ENSMUSG00000006398 | Cdc20 -1.5 4.64 670.15
ENSMUSG00000032254 | Kif23 -1.7 5.02 875.72
ENSMUSG00000020914 | Top2a -1.61 6.51 2469.78
ENSMUSG00000020493 | Prrll -1.59 3.79 371.93
ENSMUSG00000022322 | Shcbpl -1.94 2.68 171.12
ENSMUSGO00000001517 | Foxm1 -1.61 4.08 449.85
ENSMUSG00000029333 | Rasgeflb -1.31 5.66 1367.7
ENSMUSG00000089929 | Bcel2alb 0.79 6.5 3203.21
ENSMUSG00000071637 | Cebpd 1.07 5.89 1614.61
ENSMUSGO00000059108 | Ifitm6 1.51 3.65 341.67
ENSMUSG00000037725 | Ckap2 -1.68 3.35 272.87
ENSMUSGO00000051378 | Kif18b -1.87 3.09 227.48
ENSMUSG00000072082 | Cenf -1.78 4.28 524.34
ENSMUSG00000032035 | Etsl -2.81 1.8 91.48
ENSMUSG00000041642 | Kif21b -0.86 5.66 1359.9
ENSMUSG00000004347 | Pdelc -3.51 1.4 68.73
ENSMUSG00000023015 | Racgapl -1.73 5.1 919.54
ENSMUSG00000029414 | Kntcl -2.29 3.15 235.94
ENSMUSGO00000062488 | Ifit3b -2.88 1.65 93.62
ENSMUSG00000028339 | Coll5al -1.48 1.84 94.14
ENSMUSG00000027035 | Cers6 1.11 7.08 3642.02
ENSMUSG00000029490 | Mfsd7a 0.96 3.89 399.83
ENSMUSG00000053063 | Clec12a -1.61 7.81 6067.35
ENSMUSGO00000056749 | Nfil3 1.44 6.12 1884.08
ENSMUSG00000026581 | Sell 4.19 53 1065.96
ENSMUSG00000014786 | Slc9a5 -1.34 3.53 309.04
ENSMUSG00000048537 | Phldbl -1.11 3.96 416.88
ENSMUSGO00000005583 | Mef2c -1.03 5.61 1323.01
ENSMUSG00000046186 | Cd109 -1.65 3.25 254.89
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ENSMUSG00000072437 | Nanosl -2.91 2.61 163.14
ENSMUSGO00000035835 | Plppr3 1.88 2.58 160.35
ENSMUSG00000074305 | Peak1 -0.79 6.02 1746.21
ENSMUSG00000024242 | Map4k3 -0.84 5.51 1225.3
ENSMUSG00000040852 | Plekhh2 -2.47 1.64 81.44
ENSMUSG00000020897 | Aurkb -1.29 4.1 453.06
ENSMUSG00000034023 | Fancd2 -1.82 2.48 147.93
ENSMUSG00000022122 | Ednrb 1.72 5.51 1240.03
ENSMUSG00000040774 | Ceptl 0.8 7.04 3537.03
ENSMUSG00000028678 | Kif2c -1.7 4 425.96
ENSMUSG00000040084 | Bub1b -1.73 4.78 740.46
ENSMUSG00000026012 | Cd28 -1.04 6.44 2347.34
ENSMUSGO00000071042 | Rasgrp3 -1.32 5.21 997.4
ENSMUSG00000009418 | Navl -0.82 6.57 2515.48
ENSMUSG00000029561 | Oasl2 -1.07 6.02 1579.2
ENSMUSG00000028312 | Smc2 -1.38 5.18 980.78
ENSMUSG00000044468 | Fam46c¢ -1.08 3.85 387.75
ENSMUSG00000038252 | Ncapd2 -1.3 5.55 1255.26
ENSMUSG00000024421 | Lama3 -1.69 2.54 154.79
ENSMUSG00000033207 | Mamdc?2 -2.49 2.44 144.63
ENSMUSG00000027379 | Bubl -1.38 4.03 438.38
ENSMUSG00000024672 | Ms4a7 -1.12 8.24 8103.37
ENSMUSG00000024795 | Kif20b -1.24 4.53 622.28
ENSMUSG00000029207 | Apbb2 -1.15 4.65 668.87
ENSMUSG00000020808 | Fam64a -2.04 3.76 364.54
ENSMUSG00000003617 | Cp 1.77 1.07 54.47
ENSMUSGO00000037849 | Ifi206 -1.92 1.2 59.74
ENSMUSGO00000045362 | Tnfrsf26 0.86 5.13 942.82
ENSMUSG00000029108 | Pcdh7 -1.34 5.6 1188.35
ENSMUSG00000049103 | Cer2 0.8 5.96 1654.61
ENSMUSG00000074519 | Zfp971 1.15 3.43 290.41
ENSMUSG00000036452 | Arhgap26 0.89 3.81 341.92
ENSMUSG00000031004 | Mki67 -0.72 7.09 3673.6
ENSMUSG00000058624 | Gda 2.9 875 | 11681.85
ENSMUSG00000062510 | Nsl1 -1.82 2.72 175.75
ENSMUSG00000032350 | Gele 0.66 6.29 2120.07
ENSMUSG00000043336 | Filipll 1.27 5.74 1440.38
ENSMUSG00000054676 | 1600014C10Ri1k 1.46 6.71 2834.68
ENSMUSG00000030649 | Anapcl5 -0.79 5.48 1180.98
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ENSMUSG00000035914 | Cd276 -2.61 1.64 82.05
ENSMUSG00000025491 | Ifitm1 1.37 3.58 322.21
ENSMUSG00000024052 | Lpin2 -0.65 6.28 2052.25
ENSMUSG00000024590 | Lmnbl -1.82 4.47 598.72
ENSMUSG00000046295 | Anklel -2.37 1.79 89.73
ENSMUSG00000054843 | Atrnll 1.58 6.68 2785.84
ENSMUSG00000026548 | Slamf9 -3.13 2.58 159.56
ENSMUSG00000002227 | Mov10 -1.23 4.37 553.98
ENSMUSG00000026207 | Speg -1.1 6.36 2210.55
ENSMUSG00000026822 | Len2 3.02 2.47 146.65
ENSMUSG00000032221 | Mns1 -2.12 1.62 79.93
ENSMUSG00000032741 | Tpenl -0.72 7.71 5632.2
ENSMUSG00000026579 | F5 2.04 3.61 329.43
ENSMUSG00000042724 | Map3k9 -1.16 3.95 415.14
ENSMUSG00000024534 | Sncaip -3.39 1.01 51.67
ENSMUSG00000028927 | Padi2 -1.35 5 864.8
ENSMUSG00000032666 | 1700025G04Rik -1.24 4.43 580.68
ENSMUSG00000066800 | Rnasel 0.7 7.86 5713.5
ENSMUSGO00000032911 | Cspg4 -4.06 -0.15 21.97
ENSMUSG00000001403 | Ube2c -1.52 4.46 591.17
ENSMUSG00000036478 | Btgl 0.68 8.31 8542.23
ENSMUSGO00000060591 | Ifitm2 0.68 8.71 11372.75
ENSMUSG00000026358 | Rgsl -1.11 5.43 1049.12
ENSMUSG00000040751 | Lat2 -1.42 6.98 3343.01
ENSMUSGO00000002055 | Spag5 -1.58 3.96 416.62
ENSMUSG00000023034 | Nr4al -1.19 3.79 371.89
ENSMUSG00000024730 | Ms4a8a 3.63 1.72 79.58
ENSMUSG00000034206 | Polq -1.67 1.77 88.96
ENSMUSGO00000057729 | Prtn3 232 0.38 33.31
ENSMUSG00000078763 | Slfnl 2.28 0.07 26.56
ENSMUSG00000038943 | Prcl -1.68 5.08 898
ENSMUSG00000079339 | Ifit1bl1 -3.2 1.12 56.25
ENSMUSG00000021485 | Mxd3 -2.44 0.94 49.42
ENSMUSG00000023505 | Cdca3 -1.71 4.47 590.71
ENSMUSG00000028657 | Pptl 0.75 8.17 7779.92
ENSMUSG00000026622 | Nek2 -1.54 4.15 473.8
ENSMUSG00000023262 | Acyl 1.14 3.12 232.38
ENSMUSG00000026023 | Cdk15 -2.72 0.97 51.04
ENSMUSG00000023473 | Celsr3 1.09 3.29 272.36
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ENSMUSG00000026437 | Cdk18 -1.37 6.95 3329.74
ENSMUSG00000022995 | Enah 2.06 0.82 46.06
ENSMUSG00000040957 | Cablesl 1.32 3.02 217.28
ENSMUSG00000039187 | Fanci -1.8 24 139.52
ENSMUSG00000029534 | St7 1.1 3.56 315.76
ENSMUSG00000031971 | Ccsap -1.54 2.72 175.02
ENSMUSG00000002204 | Napsa 0.89 6.77 2931.56
ENSMUSGO00000039994 | Timeless -1.65 2.98 208.9
ENSMUSG00000007613 | Tgtbrl -0.66 7.18 3878.32
ENSMUSG00000044197 | Gprl46 0.99 7.12 3612.29
ENSMUSG00000105504 | Gbp5 0.9 3.66 339.82
ENSMUSG00000020053 | Igfl -1.17 8.31 8577.89
ENSMUSG00000034311 | Kif4 -1.84 3.56 318.77
ENSMUSG00000048327 | Ckap2l -1.55 3.79 370.99
ENSMUSG00000027326 | Knll -1.53 3.06 220.63
ENSMUSG00000028037 | Ifi44 -2.37 0.41 33.38
ENSMUSG00000027078 | Ube216 -1.4 5.21 905.08
ENSMUSG00000022372 | Sla 1.6 7.18 3868.84
ENSMUSG00000074886 | Grk6 0.68 6.17 1950.44
ENSMUSGO00000013698 | PealSa -1.26 7.64 5328.51
ENSMUSG00000029177 | Cenpa -1.3 5.76 1436.88
ENSMUSG00000027306 | Nusapl -1.58 4.16 478.58
ENSMUSGO00000052688 | Rab7b -1.15 7.2 3607.99
ENSMUSG00000024640 | Psatl -1.22 3.71 318.69
ENSMUSGO00000036181 | Histlhlc -0.59 6.87 3146.47
ENSMUSG00000030530 | Furin 0.67 7.97 6758.74
ENSMUSG00000044201 | Cdc25¢ -2.22 1.85 94.92
ENSMUSG00000056394 | Ligl -1.84 4.76 727.43
ENSMUSG00000047415 | Gpr68 -1.99 1.54 76.07
ENSMUSG00000034906 | Ncaph -1.36 4.34 543.85
ENSMUSG00000020330 | Hmmr -1.36 4.61 657.63
ENSMUSG00000031825 | Crispld2 2.71 -0.09 24.46
ENSMUSGO00000058794 | Nfe2 1.61 1.87 87.74
ENSMUSG00000029153 | Ociad2 -1.66 1.52 75.21
ENSMUSG00000060550 | H2-Q7 -1.23 3.48 290.63
ENSMUSG00000061589 | Dotll -0.67 5.75 1438.47
ENSMUSG00000060703 | Cd302 0.58 5.99 1716.53
ENSMUSG00000020023 | Tmcc3 -1.09 4.05 444.2
ENSMUSG00000022415 | Syngrl -1.12 6.2 1976.44
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ENSMUSG00000025355 | Mmp19 1.33 6.56 2554.28
ENSMUSG00000036777 | Anln -1.5 4.89 800.33
ENSMUSG00000024056 | Ndc80 -1.91 3.77 365.95
ENSMUSG00000024397 | Aifl -1.3 3.79 370.75
ENSMUSG00000019823 | Micall -0.89 5.69 1381.42
ENSMUSG00000019961 | Tmpo -0.99 6.22 2008.26
ENSMUSGO00000031391 | Llcam -1.54 4.49 597.16
ENSMUSGO00000035439 | Haus8 -0.77 6.08 1653.08
ENSMUSG00000040026 | Saa3 4.82 6.88 32335
ENSMUSG00000017716 | Birc5 -1.89 4.5 609.4
ENSMUSG00000063506 | Arhgap22 -0.57 7.08 3633.18
ENSMUSG00000078452 | Raetld -1.59 2.28 133.18
ENSMUSG00000042607 | Asb4 1.18 2.39 140.27
ENSMUSG00000030148 | Clec4a2 0.63 5.69 1337.56
ENSMUSG00000033031 | C330027C09Rik -1.24 4.14 474.02
ENSMUSG00000025268 | Maged?2 -1.47 3.47 292.89
ENSMUSG00000032232 | Cgnll -0.91 5.56 1268.75
ENSMUSG00000016756 | Cmah -2.08 2.64 188.92
ENSMUSG00000017417 | Plxdcl -0.69 5.14 948.73
ENSMUSG00000074874 | Ctla2b -0.58 6.21 1996.86
ENSMUSG00000001435 | Col18al -0.8 5.49 1208.37
ENSMUSG00000068923 | Sytl1 -0.66 5.88 1565.85
ENSMUSG00000069607 | Cd3001d3 -1.58 5.77 2180.25
ENSMUSG00000021720 | Rnf180 -1.04 3.42 286.79
ENSMUSG00000042644 | Itpr3 -0.59 5.97 1693.4
ENSMUSG00000034641 | Cd3001d -1 6.81 3024.51
ENSMUSG00000027068 | Dhrs9 -1.75 341 284.9
ENSMUSG00000024180 | Tmem38 0.6 7.28 4269.25
ENSMUSG00000041431 | Ccnbl -1.29 4.63 663.31
ENSMUSG00000025574 | Tk1 -2.28 3.94 445.19
ENSMUSG00000059714 | Flotl 0.57 6.72 2795.26
ENSMUSG00000048498 | Cd300e -2.78 0.35 32.16
ENSMUSG00000040715 | Rsclal 5 1.67 776.79
ENSMUSGO00000019852 | Arfgef3 -0.9 3.21 248.21
ENSMUSG00000051220 | Ercc6l -1.68 2.81 186.98
ENSMUSG00000043909 | Trp53bpl -0.67 4.87 710.65
ENSMUSG00000034908 | Sidt2 0.94 8.35 8733.32
ENSMUSG00000021697 | Depdc1b -1.61 1.54 76.29
ENSMUSGO00000004891 | Nes -4.13 4.2 493.3
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ENSMUSG00000027540 | Ptpnl 0.66 8.85| 12491.84
ENSMUSG00000027087 | Itgav -0.57 6.42 2081.28
ENSMUSG00000028661 | Epha8 -2.78 0.98 51.48
ENSMUSG00000037697 | Ddhd1 1.64 5.55 1248.54
ENSMUSG00000021360 | Gent2 2.6 3.58 347.76
ENSMUSG00000041064 | Pifl -1.84 2.59 158.91
ENSMUSGO00000036381 | P2ryl4 0.86 4.18 443.5
ENSMUSGO00000035246 | Pcytlb -2.81 1.46 71.59
ENSMUSG00000048922 | Cdca2 -1.52 3.47 294.17
ENSMUSG00000001542 | El12 -0.82 5.52 1240.03
ENSMUSG00000027699 | Ect2 -1.28 3.82 379.79
ENSMUSG00000044006 | Cilp2 -1.06 3.22 248.38
ENSMUSG00000042659 | Arrdc4 0.79 6.31 2141.49
ENSMUSG00000020077 | Srgn 0.79 7.43 4225.93
ENSMUSG00000039629 | Strip2 24 0.64 40.49
ENSMUSG00000037544 | Dlgap5 -1.58 4.08 451.04
ENSMUSG00000030342 | Cd9 -1.73 7.49 6764.51
ENSMUSG00000020435 | Osbp2 -1.46 2.48 148.14
ENSMUSG00000032220 | Myole -1.62 6.78 3051.17
ENSMUSG00000059013 | Sh2d3c -0.97 4.78 741.77
ENSMUSGO00000026463 | Atp2b4 -1.2 2.55 155.01
ENSMUSG00000049871 | Nlrc3 -1.01 3.32 267.59
ENSMUSG00000060470 | Adgrg3 -2.26 -0.07 31.1
ENSMUSG00000038244 | Mical2 -0.73 4.01 431.11
ENSMUSGO00000051517 | Arhgef39 -1.34 2.72 173.91
ENSMUSGO00000038811 | Gngt2 -0.7 5.47 1188.12
ENSMUSG00000027323 | Rad51 -2.06 2.87 193.85
ENSMUSG00000028207 | Asph -1.09 6.82 3058.02
ENSMUSG00000102440 | Pcdhga9 -6.92 -1.56 19.08
ENSMUSGO00000039115 | Itga9 -1.27 2.61 161.94
ENSMUSG00000030946 | Lhpp -0.84 4.43 521.79
ENSMUSGO00000035342 | Lzts2 -0.92 4.16 479.07
ENSMUSGO00000021125 | Arg2 1.9 2.98 212.12
ENSMUSG00000034917 | Tjp3 -0.87 3.45 308.82
ENSMUSG00000039774 | Galnt12 -1.4 4.1 461.61
ENSMUSG00000030793 | Pycard 0.57 6.38 2302.57
ENSMUSGO00000002957 | Ap2a2 0.69 8.38 9135.65
ENSMUSG00000078783 | Gm9733 1.96 0.22 35.31
ENSMUSG00000005410 | Mcm5 -2.06 4.92 1176.75
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ENSMUSG00000030107 | Uspl8 -0.79 3.78 368.86
ENSMUSG00000029254 | Stap1 -1.47 5.25 1017.39
ENSMUSG00000044783 | Hjurp -0.84 5.62 1312.38
ENSMUSGO00000053835 | H2-T24 -0.99 3.68 343.72
ENSMUSG00000001930 | Vwf -1.01 7.62 5284.86
ENSMUSG00000046432 | Bex3 -0.71 4.92 739.73
ENSMUSG00000040699 | Limd2 -0.55 7.19 3555.31
ENSMUSGO00000032589 | Bsn -0.88 4.08 453.76
ENSMUSG00000037466 | 4930427A07Rik -1.5 2.47 147.03
ENSMUSG00000040204 | Pclaf -2.37 3.84 462.45
ENSMUSGO00000015749 | Anp32e -0.97 5.83 1387.86
ENSMUSG00000000693 | LoxI3 -1.08 2.37 139.25
ENSMUSG00000025498 | Irf7 -0.98 5 788.11
ENSMUSG00000047180 | Neurl3 -0.69 8 6923.47
ENSMUSG00000028832 | Stmnl -1.57 6.5 2272.23
ENSMUSG00000059498 | Fcgr3 0.96 10.11 | 27122.73
ENSMUSGO00000038894 | Irs2 0.73 4.66 723.9
ENSMUSG00000008496 | Pou2{2 -0.59 6.04 1767.03
ENSMUSG00000026764 | Kif5c -1.37 2.48 148.32
ENSMUSG00000045934 | Mtmrl1 -1.24 2.81 184.24
ENSMUSG00000034285 | Nipsnapl -0.88 3.15 236.93
ENSMUSG00000032038 | St3gal4 0.58 5.07 921.64
ENSMUSG00000017493 | Igtbp4 -0.64 8.25 8176.89
ENSMUSG00000061878 | Sphk1 1.69 23 118.31
ENSMUSG00000036526 | Card11 -4.03 2.36 157.28
ENSMUSG00000042348 | Arll5 1.16 4.36 563.79
ENSMUSG00000031337 | Mtml 0.61 5.26 1036.97
ENSMUSG00000036469 | March1 0.65 6.3 1998.55
ENSMUSG00000026779 | Mastl -1.73 2.75 179.71
ENSMUSG00000027496 | Aurka -1.18 4.1 460.58
ENSMUSGO00000024665 | Fads2 -1.86 1.54 76.36
ENSMUSG00000043832 | Clec4a3 0.72 6.17 1938.65
ENSMUSG00000000562 | Adora3 1.59 1.7 91.33
ENSMUSG00000028702 | Rad541 -1.53 3.24 252.01
ENSMUSG00000034640 | Tiparp 0.62 5.01 880.17
ENSMUSG00000000058 | Cav2 -0.68 5.7 1396.77
ENSMUSGO00000053469 | Tg 3.29 -0.48 20.91
ENSMUSG00000016496 | Cd274 0.62 5.13 976.4
ENSMUSG00000030208 | Empl -1.29 7.06 2881
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ENSMUSGO00000069793 | Slfn9 -0.9 4.35 545.53
ENSMUSG00000044674 | Fzd1 0.94 3.24 253.42
ENSMUSGO00000038151 | Prdm1 -0.81 4.3 529.53
ENSMUSG00000037242 | Clic4 -1.37 7.72 5774.62
ENSMUSG00000045273 | Cenph -1.89 1.41 69.6
ENSMUSG00000028873 | Cdca8 -1.22 4.62 659.64
ENSMUSG00000022353 | Mtssl -0.94 6.24 2033.83
ENSMUSG00000035314 | Gdpd5 -0.61 4.9 821.42
ENSMUSG00000043895 | S1pr2 -0.8 6.5 2447.04
ENSMUSG00000022505 | Emp2 -1.55 4.05 450.97
ENSMUSG00000020661 | Dnmt3a -0.87 7.28 3802.35
ENSMUSG00000026817 | Akl -1.21 3.16 236.48
ENSMUSGO00000037992 | Rara 0.86 5.28 1061.85
ENSMUSG00000019966 | Kitl -1.61 4.03 444.26
ENSMUSG00000030122 | Ptms -0.97 8.4 8128.89
ENSMUSGO00000035455 | Fignll -1.99 2.85 193.02
ENSMUSG00000035448 | Cer3 -3.13 1.26 62.45
ENSMUSG00000039005 | Tlr4 0.8 7.06 3271.88
ENSMUSGO00000027952 | Pmvk 0.71 3.88 401.92
ENSMUSG00000041488 | Stx3 0.56 6.08 1843.85
ENSMUSG00000078921 | Tgtp2 -1.4 1.61 98.53
ENSMUSG00000024750 | Zfand5 0.53 7.35 4273.51
ENSMUSG00000026104 | Statl -0.56 6.84 3216.16
ENSMUSG00000079553 | Kifcl -1.55 4.52 612.98
ENSMUSG00000042489 | Clspn -1.59 3.58 321.42
ENSMUSGO00000015468 | Notch4 -1.46 1.78 88.8
ENSMUSG00000018449 | Rpain 0.7 5.12 851.62
ENSMUSG00000032754 | Slc8bl 0.72 7.26 5355.97
ENSMUSGO00000026728 | Vim -1.03 9.8 24903.76
ENSMUSG00000078566 | Bnip3 0.65 5.73 1410.17
ENSMUSG00000044340 | Phlppl -0.87 4.6 653.71
ENSMUSG00000021176 | Efcabl1 -2.16 0.59 41.46
ENSMUSGO00000057329 | Bel2 -1.66 1.98 103.82
ENSMUSG00000025151 | Maged1 -0.56 6.28 2067.64
ENSMUSGO00000035692 | Isgl5 -1.42 3.43 289.95
ENSMUSG00000026669 | Mcm10 -1.44 3.34 268.77
ENSMUSGO00000079049 | Serpinblc -3.22 0.58 38.5
ENSMUSG00000053580 | Tanc2 -0.73 5.11 930.07
ENSMUSG00000051457 | Spn -1.17 5.13 942.29
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ENSMUSG00000036432 | Siah2 0.84 4.06 456.18
ENSMUSG00000026355 | Mcm6 -1.28 6.13 1913.23
ENSMUSG00000074505 | Fat3 -1.87 2.65 165.61
ENSMUSG00000021403 | Serpinb9b -3.1 1.14 57.64
ENSMUSGO00000085399 | Foxd2os -1.69 1.05 55.58
ENSMUSG00000021687 | Scamp1 0.61 6.2 2013.5
ENSMUSG00000047534 | Mis18bpl -1.02 3.53 280.29
ENSMUSGO00000028555 | Ttc39a -1.94 0.82 49.82
ENSMUSG00000027883 | Gpsm2 -1.07 3.51 276.73
ENSMUSGO00000013089 | Etvs -2.45 3.34 300.15
ENSMUSG00000020961 | Ston2 1.33 1.37 97.28
ENSMUSG00000024778 | Fas 0.68 3.98 431.84
ENSMUSG00000032122 | Slc37a2 -0.92 8.28 8210.59
ENSMUSGO00000035352 | Ccl12 1.52 0.76 64.33
ENSMUSG00000026640 | Plxna2 -0.67 4.8 765.08
ENSMUSG00000029821 | Dfna5 -1.75 2.35 134.07
ENSMUSG00000036768 | Kifl5 -1.32 3.53 310.2
ENSMUSG00000021965 | Ska3 -1.7 2.09 114.3
ENSMUSG00000033323 | Ctdp1 0.52 5.94 1684.24
ENSMUSG00000021579 | Lrrc14b -1.21 1.94 171.7
ENSMUSG00000006800 | Sulf2 -1.75 5.29 1200.87
ENSMUSG00000034738 | Nostrin -1.16 4.13 481.26
ENSMUSG00000020340 | Cyfip2 -0.54 6.14 1935.18
ENSMUSG00000029910 | Mad211 -1.27 4.47 594.07
ENSMUSG00000021025 | Nfkbia 0.84 7.63 5325.81
ENSMUSG00000031808 | Slc27al -0.52 7.78 6127.28
ENSMUSGO00000005233 | Spc25 -2.05 3.68 352.86
ENSMUSG00000031097 | Tnni2 -1.03 2.89 210.66
ENSMUSG00000020422 | Tns3 -0.53 8.01 7126.59
ENSMUSG00000032528 | Viprl -1.35 1.51 86.89
ENSMUSG00000034612 | Chstl1 -0.99 3.72 353.7
ENSMUSG00000090675 | Olfr111 -3.55 -0.57 17.35
ENSMUSG00000039062 | Anpep -1.1 8.85 | 12577.01
ENSMUSG00000026034 | Clk1 0.72 6.77 2778.61
ENSMUSG00000016382 | P1s3 -0.7 5.48 1071.6
ENSMUSG00000020589 | Fam49a -0.65 5.51 1230.88
ENSMUSG00000022235 | Cmbl -3.94 -0.67 16.85
ENSMUSG00000022864 | D16Ertd472e 1.04 2.72 175.88
ENSMUSG00000094777 | Histlh2ap -1.46 4.54 578.36
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ENSMUSG00000007080 | Pole -1.48 2.94 205.22
ENSMUSGO00000037313 | Tacc3 -1.26 5.09 830.43
ENSMUSGO00000073555 | Gm4951 1.28 1.99 105.46
ENSMUSGO00000031756 | Cenpn -1.4 2.48 153.01
ENSMUSGO00000037995 | Igsf9 -2.48 0.62 35.36
ENSMUSG00000041552 | Ptchdl -2.81 1.08 52.82
ENSMUSG00000026238 | Ptma -0.88 817 | 11964.88
ENSMUSG00000081219 | Bambi-psl -1.52 1.59 84.13
ENSMUSG00000050244 | Heatrl 0.94 6.7 2833
ENSMUSG00000022667 | Cd200r1 0.56 6.18 1996.97
ENSMUSG00000026039 | Sgol2a -1.36 3.02 220.11
ENSMUSG00000076437 | Selenoh -0.86 4.18 441.45
ENSMUSG00000022408 | Fam83f -1.65 3.07 227.34
ENSMUSG00000033740 | St18 -0.98 3.01 190.98
ENSMUSG00000020868 | Xylt2 -0.97 7.07 3675.72
ENSMUSG00000003228 | GrkS5 0.61 4.33 550.53
ENSMUSG00000028044 | Ckslb -1.13 3.64 303
ENSMUSG00000049327 | Kmt5a 0.52 6.2 1953.56
ENSMUSGO00000037907 | Ankrd13b -0.82 4.15 510.7
ENSMUSG00000030365 | Clec2i -0.91 2.83 173.04
ENSMUSGO00000036853 | Mcoln3 -1.16 3.27 233.25
ENSMUSG00000032640 | Chsyl 0.98 5.07 919.73
ENSMUSG00000037628 | Cdkn3 -1.44 2.28 132.64
ENSMUSG00000024732 | Ccdc86 0.64 5.24 927.21
ENSMUSG00000022070 | Bora -0.94 2.54 218.16
ENSMUSG00000034765 | Dusp5 -2.14 2.16 118.5
ENSMUSG00000026928 | Card9 0.61 6.28 2314.46
ENSMUSG00000020092 | Paldl -0.88 4.65 609.32
ENSMUSG00000072812 | Ahnak?2 -0.58 5.47 1643.48
ENSMUSGO00000018919 | Tm4sf5 -1.74 0.38 32.93
ENSMUSG00000020649 | Rrm2 -1.67 4.2 495.55
ENSMUSG00000004317 | Clen5 0.53 5.36 1009.24
ENSMUSGO00000015143 | Actnl -0.69 6.99 3105.46
ENSMUSG00000030677 | Kif22 -1.34 4.12 477.64
ENSMUSG00000020788 | Atp2a3 -0.63 6.7 2583.17
ENSMUSG00000046718 | Bst2 -0.71 6.54 2258.7
ENSMUSG00000005824 | Tnfsf14 1.38 3.24 25291
ENSMUSG00000022389 | Tef -0.49 6.38 2407.18
ENSMUSG00000074476 | Spc24 -2.01 2.2 114.61
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ENSMUSG00000032643 | Fhl3 -1.07 5.26 1039.33
ENSMUSG00000036564 | Ndrg4 -1.42 2.99 187.98
ENSMUSGO00000028358 | Zfp618 -3.47 -0.26 19.74
ENSMUSG00000032280 | Tle3 0.79 6.97 3061.87
ENSMUSG00000021451 | Sema4d -0.57 7.6 5143.2
ENSMUSG00000022747 | St3gal6 -3.74 -0.53 22.77
ENSMUSG00000001827 | Folrl -3.18 -0.51 20.44
ENSMUSG00000010461 | Eya4 -1.42 1.35 91.84
ENSMUSG00000024236 | Svil 0.69 6.45 2258.4
ENSMUSGO00000052776 | Oasla -0.71 5.9 1614.11
ENSMUSG00000006378 | Geat -1.7 2.37 132.27
ENSMUSG00000020898 | Ctcl -0.69 4.69 920.31
ENSMUSG00000020935 | Dcakd -0.64 4.66 948.19
ENSMUSGO00000076435 | Acsf2 -0.8 3.14 334.7
ENSMUSGO00000001348 | Acp5 1.39 2.74 171.01
ENSMUSG00000027199 | Gatm -1.15 5.29 951.07
ENSMUSG00000027695 | Pld1 0.8 5.15 876.66
ENSMUSG00000045763 | Baspl -1.16 7.39 4716.25
ENSMUSG00000030978 | Rrm1 -1.18 5.83 1366.99
ENSMUSGO00000005470 | Asflb -1.39 4.07 432.64
ENSMUSG00000066152 | Slc31a2 0.63 6.19 1921.77
ENSMUSG00000032725 | Folr2 -2.88 5.03 | NA

ENSMUSG00000021477 | Ctsl 0.62 | NA 42798.01
ENSMUSG00000070348 | Cendl -3.52 6.11 | NA

ENSMUSGO00000031138 | F9 -2.63 -0.77 | NA

ENSMUSG00000004040 | Stat3 0.58 | NA 6514.01
ENSMUSG00000038370 | Pcp4ll -2.77 5.07 | NA

ENSMUSGO00000029819 | Npy -2.69 4.87 | NA

ENSMUSG00000078349 | AWO011738 -2.25 -0.56 | NA

ENSMUSG00000015854 | Cd5l1 -2.11 7.17 | NA

ENSMUSGO00000015568 | Lpl -2.63 10.34 | NA

ENSMUSGO00000031555 | Adam9 0.57 | NA 10210.81
ENSMUSG00000027808 | Serpl 0.94 | NA 19122.82
ENSMUSG00000020901 | Pik3r5 0.49 | NA 11637.84
ENSMUSG00000028862 | Map3k6 1.45 | NA 538.52
ENSMUSG00000035493 | Tgtbi 0.73 | NA 8808.92
ENSMUSG00000019935 | Slc17a8 -5.34 -1.59 9.33
ENSMUSG00000006445 | Epha2 1.84 0.38 42.51
ENSMUSG00000021822 | Plau -3.27 5.03 | NA
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ENSMUSG00000029192 | Tbcld14 0.7 | NA 4098.33
ENSMUSG00000044456 | Rin3 1.02 | NA 4953.88
ENSMUSG00000021536 | Adcy2 -2.22 -0.06 | NA

ENSMUSG00000001270 | Ckb -1.55 7.97 9796.47
ENSMUSG00000049313 | Sorll 0.9 | NA 4234.75
ENSMUSG00000002944 | Cd36 -1.92 822 | NA

ENSMUSG00000001228 | Uhrfl -2.43 3.7 489.42
ENSMUSGO00000067297 | Ifit1bl2 -2.8 -0.97 22.02
ENSMUSG00000049625 | Tifab 0.8 | NA 3586.94
ENSMUSG00000033460 | Armcx1 -2.43 -0.74 | NA

ENSMUSG00000002032 | Tmem25 -1.51 0.59 | NA

ENSMUSG00000058099 | Nfam1 0.47 | NA 8950.75
ENSMUSG00000068747 | Sortl 0.87 | NA 8318.72
ENSMUSG00000090124 | Ugtla7c 0.49 | NA 5806.2
ENSMUSGO00000071714 | Csf2rb2 0.47 | NA 14193.63
ENSMUSG00000022565 | Plec -0.56 | NA 8719.99
ENSMUSG00000018378 | Cuedcl -0.65 4.55 669.52
ENSMUSG00000019942 | Cdk1 -1.33 | NA 776.02
ENSMUSG00000026879 | Gsn -0.8 | NA 13713.59
ENSMUSG00000028614 | Ndc1 -0.8 4.04 383.28
ENSMUSG00000042377 | Fam83g -1.8 0.33 | NA

ENSMUSG00000004267 | Eno2 -0.94 2.89 176.74
ENSMUSG00000025420 | Katnal2 -4.52 -0.57 15.83
ENSMUSG00000037994 | Slc9b2 -4.45 -0.47 19.33
ENSMUSG00000062991 | Nrgl 5.11 -1.83 9.41
ENSMUSG00000022034 | Esco2 -1.95 1.96 92.84
ENSMUSG00000030346 | Rad51apl -1.93 2.33 114.07
ENSMUSG00000038644 | Pold1 -0.87 4.7 653.16
ENSMUSG00000052485 | Tmem171 -2.01 | NA 126.16
ENSMUSG00000021483 | Cdk20 0.49 5.48 1385.78
ENSMUSG00000045287 | Rtn4rll -1.22 2.18 | NA

ENSMUSG00000070923 | K1h19 0.66 | NA 3530.49
ENSMUSG00000020277 | Pkl 0.78 | NA 4841.43
ENSMUSGO00000078521 | Aunip -2.14 0.95 45.79
ENSMUSG00000018930 | Ccl4 -1.75 | NA 301.49
ENSMUSGO00000039055 | Emel -1.87 1.96 97.13
ENSMUSG00000038400 | Pmepal -1.74 -0.31 | NA

ENSMUSG00000043008 | K1hl6 1.09 | NA 2850.54
ENSMUSG00000021175 | Cdca7l -0.94 4.24 437.14
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ENSMUSGO00000050271 | Pragl -1.46 2.18 163.18
ENSMUSG00000039886 | Tmem120a -0.83 5.39 1458.84
ENSMUSG00000040964 | Arhgef101 -0.59 5.96 2255.75
ENSMUSGO00000031530 | Dusp4 -1.43 3.5 261.15
ENSMUSG00000032046 | Abhd12 -0.69 8.61 8901.89
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A2

KPten*P"<* BMDM differentially expressed genes

The table below lists differentially expressed genes of KPten*?"“ BMDMSs compared to M0 and

NC BMDM controls. Genes are ranked by significance. Genes that are highlighted are shared

with the KPten®4cnar BMDMs.

gene id gene name | log2FoldChange | log2CPM | baseMean

ENSMUSG00000041773 | Encl -1.3 6.23 2037.51
ENSMUSG00000036362 | P2ry13 2.34 3.57 320.44
ENSMUSG00000026712 | Mrcl 22 9.48 | 19510.62
ENSMUSG00000102918 | Pcdhge3 1.31 5.14 974.2
ENSMUSG00000040829 | Zmynd15 -2.16 2.47 147.23
ENSMUSG00000019960 | Dusp6 1.67 6.28 2119.47
ENSMUSG00000017754 | Pltp -1.16 871 | 11294.35
ENSMUSG00000018920 | Cxcl16 -1.68 6.65 2689.35
ENSMUSG00000021990 | Spatal3 -1.99 3.27 259.9
ENSMUSG00000038352 | Arl5c -1.21 3.9 401.44
ENSMUSG00000020592 | Sdcl -1.5 4.2 496.56
ENSMUSG00000060550 | H2-Q7 -1.71 3.36 268.88
ENSMUSG00000037820 | Tgm2 -0.89 8.53 | 10059.38
ENSMUSG00000044006 | Cilp2 -1.42 3.11 233.28
ENSMUSG00000031004 | Mki67 1.08 8.05 7214.69
ENSMUSG00000038151 | Prdm1 -1.09 421 500.7
ENSMUSG00000002289 | Angptl4 -1.77 2.71 176.06
ENSMUSG00000029299 | Abcg3 1.24 3.93 412.49
ENSMUSG00000060477 | Irak2 -0.86 5.74 1427.85
ENSMUSG00000047180 | Neurl3 -0.99 7.9 6479.07
ENSMUSG00000024164 | C3 -0.91 5.54 1264.78
ENSMUSG00000015766 | Eps8 2.07 6.11 1873.69
ENSMUSG00000020023 | Tmec3 -1.4 3.96 421.18
ENSMUSG00000023034 | Nr4al -1.46 3.72 356.18
ENSMUSG00000002983 | Relb -0.9 5.77 1463.63
ENSMUSGO00000035342 | Lzts2 -1.31 4.03 443.26
ENSMUSG00000079293 | Clec7a -1.81 6.1 1859.01
ENSMUSG00000030671 | Pde3b -1.01 5.27 1043.36
ENSMUSG00000049866 | Arldc -0.74 7.74 5814.58
ENSMUSG00000030657 | Xyltl -1 4.33 660.88
ENSMUSG00000026580 | Selp 3.22 2.15 117.56
ENSMUSG00000036181 | Histlhlc -0.73 6.82 3064.27
ENSMUSG00000038811 | Gngt2 -0.83 5.42 1158.54
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ENSMUSG00000027848 | Olfml3 -2.14 1.86 96.76
ENSMUSG00000025150 | Cbr2 2.02 5.33 1088.65
ENSMUSG00000026360 | Rgs2 -1.14 7.4 4582.98
ENSMUSGO00000032575 | Manf 0.78 6.62 2414.09
ENSMUSG00000037224 | Zfyve28 -1.34 4.53 621.87
ENSMUSG00000051439 | Cd14 -0.81 8.66 | 11019.67
ENSMUSG00000007872 | 1d3 -0.88 6.46 2386.05
ENSMUSG00000044716 | Dok7 -5.05 -0.92 15.12
ENSMUSG00000031880 | Rrad -1.16 3.38 281.39
ENSMUSG00000025854 | Fam20c -0.96 8.07 7302.33
ENSMUSG00000044629 | Cnripl 0.73 5.23 1023.21
ENSMUSG00000024180 | Tmem38 0.7 7.37 4492.61
ENSMUSG00000021451 | Sema4d -0.84 7.49 4855.31
ENSMUSG00000026628 | Atf3 -1.29 7.51 4949.21
ENSMUSG00000031861 | Lpar2 -1.23 2.53 154.74
ENSMUSG00000019818 | Cd164 1.08 7.63 5375.46
ENSMUSG00000027611 | Procr -0.94 4.07 450.73
ENSMUSG00000017652 | Cd40 -1.68 33 240.76
ENSMUSG00000027597 | Ahcy 0.71 5.57 1275.51
ENSMUSG00000022408 | Fam83f -2.1 2.99 214.74
ENSMUSGO00000006179 | Prss16 1.52 3.46 294.02
ENSMUSG00000054545 | Ugtla6a 0.83 4.72 656.54
ENSMUSG00000022769 | Sdf211 0.64 6.96 3447.67
ENSMUSG00000003882 | I17r -1.28 6.07 1823.08
ENSMUSGO00000033857 | Engase -0.82 5.51 1219.19
ENSMUSG00000047415 | Gpr68 -2.14 1.51 75.29
ENSMUSG00000004609 | Cd33 1.74 6.27 2461.96
ENSMUSG00000024737 | Slc15a3 -0.99 7.94 6639.85
ENSMUSG00000023367 | Tmem176a -0.89 4.13 473.53
ENSMUSGO00000032915 | Adgre4 -2.47 2.97 211.69
ENSMUSG00000008305 | Tlel -1.47 3.91 390.19
ENSMUSGO00000036353 | P2ry12 1.23 3.15 213.25
ENSMUSG00000004267 | Eno2 -1.2 2.81 174.47
ENSMUSG00000059824 | Dbp -0.91 5.64 1175.58
ENSMUSG00000076441 | Assl -0.94 4.52 649.94
ENSMUSG00000048537 | Phldbl -1.2 3.94 413.58
ENSMUSGO00000071068 | Treml2 1.55 3.18 243.56
ENSMUSGO00000057337 | Chst3 -1.22 3.22 225.75
ENSMUSG00000039629 | Strip2 2.74 0.83 47.85
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ENSMUSG00000041046 | Ramp3 -1.33 2.5 155.49
ENSMUSG00000025823 | Pdia4 0.75 7.07 3733.69
ENSMUSG00000025225 | Nfkb2 -0.71 6.56 2377.6
ENSMUSG00000038390 | Gprl62 -1.95 4.6 672.89
ENSMUSG00000002602 | Axl -1.5 4.5 610.39
ENSMUSGO00000015312 | Gadd45b -0.6 5.73 1770.41
ENSMUSG00000020334 | Slc22a4 -0.99 3.02 242.32
ENSMUSG00000020571 | Pdia6 0.67 | NA 8547.57
ENSMUSGO00000018919 | Tm4sf5 -2.16 0.29 | NA

ENSMUSGO00000030787 | Lyvel 3.59 -1.1 | NA

ENSMUSG00000027398 | Il1b -3.21 | NA 99.44
ENSMUSG00000022106 | Rcbtb2 -0.66 | NA 7384.58
ENSMUSG00000027435 | Cd93 0.62 | NA 15692.23
ENSMUSGO00000036158 | Pricklel -3.4 -0.82 | NA

ENSMUSG00000037405 | Icaml -0.6 | NA 4796.51
ENSMUSG00000026864 | Hspa5 0.76 | NA 31101.83
ENSMUSG00000033207 | Mamdc?2 -2.23 | NA 150.68
ENSMUSG00000034652 | Cd300a -0.59 | NA 8684.72
ENSMUSGO00000031451 | Gas6 0.7 | NA 23034.87
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A3

KPten*<imar BMDM gene ontology pathways

The table below lists significant gene ontology pathways expressed by KPten*4¢"" BMDMs
analyzed by Enrichr. Pathways highlighted in yellow are shared with the KIC macrophages in
Hosein et al. (Hosein et al., 2019).

necrosis factor superfamily

Term -logl0(P- | Genes
value)

neutrophil mediated 3.30 | ITGAM;ARGI;NFAMI1;CARD9;FGL2;PLAUR;

immunity (GO:0002446) PYGL;SCAMP1;PLD1;AP2A2;PYCARD;BSTI;
PFKL;LRG1;SELL;CRISPLD2;LCN2;PRTN3;C
D33

cytokine-mediated signaling 3.30 | CCRL;IFITMI1;RNASEL;IFITM2;ITGAM;TNFS

pathway (GO:0019221) F14;CISH;CEBPD;STAT3;SLA;IRS2;CSF2RB;P
YCARD;SOCS2;NFKBIA;SOCS3;LCN2;PRTN3
;STX3;CD300LF;CCR2

neutrophil degranulation 3.30 | ITGAM;ARGI;NFAMI;FGL2;PLAUR;PYGL;S

(GO:0043312) CAMPI;PLDI1;AP2A2;PYCARD;BST1;PFKL;L
RG1;SELL;CRISPLD2;LCN2;PRTN3;CD33

cellular response to cytokine 3.30 | CCR1;GBPS5;IFITM2;GBP7;ITGAM;CEBPD;ST

stimulus (GO:0071345) AT3;SLA;CSF2RB;PYCARD;SOCS2;SOCS3;SB
NO2;LCN2;PRTN3;STX3;TLR4;CCR2

neutrophil activation 3.30 | ITGAM;ARGI;NFAMI;FGL2;PLAUR;PYGL;S

involved in immune CAMPI1;PLD1;AP2A2;PYCARD;BSTI1;PFKL;L

response (GO:0002283) RGI;SELL;CRISPLD2;LCN2;PRTN3;CD33

positive regulation of 2.28 | GBP5;CARDY9;STAT3;TLR4

cytokine production

involved in inflammatory

response (GO:1900017)

cellular response to 2.20 | SOCS2;CISH;STAT3;IRS2

interleukin-7 (GO:0098761)

interleukin-7-mediated 2.20 | SOCS2;CISH;STAT3;IRS2

signaling pathway

(GO:0038111)

regulation of cytokine 1.95 | PYCARD;GBP5;CARD9;STAT3;TLR4

production involved in

inflammatory response

(GO:1900015)

negative regulation of 1.88 | PYCARD;SRGN;CD274;CD200R1;RARA;KLF4

cytokine production ;FCGR2B;TLR4;CD33

(GO:0001818)

regulation of interleukin-10 1.85 | PYCARD;CD274;STAT3;FCGR2B;TLR4

production (GO:0032653)

negative regulation of tumor 1.85 | CD274;ARG2;RARA;TLR4;CD33
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cytokine production
(GO:1903556)

positive regulation of 1.80 | PYCARD;GBP5;CD274;SPHK1;NFAM1;CARD

cytokine production 9;STAT3;RARA;FLOTI1;TLR4;SORLI1;CCR2

(GO:0001819)

regulation of tumor necrosis 1.58 | PYCARD;ARG2;STAT3;RARA;TLR4;CD33;CC

factor production R2

(G0O:0032680)

positive regulation of 1.55 | PYCARD;CD274;,STAT3;TLR4

interleukin-10 production

(G0O:0032733)

regulation of immune 1.39 | IFITM1;CD200R1;SELL;TREML2;AHR;CD300

response (GO:0050776) LF;FCGR2B;CD33

cellular component 1.38 | CTSL;FLOT1;HTRA1;MMP19;FURIN

disassembly (GO:0022411)

extracellular matrix 1.38 | CTSL;FLOTI;HTRA1;MMP19;FURIN

disassembly (GO:0022617)

cellular protein modification 1.38 | PTPN1;RNASEL;CTDP1;CISH;TIPARP;CP;F5;

process (GO:0006464) MTMI1;KLHL9;TGM1;SOCS2;SOCS3;SERP1;G
RK5;GRK6;CDK20;ST3GAL4;RARA;GCNT2;A
SB4;FBXL5;MAP3K6

regulation of cell 1.38 | SOCS2;PTPN1;GRKS5;GRK6

communication

(GO:0010646)

negative regulation of 1.36 | PRTN3;CD300LF;FCGR2B

phagocytosis (GO:0050765)

regulation of adaptive 1.32 | PYCARD;AHR;FCGR2B

immune response

(G0O:0002819)

dendritic cell migration 1.32 | CCRL;EPS8;CCR2

(G0O:0036336)

response to cytokine 1.32 | SELP;CD274;IFITM1;IFITM2;SPHK1;STAT3;A

(G0O:0034097) DAM9

positive regulation of DNA- 1.32 | FZD1;PYCARD;NFKBIA;SPHK1;NFAM1;CAR

binding transcription factor D9;STAT3;FLOTI1;TLR4

activity (GO:0051091)

regulation of 1.32 | CD200R1;SPHK1;NUPR1

neuroinflammatory response

(GO:0150077)

regulation of cytokine- 1.32 | PYCARD;SOCS3;PTPN1;RNASEL;SPHK 1

mediated signaling pathway

(G0O:0001959)

positive regulation of NF- 1.32 | PYCARD;NFKBIA;SPHK1;CARD9;STAT3;FL

kappaB transcription factor
activity (G0O:0051092)

OT1;TLR4
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cellular response to 1.32 | SOCS2;CTSL;STAT3;ARID5A;RARA

hormone stimulus

(G0O:0032870)

positive regulation of 1.32 | SELP;ST3GAL4

leukocyte tethering or

rolling (GO:1903238)

growth hormone receptor 1.32 | SOCS2;PTPNI;STAT3

signaling pathway

(G0O:0060396)

cellular response to 1.32 | PYCARD;CD274;SBNO2;ADAM9;FCGR2B;TL
molecule of bacterial origin R4

(GO:0071219)

organonitrogen compound 1.32 | ARG2;CERS6;ARG1;SPHK1;ST3GAL4;FURIN;
biosynthetic process CEPTI1

(GO:1901566)

regulation of inflammatory 1.32 | NFKBIA;BSTI1;CD200R1;SBNO2;SPHK1;KLF4
response (GO:0050727) ;TLR4;CCR2

regulation of B cell 1.32 | BSTI1;IRS2;AHR;FCGR2B

proliferation (GO:0030888)

negative regulation of tumor 1.32 | ARG2;RARA;TLR4;CD33

necrosis factor production

(G0O:0032720)

response to interferon- 1.31 | GBPS;IFITM1;IFITM2;GBP7;TLR4

gamma (G0:0034341)

positive regulation of 1.31 | ITGAM;NUPR1;FCGR2B;TLR4

neuron death (GO:1901216)
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A4  KPten“P** BMDM gene ontology pathways

The table below lists significant gene ontology pathways expressed by KPten " BMDMs
analyzed by Enrichr. Pathways highlighted in yellow are shared with the KIC macrophages in

Hosein et al. (Hosein et al., 2019).

Term -log10(P-value) | Genes

positive regulation of ruffle assembly (GO:1900029) 1.38 | P2RY12;EPS8
regulation of ruffle assembly (GO:1900027) 1.38 | P2RY12;EPS8
chaperone cofactor-dependent protein refolding

(GO:0051085) 1.38 | SDF2L1;HSPAS
platelet degranulation (GO:0002576) 1.38 | SELP;GAS6;MANF
negative regulation of interleukin-1 production

(G0O:0032692) 1.38 | GAS6;CD33

'de novo' posttranslational protein folding

(GO:0051084) 1.38 | SDF2L1;HSPAS
calcium-dependent cell-cell adhesion via plasma

membrane cell adhesion molecules (GO:0016339) 1.31 | SELP;PCDHGC3

134




A.5  KIC macrophage markers expressed by KPten*¢"* BMDMs and KPten"P <

BMDMs

The table below lists the gene expression levels (FPKM) of KIC macrophage markers in
KPten*4¢nsr BMDMs and KPten*P“* BMDMs. Genes are listed in alphabetical order.

Gene name KPten44<iner BMDMs KPteni? < BMDMs
321A-BMDM 333A-BMDM 409-BMDM 746 A-BMDM
1600014C10Rik | 51.9184 55.4094 40.3693 19.1184
2010107E04Rik | 165.398 160.74 208.472 182.471
A930007119Rik | 0.0213182 0.0585111 0.0794342 0.0199118
AB124611 179.663 168.128 145.079 128.47
AF251705 206.023 185.466 175.771 175.781
AlI607873 93.3644 93.6343 88.4599 99.392
Al662270 79.857 81.1667 87.9093 81.7465
AW112010 26.1331 28.7096 15.7083 12.478
Abcal 46.2447 38.4536 334171 38.1484
Abracl 58.3334 61.0983 68.5753 69.2816
Acp5 8.34846 6.88632 497431 2.86794
Actb 1242.6 1255.24 1431.93 1412.74
Actr2 141.6 134.498 161.794 166.117
Actr3 203.6 197.463 198.557 214.519
AdamS8 422 .91 445.894 410.179 508.454
Adamdecl 0 0 0 0
Adgrel 350.551 364.514 337.341 411.107
Adssll 69.3475 65.0762 54.1148 56.6205
Agpat9 0.895197 0.881248 0.613618 0.536805
Aifl 11.8732 10.5703 15.7676 13.0115
Alasl 30.0268 33.9225 31.5318 29.9466
Aldh3bl1 65.3089 62.482 57.0102 54.5523
Alox5ap 655.015 676.665 634.385 617.99
Amical 29.3175 33.4685 12.7049 8.05247
Ankrd33b 12.8157 12.3534 8.68651 9.51249
Apls2 55.1661 58.6262 73.9187 73.0504
Ap2sl 355.256 383.859 455.954 385.221
Apbblip 75.9387 80.2306 75.7915 81.1442
Apoe 7249.13 5901.98 4883.47 4221.11
App 376.821 373.886 438.553 434.524
Argl 0.597261 0.834421 0.360017 0.425573
Arg2 9.87262 11.3045 3.46606 1.3726
Arhgap31 17.8993 19.4311 16.0711 17.4305
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Arhgap9 90.5654 88.5929 82.3623 81.887
Arhgdib 497.133 497.272 501.133 461.615
Arih2 18.0716 18.0883 14.3625 14.8115
Arpclb 587.539 608.785 683.961 649.004
Arpc2 413.399 428912 482.701 501.444
Arpc3 502.746 482.84 641.667 615.633
Arpcé 131.714 141.883 155.485 152.89
Arpc5 271.349 285.497 308.094 291.029
Arrb2 186.336 189.359 205.085 214.351
Arrdc4 34.796 36.8938 25.7728 19.643
Asahl 292.286 282.742 275.695 241.641
Atf4 114.257 113.211 93.9334 97.9331
Atox1 316.298 343.634 319.256 320.36
Atpllb 17.9704 19.473 17.7991 18.0383
Atpl3a2 188.214 194.237 195.981 165.51
Atplal 175.245 180.968 190.011 208.793
Atplb3 221.075 219.601 233.963 225.19
Atp5e 353.594 367.543 433.477 382.096
Atp51 31.5082 30.9402 34.3436 29.3565
Atpbapl 282.85 287.466 289.7 297.839
Atpbap2 115.599 112.833 146.184 141.221
Atp6v0b 453.262 473.826 453.184 429.592
Atp6v0d1 181.055 181.592 205.852 190.208
Atpbvla 180.229 175.504 208.286 236.377
Atp6v1b2 200.379 195.231 190.915 196.435
Atpbvlel 189.241 192.303 204.283 179.606
Atp6vlf 358.403 349.316 346.932 364.588
Atpbvlgl 186.658 189.348 210.634 193.245
B2m 2016.66 2168.57 2165.65 2103.77
BC005537 210.927 228.412 200.958 257.62
BC028528 459184 48.573 43.6029 46.3407
Baspl 61.61 62.9692 73.5081 85.6588
Bcll0 61.9948 63.9822 57.5836 55.947
Bcl2ala 0.296083 0.471272 0.275855 0.205526
Bcl2alb 247.13 232.125 242.47 173.97
Bcl2alc 0.172625 0 0.160932 0.157213
Bcl2ald 1.55444 2.89496 1.99995 0.959122
Bel2l11 22.7215 20.8317 17.6895 17.2218
Bhlhe40 14.7545 15.4553 13.3679 11.2393
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Bin2 79.3881 77.9047 69.5628 58.3472
Birc3 50.1423 52.8996 36.3378 33.3539
Btgl 73.4543 80.9294 48.4827 31.7881
Clqa 360.035 356.843 465.576 394.217
Clgb 2835.42 2696.99 3016.32 2841.28
Clqc 1615.7 1600.69 1893.51 1726.88
C3arl 188.744 186.621 174.702 193.805
CSarl 127.876 123.654 104.236 125.223
Calml 132.346 140.184 182.578 181.801
Capza2 163.698 178.121 177.354 171.585
Casp4 20.0962 26.1326 20.9393 16.2685
Ccedc711 14.1977 15.8373 14.0151 14.4954
Ccl2 25.8571 38.0312 64.3317 19.6212
Ccl24 1.06841 0.825273 2.10548 1.26225
Ccl3 37.0012 41.3331 43.0394 45.0327
Ccl4 9.21741 10.8648 19.213 30.7588
Ccl6 1321.88 1285.19 862.084 330.216
Ccl9 396.351 393.762 356.647 263.244
Cenll 40.5041 44.0684 33.7354 30.7407
Cerl 54.919 62.756 73.9038 27.0156
Cer2 24.1585 23.5412 14.8117 9.87326
Cer5 33.7089 32.7997 19.3625 13.3829
Cerl2 19.7703 19.7615 11.7989 11.5066
Cd14 307.658 325.488 185.202 223.429
Cd274 11.3811 13.4496 7.4113 4.41094
Cd300a 91.3117 84.3633 57.3669 57.9495
Cd3001f 88.5357 99.405 63.2356 37.1277
Cd302 65.2279 68.0391 57.5558 40.9581
Cd33 46.1773 60.5696 58.2413 40.4342
Cd38 9.53137 7.40671 4.80862 0.907695
Cd48 139.478 137.349 141.458 140.569
Cds2 353.348 379.406 334.977 332.029
Cd53 196.046 186.658 180.662 169.208
Cd68 874.66 884.566 1145.75 1283.77
Cd74 12.5326 13.2758 12.0371 9.63133
Cdg0 7.73382 6.95913 6.70183 7.71594
Cd83 10.4835 9.62872 12.3832 16.5572
Cdg4 165.196 163.25 180.31 189.918
Cdg6 5.52305 6.09671 5.16284 4.79962
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Cdo3 74.5258 68.0197 101.821 114.424
Cdc42 327.124 332.455 380.252 385.049
Cdc42ep4 11.2404 11.6025 12.2357 12.5632
Cdknla 218.866 226.92 218.362 226.955
Cebpb 243.737 277.247 201.741 135.302
Cth 72.7263 67.2118 448115 33.6187
Cflar 8.57276 8.91751 8.34998 8.88683
Cfp 551.681 565.624 533.793 458.862
Chil3 419.686 381.634 128.343 50.5326
Chmp2a 146.586 139.855 141.854 133.598
Clec10a 61.3769 46.9933 35.5971 26.7459
Clec4a2 24.8128 27.8644 22.4318 21.3223
Clec4a3 88.9103 86.1005 54.6818 51.9206
Clec4d 682.047 740.01 543.371 519.934
Clec4e 22.8849 32.223 17.8526 16.6507
Clec4n 150.909 184.243 88.7323 58.2067
Clec5a 5.15011 7.56432 7.90085 8.40049
Clta 428.889 430.517 615.831 583.606
Cmip 45.926 43.7471 41.931 43.6047
Cmtm7 107.692 100.955 115.715 112.6
Cndp2 305.498 286.656 321.817 337.29
Corola 200.224 197.583 189.782 202.238
Corolb 262.089 261.648 247.209 229.033
Cotll 474.571 456.216 588.745 564.188
Cox17 121.91 119.955 129.091 117.254
Cox4il 735.562 696.337 700.092 677.102
Cox5b 201.601 198.639 242.284 225.195
Cox8a 472.965 476.764 473.945 416.089
Creb5 3.97517 4.90825 3.48233 5.24951
Cregl 367.912 371.826 313.943 334.373
Crem 7.39118 6.56275 7.02472 5.47916
Csflr 1103.82 1147.02 925.266 1033
Csf2ra 75.2353 99.5096 80.4097 82.1702
Csf2rb 169.637 183.179 91.3433 56.4159
Csf2rb2 133.056 135.162 72.9413 61.6686
Csrnpl 11.2455 12.3399 8.20494 6.67796
Cst3 1521.35 1459.98 1500.83 1626.17
Cstb 547.748 555.504 588.455 596.125
Ctsa 471.148 468.174 443.59 439.931
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Ctsb 3919.35 3714.2 4615.97 4712.46
Ctsc 82.4459 91.2453 90.409 82.8384
Ctsd 11079.4 10083.7 10863.1 10138.6
Ctsh 255.58 239.618 175.55 154.534
Ctss 3306.45 3203.74 2588.62 2096.56
Ctsz 802.967 805.063 854.31 747.352
Cxcll 1.60054 2.43022 1.15976 0.715062
Cxcll6 23.8226 25.1429 18.4491 23.9258
Cxcl2 3.23041 5.75364 2.72735 1.92319
Cxcl3 0.489544 1.09078 0.101349 0.0505144
Cyba 1189.66 1226 1156.64 981.93
Cybb 258.081 285.306 162.007 177.955
Cyp4fl18 28.6793 19.8376 23.0909 20.2697
Cythl 70.5015 69.8105 57.3452 54.754
Cytip 7.61715 7.00908 5.24702 5.34244
Dab2 141.469 162.384 226.102 226.206
Dapkl 39.1168 42.5411 23.4561 27.6885
Dazap2 277.145 275.139 275.182 272.034
Dbi 167.786 167.296 210.966 177.891
Dcstamp 0.0301719 0.22063 0.0771197 0.0562784
Ddx5 166.985 181.6 175912 169.762
Dennd4a 9.8345 9.20555 6.30234 6.15595
Dirc2 17.6509 17.3224 15.627 14.1595
DmxI2 10.4541 11.2109 6.55016 5.00505
Dock10 34.4257 34.3896 30.487 36.9495
Dok2 22.2925 24.1967 23.6663 25.492
Dok3 64.313 70.3413 71.8132 63.1158
Dpep2 147.818 160.091 121.36 121.255
Dpys 0.0198848 0.0545855 0.05557 0.0371551
Dtx4 28.1594 23.2995 21.9951 22.7922
Duspl 58.3081 61.9011 54.5573 50.7261
Duspl6 3.18615 3.64209 1.96138 2.70142
Dusp3 76.3461 70.6621 59.8631 58.3504
Dusp5 0.981642 0.682322 1.04514 0.86937
Earl 0 0 0 0

Ear10 0 0 0 0

Ear2 0.340336 0.309169 0.124261 0

Efhd2 250.53 258.064 247.027 274.166
Ehd1 37.6771 40.9258 37.2169 41.628
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Eif4al 200.015 200.643 206.319 223.631
Eifde 12.459 13.8733 17.5578 17.7134
Eif5 71.047 70.0339 63.1858 61.8027
Ell2 9.21785 10.3889 8.91673 12.9699
Emb 362.314 376.166 268.115 173.032
Emilin2 206.685 236.134 180.755 134.704
Erp29 208.06 200.341 197.701 216.626
Ets2 9.36389 10.86 7.8553 9.43953
Evi2a 79.4187 89.4265 84.682 103.421
F10 7.47014 7.70362 2.36419 0.76235
F13al 258.198 281.358 304.57 179.183
F7 1.65925 3.38223 1.95109 0.862933
Fam105a 64.9448 62.2049 65.7186 62.319
Fam134b 43.6744 36.6997 38.733 42.1163
Fam49b 41.2345 43.1314 45.138 40.6916
Fam96a 100.235 96.1783 121.194 100.433
Fcerlg 830.657 873.565 941.736 974.084
Fegrl 59.4355 52.7818 48.8125 35.906
Fcgr2b 170.13 182.184 110.788 56.9688
Fegr3 1212.8 1266.29 1167.82 968.068
Fcgr4 135.74 116.273 72.3727 49.6626
Femlc 16.8919 14.0024 13.5233 15.1553
Fermt3 188.202 190.085 185.628 181.748
Fes 119.831 127.553 103.194 91.6823
Fgr 0.792331 0.923301 0.496516 0.498458
Fnl 4.01673 3.37337 0.972022 0.727491
Fosl2 24.7651 26.0321 15.0654 12.2453
Fprl 10.8446 19.9112 5.0513 3.0438
Fpr2 10.9029 17.4834 4.48886 2.85088
Fthl 17574.8 17993.3 17032.9 14426.7
Ftll 9695.19 10065.2 10836.4 10928
Furin 72.1606 79.4826 64.0144 47.8412
Fxyd5 785.987 797.831 651.219 616.596
Gabarap 494.579 485.763 498.39 473.952
Gadd45a 24.5331 19.9191 20.0488 17.8301
Gadd45b 58.2877 62.052 39.4448 38.0395
Gas213 6.82726 6.50726 9.5299 9.95677
Gas7 57.0447 54.1798 44.6272 32.8135
Gatm 11.5514 11.6791 17.3882 19.5276
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Gda 149.793 144.981 96.3827 47.6352
Gdel 63.0634 66.2873 62.0831 57.5162
Gdi2 276.079 267.72 299.472 301.19
Gdpd3 0.513285 0.65524 0.90855 0.620009
Glrx 22.8848 27.9675 29.1657 38.2855
Gltp 218.145 222.243 218.58 220.332
Gm2a 86.4276 83.1629 79.2894 72.1481
Gm5150 4.97549 5.77744 2.43358 1.61504
Gm6377 2.27683 2.13168 2.03996 2.94033
Gmfg 95.1914 93.0288 101.344 98.6824
Gnal3 40.3009 39.3757 37.7303 39.1925
Gng2 67.699 65.3751 70.0181 71.4324
Gngt2 78.1191 66.2795 72.9409 65.6207
Gns 349.368 344.706 338.011 292.239
Gpil 225.463 228.326 207.53 204.477
Gprl32 5.74746 7.75001 5.01577 4.82301
Gprl71 4.54464 5.84885 2.6978 0.582525
Gpr65 45.9059 44.2144 35.6645 49.1569
Gpsm3 106.971 103.611 104.069 93.9855
Gpxl 821.976 856.956 852.018 872.698
Gm 1571.07 1578.23 1989.7 2056.22
Gsap 7.43631 8.34265 5.90339 5.42621
Gsr 89.8664 94.6088 54.0146 47.1332
Gtf2b 47.6987 447774 46.3762 45.654
Gusb 311.787 305.492 388.064 441.591
Gyg 103.574 98.428 108.274 104.876
H2-Aa 0.461437 0.561006 0.334352 0.524037
H2-Abl 0.494891 1.23157 1.25738 0.962537
H2-D1 1672.03 1656.28 1433.32 1458.05
H2-DMa 11.0365 12.9321 15.2494 11.2113
H2-DMbl 19.1122 19.9336 21.1503 20.5559
H2-DMb2 0.677195 1.50541 0.560827 0.696259
H2-Ebl 0.183603 0.755106 0.370578 0.770459
H2-K1 966.737 998.499 835.077 805.818
H3f3a 175.806 185.223 185.441 167.48
H3f3b 266.65 266.693 294.418 273.663
Hacd4 75.7725 68.3866 79.722 76.0451
Hal 0.0176704 0.0485189 0.0164603 0.0495454
Hck 48.5613 52.5663 49.5427 50.6323
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Hels1 176.835 170.879 176.782 189.064
Host 44.7004 40.0833 33.0792 413352
Hebpl 25.9718 25.0017 31.2328 23.8902
Hexa 869.506 813.605 900.058 918.715
Hexb 125.642 118.312 172.597 192.105
Hfe 80.1346 78.3782 78.0353 76.7251
Hifla 45.5385 45.9234 29.5636 23.3937
Hilpda 10.136 11.2494 8.44068 5.62464
Hk2 16.6691 15.6948 10.378 9.22971
Hmox]1 521.458 566.511 524.782 535.024
Hnrnpa2bl 176.348 177.232 223.419 222.003
Hopx 46717 443468 2.2728 1.06727
Hp 149.855 143.65 57.2836 26.8436
Hspa5 560.899 533.471 762.177 723.82
1d2 85.0102 92.1115 64.9651 73.5274
Ter3 59.1022 69.9311 44.0948 16.9904
ler5 35.3508 32.649 32.2018 34.0352
1fi30 77.8677 85.8755 109.398 105.523
Ifitm1 20.8592 25.2262 6.85426 6.26418
Ifitm2 1182.44 1170.06 782.087 667.193
Ifitm3 981.955 954.745 758.289 715.611
Ifngrl 225.563 215.428 154.057 154.271
Ifrd1 46.2861 47.9169 32.5069 30.2959
Igsf6 133.2 146.33 85.3786 76.4074
Tkbkb 38.0714 38.7728 32.54 31.8316
1110rb 172.779 168.743 201.082 213.653
Ila 0.177771 0.139342 0.0473145 0

1l1b 0.993264 1.77744 0.81427 0.480881
112 0.665549 1.03665 0.182356 0.18227
Il 1.63155 1.52611 1.21854 0.943766
1123a 0.154606 0.10588 0.0720139 0.107979
Il4ra 1722 184.036 177.93 91.4075
116 0.100505 0.274963 0 0
Inpp5d 137.242 135.499 140.254 139.552
Insigl 23.7742 20.5075 29.1786 26.9948
Iqgapl 128.371 120.094 114.546 144.408
Trak2 23.1871 20.3099 13.9776 14.3924
Irf2bp2 39.5594 44.6094 41.7849 33.835
Irf5 92.933 94.3944 73.2666 86.9541
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Isgl5 9.81683 10.7947 13.8669 17.0573
Itgam 388.509 404.842 358.744 283.174
Itgax 0.426475 0.379738 0.275877 0.64283
Itgb2 385.441 376.031 366.987 382.734
Itgb5 165.854 150.92 185.323 192.195
Jarid2 6.25721 6.69222 5.45126 5.592
Junb 111.022 127.073 90.0504 70.2704
Kctd12 68.4248 66.5019 59.0086 52.4599
Kdmo6b 5.82716 5.96598 4.66658 2.90299
Kdm?7a 9.41699 9.44189 6.66708 5.14332
K16 83.3249 82.095 70.3022 75.8421
Klra2 1.10574 1.50329 1.15525 0.423193
Laccl 22.7476 26.6222 28.942 32.8642
Lampl 1758.7 1750.55 1837.59 1689.16
Lamp?2 397.803 397.294 418.968 421.315
Lamtor2 238.023 225416 257.026 225.352
Laptm5 996.327 984.331 1010.13 1030.69
Larp4b 22.3196 22.1114 22.8707 22.3914
Lepl 233.288 245.298 299.185 350
Lcp2 42.6904 44.3531 44.2267 409173
Lgals3 1343.18 1305.7 1336.39 1510.17
Lgmn 726.344 662.853 1041.34 908.433
Lilr4b 101.091 131.04 111.721 109.961
Lilrb4a 252.025 340.251 251.524 226.631
Litaf 219.173 212311 208.974 160.835
Lmnbl 3.25018 4.19623 17.592 20.5304
Lrgl 12.6649 14.1538 4.1258 0.578815
Lrrc8d 26.868 25.6819 21.2459 20.4182
Lrrfipl 48.4809 48.6332 46.9303 48.1556
Lstl 136.939 123.414 147.658 137.305
Ltc4s 47.968 50.7408 56.575 36.8103
Ly86 120.96 112.172 85.7646 83.1931
Lyn 110.648 108.076 105.691 109.081
Lyz2 26258.5 27875 22736.2 19761.9
Mépr 159.408 165.6 162.252 168.617
Mafb 75.8012 74.5513 83.0256 72.8265
Maff 10.3877 10.4363 6.7622 6.1696
Maltl 6.00012 6.0239 6.00211 5.72186
Man2al 96.1672 93.1818 76.9401 89.2118

143



Man2bl 330.394 322,711 275.958 284.743
Mapkapk?2 91.6451 100.143 84.5695 89.7517
Marcl 0.0464409 0.042479 0 0
Marc2 44.6248 40.5327 39.4018 39.8439
Marchl 25.7253 25.7224 19.663 16.7369
March2 69.8009 74.3737 70.3223 64.742
Marcksl1 17.4757 25.5213 16.8174 21.9722
Mcempl 3.78213 4.76011 1.42722 0.445108
Mcll 287.33 294.109 267.394 233.095
Mdm?2 55.2439 55.6788 52.1841 55.8414
Mertk 142.012 145.189 113.527 103.424
Metrnl 57.841 53.7095 59.5744 65.218
Mfsd1 134.625 132.237 171.493 158.363
Mgstl 268.319 266.421 179.23 131.321
Milrl 44.7487 44.101 54.6087 61.1078
Mmp12 12.9861 12.5 9.71939 10.6918
Mpegl 1435.28 1301.71 1213.52 1312.32
Mrcl 82.4343 113.369 261.922 211.766
Mrpl23 11.5753 14.2855 14.6988 15.3363
Ms4a6b 175.241 179.067 260.022 234.255
Ms4a6c 467.601 485.631 536.97 476.387
Ms4a6d 483.859 538.271 588.195 435.072
Msrl 83.242 101.047 121.367 115.366
Msrbl 716.133 748.278 490.013 391.807
Mtl 486.588 452.281 433.012 359.922
Myeov2 221.038 230.637 268.868 232.543
Naaa 33.2333 40.7743 22.1841 15.2861
Nampt 51.1707 56.3021 44.8964 39.5208
Napsa 112.568 115.871 72.2519 66.8435
Ncehl 87.7474 83.1748 91.9764 100.568
Necfl 392.743 395.282 347.499 307.314
Ncf2 153.334 151.727 134.948 130.576
Ncf4 104.942 120.228 79.7016 68.3477
Nckapll 188.278 194.817 178.064 187.891
Neul 45.1532 44.5222 45.7947 41.369
Neurl3 85.6507 76.2819 61.7906 69.7056
Nfe2l2 110.477 114.875 111.885 116.899
Nfil3 59.5397 57.0239 28.3642 16.5222
Nfkb1 34.168 36.7284 33.4761 35.9615
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Nfkbia 168.062 202.907 130.8 95.3363
Nfkbib 34.5969 36.6452 34.4836 33.0031
Nfkbid 5.40244 7.58171 5.00939 4.74078
Nfkbie 4.81587 7.66453 5.94052 6.52436
Nfkbiz 3.4716 5.95706 2.64809 2.73162
Ninj1 443.419 445.223 353.773 365.879
Nlrp3 24.0261 27.1958 22.3361 22.4669
Nov 0 0 0 0

Npc2 434.947 429.043 405.089 415.658
Npl 8.71886 9.11954 14.8561 12.2164
Nr4a3 0.250372 0.109254 0.0787293 0.152357
Nrgl 0.189532 0.108346 0.0662086 0

Nrros 81.7602 90.0744 85.5028 87.1753
Ntper 39.4527 37.0586 36.6235 34.2532
Olrl 0 0 0 0
Osbpl9 91.7922 86.9098 87.8443 76.1367
Oserl 10.188 10.3631 10.3201 10.8489
Osgin2 4.43177 4.59663 5.12596 4.72816
Osm 9.73478 8.12925 8.06077 5.2193
Ostfl 168.977 166.313 193.021 198.404
P4hb 234.887 233.753 266.368 261.509
Pde4b 11.6857 11.6333 6.43962 5.74152
Pf4 105.105 99.456 278.186 173.872
Pgd 428.564 446.85 317.542 300.875
Phldal 2.18422 2.60829 1.65169 1.82272
Picalm 248.326 242.132 184.213 153.932
Pid1 88.2887 94.8657 111.42 132.987
Pik3rl 20.5245 20.1342 19.3955 22.854
Pik3r5 117.2 127.237 75.506 71.7323
Pilra 2.40262 3.13359 1.88564 1.76776
Piml 31.4856 35.6917 24.4195 19.1562
Pim3 24.294 25.0397 17.7784 15.9854
Pira2 6.80403 6.3368 6.56503 5.59045
Pirb 355.103 391.142 234.141 189.748
Pitpna 161.63 170.744 163.051 175.156
Pla2g7 112.996 125.292 95.696 91.6291
Plaur 42.7961 48.0153 28.487 19.6162
Plbd1 0.584104 0.650263 0.378516 0.59259
P1d3 241.225 239.514 227.939 220.55
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Pld4 222.175 223.426 239.469 216.998
Plek 84.0419 79.0916 105.929 118.693
Pletl 0.109392 0 0.0509517 0

Plgrkt 60.653 61.832 50.2936 39.7515
Plin2 1104.22 983.64 813.214 840.672
P1k3 1.2915 2.05834 2.73601 2.33497
Plxdc2 8.45364 8.29565 2.82127 2.64078
Pmvk 18.2032 18.9783 13.0512 11.841
Pnrcl 76.1868 77.7343 62.6532 62.9629
Ppig 15.7183 15.7331 15.4807 13.8942
Ppplrl5a 26.2169 25.3991 20.2234 17.6891
Pptl 161.799 161.931 134.63 113.261
Prcp 30.9743 27.365 25.9266 25.2083
Prdx5 751.284 699.165 524.492 404.736
Prked 161.309 162.311 140.876 137.05
Prtn3 248118 1.57731 0.806355 0.482003
Psap 9801.59 9071.86 8084.98 6702.5
Psma6 158.285 168.716 153.701 147.375
Psmb8 92.9394 88.7647 104.614 106.351
Ptafr 54.7854 51.3053 42.9866 45.1002
Ptbp3 37.1871 37.774 43.0239 45.18
Ptgsl 41.9074 36.8688 32.9235 21.2428
Ptgs2 0.33315 0.220955 0.0856081 0.171975
Ptp4al 8.9823 8.78371 6.4051 5.67845
Ptpnl 145.051 149.943 119.787 99.504
Ptpnl8 45.1731 45.729 47.3227 47.5065
Ptpn6 142.099 149.081 149.791 151.062
Ptprc 98.3964 97.4684 87.9374 93.0489
Ptpre 18.1807 17.8612 16.0511 16.1628
Pycard 53.9012 54.3755 50.4497 37.5337
Pygl 160.431 167.177 106.367 68.8581
Rabl1fipl 2.37376 2.30418 1.99306 1.75889
Rab20 37.6952 40.2857 25.6352 22.8554
Rab5c 221.582 228.831 259.536 253.017
Rab8b 84.1516 77.5065 81.5892 87.8016
Rabgefl 13.351 13.8635 12.5392 12.6995
Rac2 117.2 114.604 108.743 108.273
Raplb 250.622 248.165 247.934 241.644
Rap2a 38.7377 37.5176 42.929 39.7036
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Rapgef2 6.25609 5.80481 5.16072 5.73047
Rbm47 16.8121 18.9573 15.8894 16.953
Rbm?7 49.1001 49.2195 49.6341 46.1014
Rcbtb2 88.7046 76.4492 60.3413 61.927
Rel 5.68493 4.83826 5.26034 5.20584
Renbp 136.079 132.151 149.38 132.137
Rffl 21.41 21.1438 13.7998 10.7253
Rgcc 1.30428 1.69695 1.04154 0.864032
Rgsl 24.4101 23.4809 24.955 28.1877
Rgs10 177.377 169.424 210.784 227.397
Rhoa 242.074 246.772 276.772 275.773
Rhog 258.049 258.526 260.37 262.539
Rilpl2 74.52 74.913 48.4303 43.1189
Rnasel 59.209 65.4395 67.7295 56.0458
Rnaset2a 25.8233 25.6992 20.9317 24.7042
Rnfl3 93.2936 101.301 105.839 112.609
Rnf130 285.238 284.549 279.29 238.249
Rnf149 181.255 196.417 134.371 113.572
Rnpep 182.023 181.014 173.298 164.127
Rps27a 507.177 490.94 502.363 483.089
Rps29 1008.62 1003.84 988.663 1050.14
Runx3 1.82888 2.16951 2.60687 2.11282
Samhd1 119.896 121.188 102.235 111.252
Samsnl 22.4935 23.192 17.6144 16.3916
Sashl 58.1502 55.8694 49.6588 48.3335
Satl 422.793 411.298 363.511 331.333
Scandl 110.935 122.146 106.433 96.0483
Scarb2 153.672 139.477 118.303 116.986
Sdcbp 488.239 468.296 537.424 512.392
Sdf211 122 117.766 178.446 166.542
Selplg 105.976 107.336 104.163 99.2036
Seppl 3918.31 3563.24 3584.93 2790.3
Serinc3 937.614 889.246 903.072 935.307
Serpl 422.192 424.21 371.962 272.522
Sgkl 35.7829 35.8311 35.6197 30.1322
Sh3bgrl 140.641 148.385 191.817 175.608
Sh3bgrl3 779.806 827.674 936.277 971.857
Shfml1 441.159 433.508 464.211 431.41
Sirpa 347.297 369.735 408.057 506.014
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Sirpblb 5.40157 5.09264 2.77401 1.71012
Skap2 157.087 156.543 157.74 159.4
Skil 15.9989 17.4167 11.652 11.7606
Sla 81.1077 84.4892 70.0599 47.707
Slcllal 137.079 136.496 92.4082 96.7006
Slc15a3 120.91 121.23 74.6233 70.1492
Slc25a5 194.14 219.428 228.757 205.18
Sle3a2 165.963 162.926 142.34 154.876
Slc7all 5.18023 5.23242 2.73855 2.23043
Slc7a2 2.1988 2.20325 1.67674 1.36901
Slc7a8 39.2859 45.419 50.0482 64.1331
Slfn2 393.835 428.124 349.461 266.528
Slpi 2.09611 3.1606 1.40361 0.546434
Smim3 26.0343 25.9535 20.4685 18.5784
Smox 43.4416 38.4326 29.8385 27.1314
Smpdl3a 357.683 373.496 322.212 287.825
Snap23 95.5638 88.8947 88.95 84.207
Snx10 52.0012 54.2017 51.119 44.0958
Snx18 33.2731 33.8114 26.0122 23.3942
Snx20 82.997 86.0944 77.0468 72.7491
Snx3 177.101 187.207 223.04 224.075
Snx5 287.178 271.755 297.219 310.097
Socs3 42.6357 52.5587 37.6309 9.94073
Sod2 247877 33.0258 16.4878 15.8446
Sorll 25.7115 22.8017 11.727 11.6753
Sowahc 18.5476 16.2767 9.57878 8.43234
Speccll 18.801 18.7097 17.1451 17.856
Spil 354.527 379.05 324.269 306.356
Sqstml 450.077 457.628 399.945 426.453
Srgn 291.741 307.722 234.538 164.987
Srsf5 129.544 151.468 126.318 115.167
St3gall 17.8645 17.9318 13.3095 14.2514
St8sia4 22.9145 20.8893 18.5945 21.8163
Stral3 75.3245 63.1432 93.8593 93.0932
Stx7 96.0402 100.244 97.9877 86.2631
Subl 31.2526 29.9155 30.8953 26.4453
Syk 143.863 137.765 113.593 110.498
Synjl 25.0761 25.4684 22.5227 23.7843
Taldol 536.39 565.349 459.641 452.607
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Tbxasl 137.694 125.222 131.454 112.413
Teirgl 266.063 293911 247.419 233.244
Ten2 224.207 232.373 243.59 220.864
Tfec 43.6818 54.2583 40.0017 22.8333
Tgtbl 164.05 173.732 159.981 149.694
Tgtbi 151.162 182.138 177.98 150.162
Tgifl 60.9977 60.8989 50.5407 53.3884
Tgm?2 121.389 106.845 76.7389 82.6281
Thbsl 268.292 224411 114.798 61.1391
Tiparp 9.99478 10.7708 8.17841 8.08601
Tkt 109.66 113.378 112.504 119.317
Tir2 70.8426 85.3101 459716 39.7629
Tm6sfl 146.602 149.596 132.155 144.27

Tmbim6 316.364 322.443 346.849 332.19

Tmed5 26.3278 27.7427 24.9284 26.2861
Tmeml4c 172.304 181.885 192.101 176.324
Tmem189 127.968 132.443 105.526 104.333
Tmem251 35.437 31.9315 28.6637 29.9054
Tmem256 174.947 157.709 186.634 193.453
Tmem37 60.2315 58.2277 44.5455 33.2272
Tmsb4x 3809.24 3863.21 5170.96 5108.21
Tnf 2.19625 3.25103 2.04594 2.18545
Tnfaip2 122.007 139.761 96.5903 84.1658
Tnfaip3 14.9386 17.4824 9.0019 9.6325

Tnfrsflb 158.885 151.537 114.205 110.651
TnfsfO 5.03481 6.45669 5.33734 4.88656
Topl 27.447 28.8794 27.3841 30.0348
Tpd52 234.214 223.434 199.876 201.331
Trafl 3.88668 5.77104 2.57198 1.82508
Trappc2l 83.1729 81.7291 91.0424 87.3976
Treml1 3.10625 4.01614 3.78842 3.02376
Trem?2 641.69 607.685 690.824 751.957
Trf 361.703 271.947 165.885 183.557
Trpsl 241764 2.39929 1.81598 2.06042
Trpv2 68.3758 71.695 72.4741 77.9975
Tubb6 22.3736 18.8537 30.5305 32.6624
Txnl 190.329 186.315 210.075 209.682
Txnrdl 53.4453 53.9657 45.3803 53.2786
Tyrobp 1733.73 1736.54 1551.47 1574.59
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Ubash3b 11.1687 12.0363 13.0913 13.058
Ubc 22.9622 30.3454 25.0279 24.5641
Ube2d3 100.356 104.985 102.322 92.3294
Ubl3 91.1096 91.4459 91.0472 85.0749
Uck2 27.3739 28.7696 18.0158 10.7819
Ucp2 1433.1 1419.07 1295.19 1347.02
Unc93bl 423.858 422.623 344.083 328.371
Uqcerb 149.417 150.487 175.715 146.046
Vamp4 11.8537 11.3612 8.8589 8.63237
Vdr 0.447417 0.449792 0.406603 0.194012
Vegfa 41.4631 38.8238 25.9921 18.3783
Widcl7 475.084 527.187 630.503 384.249
Widc21 0.176604 0.158943 0.329299 0.160742
Wsbl 40.6704 45.0834 44.2976 42.9706
Zc3hl2a 12.2692 16.5033 10.8955 8.92114
Zeb2 36.8825 36.4407 32.5878 32.2867
Zeb2os 32.0351 29.8511 29.3278 26.8543
Zfand5 28.4906 28.3512 24.3246 20.9148
Z1p36 131.054 129.969 96.1883 106.509
Zp36l1 76.1441 74.3572 63.8016 60.4005
Zfp703 26.9496 28.9021 27.3594 25.6745
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Appendix B PDAC cell lines cytokine array

B.1  Cytokine array raw data of KPten*'“"* and KPten*?" PDAC cell lines
The table below lists the raw integrated density data of cytokines expressed by two KPten

AAcinar

PDAC cell lines and two KPten*P“! PDAC cell lines. The average of duplicates is shown for

each cytokine.

KPten4<ner PDAC KPten?"< PDAC

321A 339A 409 T46A
G-CSF 1096 18954 830 326
GM-CSF 5869.5 18541 3457 420
CD54 0 11397 13.5 237
IFN-gamma 1384 2125 1481 2448.5
CXCL10 1009 2884.5 3547 3362.5
CXCL1 20326.5 35859 34020.5 25225
M-CSF 679 4050.5 7290.5 5329.5
CCL2 176 21561 26216.5 31137.5
CXCL2 577.5 11219 17373 1815.5
CCL5 427.5 164.5 7013 8967.5
CXCL12 749 950.5 12491.5 11344.5
TIMP-1 23853 23941 28558.5 29651
TNF-alpha 1824 17658.5 11614 1760
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B.2  Gene expressions with neutralization of CCLS in conditioned-BMDM groups

The figure below relative expression of genes in KPten®4<"" and KPten*P*“* BMDMs neutralized
with anti-CCLS5 antibody or isotype control by qPCR. All gene expressions were normalized to
the negative control (NC). All values shown as mean+SEM. **P<0.01
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B.3

Gene expressions with neutralization of CXCL12 in conditioned-BMDM groups

The figure below relative expression of genes in KPten*4"" and KPten*P* BMDMs neutralized
with anti-CXCL12 antibody or isotype control by qPCR. All gene expressions were normalized
to the negative control (NC). All values shown as mean+SEM. *P<0.05
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B.4

Relative Expression

Relative Expression

Gene expressions with neutralization of M-CSF in conditioned-BMDM groups

The figure below relative expression of genes in KPten*4"" and KPten*P* BMDMs neutralized
with anti-M-CSF antibody or isotype control by qPCR. All gene expressions were normalized to
the negative control (NC). All values shown as mean+SEM.
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