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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with high resistance to
therapies. The immunologically cold tumor microenvironment (TME), characterized by
high infiltration of suppressive immune cells and devoid of CD8* T cells, allows immune
evasion of PDAC. Tumor-associated macrophages (TAMs) control immune dynamics in
the TME, but their heterogeneity and plasticity have hampered our understanding of the
underlying mechanisms.

Here, we combined single-cell and spatial genomics with functional experiments to
elucidate macrophage functions in PDAC.

We uncovered an inflammatory cross-talk between tumor cells and TAMs that fuels
disease progression. In particular, scRNAseq analysis of human PDAC and of mouse
models of pancreatic cancer uncovered IL-1B* TAMSs, a subset co-expressing
inflammatory and reparative genes. Virtually undetectable in the healthy pancreas, IL-
1" TAMs accumulated during PDAC progression in discrete inflamed area of the tumor
stroma and were elicited by a local synergy between prostaglandin E, (PGEz) and tumor
necrosis factor (TNF)-o.. Physical proximity with IL-1" TAMs was associated with
inflammatory reprogramming and acquisition of pathogenic properties by a subset of
PDAC cells. This occurrence was an early event in pancreatic tumorigenesis and led to
persistent transcriptional changes associated with disease progression and poor patient
outcome.

Interfering with the PGE»-IL-1p axis elicited TAMs reprogramming and antagonized
tumor cell-intrinsic and -extrinsic inflammation, leading to PDAC control in vivo.

In conclusion, our data highlight a key role of the PGE2-IL-1p axis in driving pathogenic
inflammation and fueling cancer progression. Thus, targeting the PGE>-IL-1f axis may
enable preventive or therapeutic strategy to reprogram the immune dynamics in

pancreatic cancer.
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1. INTRODUCTION

1.1. Macrophages

Macrophages are myeloid cells of the innate immune system that colonize virtually all
tissues throughout our body. First identified by Metchnikoff in the 19th century, they
were initially described as immune cells capable of phagocytosing solid substances like
foreign bodies and dead cells (Metschnikoff, 1891). Indeed, macrophages serve as the
initial line of defense for the organs, particularly the skin and internal mucosa, which are
continually exposed to external insults (Park et al., 2022). Macrophages continually patrol
tissues to eliminate foreign threats, such as bacteria or infected cells, recognized through
the expression of pattern recognition receptors (PRR) on their surface. Upon infection,
macrophages adopt an inflammatory profile, releasing mediators like tumor necrosis
factor-a  (TNF-o) and interleukin (IL)-1, thereby amplifying the downstream
inflammatory cascade (Murray & Wynn, 2011). However, macrophages are equally
crucial in clearing dying cells from the surrounding tissue. In particular, their
phagocytosis of apoptotic cells, known as efferocytosis, promotes the production of anti-
inflammatory mediators, like IL-10 and transforming growth factor-f (TGF-f). This
mechanism helps dampen the inflammatory response to prevent excessive tissue damage
(Kourtzelis et al., 2020; Ortega-Gomez et al., 2013). Furthermore, macrophages transition
into a tissue repair phenotype, characterized by the secretion of growth factors, such as
vascular endothelial growth factor o (VEGFa), that support cell proliferation and
formation of new blood vessels (Wynn & Vannella, 2016). Simultaneously, macrophages
promote the activation and differentiation of tissue fibroblasts, facilitating the deposition
of new extracellular matrix (ECM) (Murray & Wynn, 2011). Nonetheless, the traditional
view of macrophages as mere sentinels and scavengers has evolved. Specific subsets of
macrophages, originating from embryonic precursors, colonize organs during
development and persist into adulthood, establishing long-lasting relationships with their
tissue of residence. Here, tissue resident macrophages (TRMs) exert a spectrum of organ-
specific functions, critical for maintenance of homeostasis (Amit et al., 2016; Blériot et
al., 2020; Ginhoux & Guilliams, 2016). For example, brain microglia actively eliminate
defective or immature synapses through synaptic pruning (Amit et al., 2016; Paolicelli et

al., 2011). Lung alveolar macrophages clear surfactant and eosinophilic materials in the
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alveolar space (Whitsett et al., 2010; Wright, 1990). Kupfter cells (KC) in the liver and
red pulp splenic macrophages phagocyte senescent and damaged erythrocytes and recycle
iron (Haldar et al., 2014; Kohyama et al., 2009; Theurl et al., 2016). Finally, cardiac
macrophages contribute to heart fitness by supporting angiogenesis and cardiomyocyte
proliferation (Park et al., 2022). These are just a few examples of the diverse activities
performed by TRMs. This shift in perspective has transformed our understanding of
macrophages. No longer seen as mere sentinels and scavengers, they are now recognized
as fully integrated components of the tissue, contributing to non-immune functions that

are critical for maintaining tissue homeostasis.

1.1.1. Heterogeneity of macrophages: a genomic perspective

When exposed to various instructive signals, such as metabolic, homeostatic, and
modulatory cues, macrophages adapt to perform tissue-specific functions. The
differentiation and tissue-specificity of resident macrophages rely on the activation and
regulation of specific transcriptional programs, which depend on available cis-regulatory
repertoire (Amit et al., 2016; Glass & Natoli, 2016; Natoli & Ostuni, 2019).
Mechanistically, transcription factors (TFs) that determine myeloid lineage, prompted by
various signals like macrophage colony stimulating factor (M-CSF), collaborate to
establish and maintain a basal and inducible core transcriptional and genomic program
(Garber et al., 2012; Ghisletti et al., 2010; Heinz et al., 2010; Mossadegh-Keller et al.,
2013). These TFs, often called pioneer TFs, have the remarkable ability to open up tightly
packed chromatin regions for access. Key pioneer TFs for macrophage differentiation
include PU.1, IRF8, C/EBPa, and C/EBPJ (Heinz & Glass, 2012; Natoli & Ostuni, 2019;
Ostuni & Natoli, 2013). These TFs establish a prototype macrophage state, which is
further refined by the local environment (Amit et al., 2016). Upon homing to a specific
tissue, macrophages respond to local signals that activate polarizing TFs. These
polarizing TFs shape the macrophages to have characteristics suited to that particular
organ (Glass & Natoli, 2016; Lavin et al., 2014; Natoli & Ostuni, 2019; Ostuni & Natoli,
2013; Varol et al., 2015). For instance, alveolar macrophages depend on the expression
of PPARY, induced by granulocyte-macrophage colony-stimulating factor (GM-CSF) in
the alveolar space, to clear surfactants and maintain homeostasis (Schneider et al., 2014).

Similarly, retinoic acid triggers the expression of GATA-6, which, together with other
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factors, initiates a specific transcriptional program for peritoneal macrophages (Gautier
et al., 2014; Rosas et al., 2014). Heme, released during erythrocyte clearance, drives the
expression of SPI-C, crucial for the differentiation of red pulp splenic macrophages and
Kupffer cells (Haldar et al., 2014).

However, tissues are dynamic environments exposed to constant changes that disrupt
homeostasis. This introduces another layer of diversity, as condition-specific signals
activate effector TFs, further influencing macrophage states and phenotypes (Natoli &
Ostuni, 2019; Ostuni & Natoli, 2013). For instance, exposure to external stimuli like
lipopolysaccharide (LPS) or inflammatory and immune-modulatory cytokines activates
stimulus-dependent TFs that target predefined genomic regions and latent enhancers
(Garber et al., 2012; Ostuni et al., 2013). Latent enhancers, not marked in steady-state
macrophages, become active upon stimulation, leaving an epigenetic signature of
encountered stimuli. This memory leads to a quicker response when macrophages are re-
stimulated with the same or unrelated stimuli, highlighting their ability to adapt to the
instructive signals of the surrounding environment (Natoli & Ostuni, 2019; Ostuni et al.,
2013).

In 2000, Mills and colleagues attempted to categorize macrophage polarization states
when exposed to inflammatory or anti-inflammatory stimuli. They described two
programs, M1 and M2, induced by Interferon (IFN)-y and IL-4, respectively (Mills et al.,
2000). While M1 macrophages have pro-inflammatory characteristics and increased
microbicidal activity, M2 macrophages exhibit anti-inflammatory traits and tissue repair
abilities (Mills et al., 2000; Piccolo et al., 2017). However, in vivo, macrophages are
exposed to a multitude of stimuli, some with opposing effects. Co-stimulation with IFN-
v and IL-4 results in a mixed transcriptional profile, where M1 and M2 characteristics
coexist. Some genes are repressed, indicating a selective antagonism between the two
stimuli (Natoli & Ostuni, 2019; Piccolo et al., 2017).

In summary, macrophages encounter multiple, sometimes conflicting signals, including
lineage-determining, tissue-specific, and environmental cues. Thanks to their
adaptability, macrophages can integrate and respond to these stimuli by acquiring

context-dependent genetic and functional programs (Natoli & Ostuni, 2019).
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1.1.2. Determinants of macrophage heterogeneity

Numerous factors contribute to and shape the diversity of macrophage phenotypes and
functions, as outlined below.
Ontogeny: The traditional notion that tissue-resident macrophages in a steady state are
solely replenished by blood monocytes originating from hematopoietic stem cells (HSCs)
in adult bone marrow has been challenged. Seminal studies have revealed that mature
macrophages appear during murine embryogenesis before HSCs (Alliot et al., 1999;
Blériot et al., 2020; L. Morris et al., 1991). Tissue-resident macrophages can have various
origins, including yolk-sac progenitors, fetal liver monocytes, or bone marrow
hematopoietic stem cells (Blériot et al., 2020; Ginhoux et al., 2010; Gomez Perdiguero et
al., 2015; Hoeftfel et al., 2015). Lineage tracing experiments showed that adult tissues
contain varying proportions of these three ontogenically distinct macrophages (Blériot et
al., 2020). Brain microglia originate from yolk sac precursors and persist in adulthood by
self-renewal and local proliferation, with minimal contribution from blood circulating
monocytes (Ginhoux et al., 2010; Hoeffel et al., 2015). In contrast, fetal-derived gut
macrophages are gradually replaced by circulating monocytes after birth (Bain et al.,
2014). Finally, in some tissues, macrophages exhibit a mixed profile: for instance,
alveolar macrophages are able to self-renew although a proportion, increasing with aging,
is of blood monocytic origin (Park et al., 2022). However, disruption of homeostasis can
greatly affect the relative proportions of embryo- and monocyte-derived macrophages.
For example, in cases where TRMs succumb to infections, like KCs during Listeria
infection, this can trigger the recruitment of circulating monocytes to fill empty niches,
replenish TRMs, and initiate tissue-repair pathways (Blériot et al., 2015; Park et al.,
2022).
Niche: Local microenvironmental factors in tissue niches where macrophages reside
influence their specific phenotypes and functions (Amit et al., 2016; Gautiar et al., 2012).
For example, type II alveolar pneumocytes release GM-CSF, a critical factor for alveolar
macrophage differentiation (Gschwend et al., 2021). Likewise, erythrocyte-associated
heme induces the expression of SPI-C, a transcription factor controlling iron recycling by
red pulp splenic macrophages and Kupffer cells (Haldar et al., 2014). While the influence
of ontogeny versus local environment on macrophage phenotype remains unclear, recent

research suggests that niche factors may prevail over origin. Yolk sac progenitors, fetal
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monocytes, and adult monocytes can all efficiently differentiate into alveolar
macrophages when transplanted into newborn Csf2rb”- mice, with alveolar macrophage
deficiencies (van de Laar et al., 2016). Furthermore, even peritoneal macrophages
intratracheally transplanted in adult Csf2rb”- mice could acquire an alveolar-macrophage-
like transcriptional program (Lavin et al., 2014). Nonetheless, the duration of residence
within a specific environment is crucial for a full acquisition of a particular phenotype
(Blériot et al., 2020).

Time of residence: The time a macrophage spends in a particular environment is crucial
for its full differentiation. For instance, in the liver, upon the deletion of Kupffer cells,
monocytes can infiltrate the liver and acquire a Kupffer cell-like transcriptional program
within days. However, they lack key markers of Kupfter cells, such as Timd4 or Clec4f ,
which are acquired only after several weeks, underscoring the time needed for complete
differentiation (Guilliams & Scott, 2017; Scott et al., 2016). Consequently, embryonic-
derived macrophages, established before birth, coexist with monocyte-derived
macrophages recently infiltrated in the same organ (Blériot et al., 2020).

Considering these factors, along with advancements in single-cell technologies,
macrophage heterogeneity within organs has become more evident in recent years.
Various tissue subpopulations have been identified. For instance, in the brain, apart from
microglia, multiple populations of border-associated macrophages (BAMs) have been
described (Van Hove et al.,, 2019). Similarly, the lungs house not only alveolar
macrophages but also interstitial macrophages, with two distinct subpopulations
identified (Chakarov et al., 2019; Schyns et al., 2019). These subpopulations exhibit
different transcriptional programs and are often spatially segregated within sub-tissue
niches, exposed to distinct environmental factors (Blériot et al., 2020).

However, despite these organ-specific differences, certain core functions are shared
across different tissues, including the clearance of cell-related materials, defense against
pathogens, and maintenance of vascular tone and integrity (Park et al., 2022). Recent
studies have identified recurring macrophage subsets with conserved origins and a
common core gene signature across various murine tissues (Dick et al., 2022). In
summary, while tissue resident macrophages exhibit high heterogeneity and

specialization, they also share essential common elements across different organs.
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1.1.3. Prostaglandin E2 controls inflammatory activation of macrophages

Among the numerous signals influencing polarization of macrophages, here we
focused on prostaglandin E2 (PGE2), a lipid mediator with pleiotropic functions in tissue
homeostasis, repair and inflammation. Produced by various cell types, including
epithelial, stromal, and immune cells, PGE> is derived from arachidonic acid (AA), which
is released from the cell membrane by the action of phospholipase A2. Subsequently, it
is converted into prostaglandin H2 (PGH:z) by cyclooxygenase-1 and -2 (COX-1 and
COX-2) enzymes (H. Cheng et al., 2021; Ricciotti & Fitzgerald, 2011; D. Wang &
Dubois, 2010). While COX-1 is constitutively expressed, COX-2 is mainly induced
during inflammatory responses (DuBois et al., 1998). PGH> can then be transformed into
different prostaglandins or thromboxane A. Specifically, three enzymes can convert
PGH; into PGE:: cytosolic prostaglandin E synthase (cPGES) and microsomal
prostaglandin E synthases 1/2 (mPGES-1/2). While ¢cPGES and mPGES-2 are
constitutively expressed, mPGES1 is primarily associated with COX-2 during
inflammation (H. Cheng et al., 2021; D. Wang & Dubois, 2010). Once synthesized, PGE>
is released into the extracellular environment, where it carries out its functions by binding
to four receptors: EP1, EP2, EP3, and EP4. These receptors are all transmembrane G-
protein-coupled receptors, but they activate different downstream signaling pathways (H.
Cheng et al., 2021; D. Wang & Dubois, 2010). EP2 and EP4, the primary receptors on
leukocytes, are coupled to G stimulatory proteins, leading to intracellular cAMP
accumulation and PKA activation (Markovic et al., 2017). EP4 can also activate other
players like B-arrestin or B-catenin (Yokoyama et al., 2013). In contrast, EP3 is coupled
to a G inhibitory protein, reducing intracellular cAMP levels, while EP1 is coupled to a
Gq protein, increasing intracellular calcium levels (Narumiya, 2009; Tang et al., 2005).
The widespread distribution of these receptors and their varying presence in different
tissues account for the diverse roles PGE, plays in both normal and pathological
conditions. PGE; is crucial for tissue homeostasis and regeneration (Caronni et al., 2021;
H. Cheng et al., 2021). For example, it can expand HSCs and multipotent progenitors in
species like zebrafish and mice (North et al., 2007). Additionally, PGE> has been
associated with improved homing and regeneration of HSCs, as well as maintenance of
stemness during ex vivo manipulation (Hoggatt et al., 2009; Zonari et al., 2017). During

intestinal homeostasis, it promotes the formation of structures with increased stemness
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and organoid-forming ability but can also lead to the expansion of stem cells with
tumorigenic potential when aberrantly produced by a peri-cryptal population of
fibroblasts (Roulis et al., 2020).

PGE:> also plays critical roles during inflammation, contributing to vasodilation,
leukocyte recruitment, pain, and fever (Ricciotti & Fitzgerald, 2011). It increases arterial
dilation and vascular permeability, leading to swelling and edema in inflamed tissues.
Moreover, PGE: directly stimulates pain sensation through its effects on sensory neurons
and central sites in the nervous system (Funk, 2001). Targeting PGE> production by
inhibiting mPGES1 has shown promise in reducing the inflammatory response in various
mouse models, such as in rheumatoid arthritis (Brenneis et al., 2011; Kamei et al., 2004;
Trebino et al., 2003; M. Wang et al., 2006).

In recent years, PGE; has emerged as a crucial regulator of macrophage inflammatory
activation. Specifically, PGE,, through a cAMP/CREB-dependent mechanism, drove an
alternative polarization of macrophages. This process enhanced the induction of
canonical M2 markers, such as Argl, Mrcl, and Fizz1, particularly in response to IL-4
(Luan et al., 2015). Furthermore, PGE; has been found to downregulate the production
of type I IFN in various scenarios. For instance, when peritoneal macrophages were
exposed to LPS and an EP4 selective antagonist, they released higher levels of IFN-3
compared to macrophages treated with LPS alone (Perkins et al., 2018). Similarly, in a
Salmonella Typhimurium infection model, mice treated with an EP4 antagonist showed
increased [fnb expression in the spleen (Perkins et al., 2018). Likewise, following an
Influenza A virus (IAV) infection, Ptges”" alveolar macrophages produced higher levels
of IFN-B compared to WT macrophages (Coulombe et al., 2014). Mechanistically,
macrophages exhibit a remarkable ability to integrate opposing signals, as discussed
above. For example, co-exposure of macrophages to LPS and PGE: resulted in impaired
expression of several LPS-induced genes encoding for inflammatory cytokines (/fnb,
1112b, Tnf), chemokines (Cxcl9, Cxcl10) and transcription factors (Irf1). Simultaneously,
this correlated with an increased expression of anti-inflammatory molecules like /70
(Cilenti et al., 2021). Defective induction of LPS-induced genes is associated with
impaired chromatin remodeling and reduced deposition of acetylation on histone H3
lysine 27 (H3K27Ac) (Cilenti et al., 2021). However, while suppressing type 1 IFN

production, PGE: plays a critical role in the expression of IL-1J3, a prototypical
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inflammatory cytokine. Exogenous PGE,, for instance, enhanced IL-1B production in
macrophages treated with LPS. Furthermore, blocking COX activity in LPS-treated
macrophages led to a reduction in IL-1p accumulation, indicating the pivotal role of
endogenous PGE; in LPS-induced /15 expression (Zastona et al., 2017).

In conclusion, PGE; has a profound impact on macrophage inflammatory activation,
exerting opposing functions. It promotes alternative macrophage activation and inhibits
type 1 IFN production, while simultaneously being critical for the expression of key

inflammatory mediators such as IL-1[3.

1.2. Tumor-associated macrophages

Tumor-associated macrophages (TAMs) are an abundant leukocyte population in the
tumor microenvironment (TME) (Christofides et al., 2022). Given their remarkable
plasticity, TAMs can exert opposing functions in the TME, either restraining or
promoting tumor progression, as further discussed below. Nevertheless, the presence of
TAMs is generally associated with a poor prognosis in most human tumors, making them
an appealing target for therapeutic interventions (Q. wen Zhang et al., 2012).
Traditionally, TAMs were classified as anti-tumorigenic when they displayed an M 1-like
phenotype, characterized by high expression of inflammatory factors like inducible nitric
oxide synthase (iNOS) and major histocompatibility complex (MHC) II molecules.
Conversely, TAMs that expressed anti-inflammatory and immunomodulatory molecules,
such as [L-10, Arginasel (ARG1), and CD206, resembled an M2-like activation state and
were considered pro-tumorigenic (Mantovani et al., 2002). However, this model resulted
to be over simplistic as TAMs with pro-tumor activities don't always express the typical
M2-like markers and M1 and M2 signatures are often co-expressed (Bill et al., 2023; S.
Cheng et al., 2021; Pittet et al., 2022). This complexity highlights the need for a more
nuanced understanding of heterogeneity and roles of TAMs within the TME, which could

lead to more effective therapeutic strategies in the future.

1.2.1. Co-option of macrophage functions during tumor progression
Macrophages play a crucial role in the TME, where their natural tissue-supportive
functions are hijacked by tumors, fueling their growth and malignancy. As growing

tumors disrupt tissue homeostasis, they trigger the activation of macrophages that attempt
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to repair the tumor tissue, often defined as a "wound that never heals" (Caronni et al.,
2021; Christofides et al., 2022; Dvorak, 1986; Kloosterman & Akkari, 2023). As cancer
advances, accumulation of danger-associated molecules (DAMPs) in the TME is sensed
by TAMs. This sensing sets off an inflammatory cascade, leading to the recruitment and
activation of stromal and immune cells (Hernandez et al., 2016). However, while trying
to restore tissue homeostasis and healing the tumor, macrophages also activates tissue-
reparative functions and aim to prevent excessive immune activation, which can result in
the suppression of cytotoxic responses (Kloosterman & Akkari, 2023; Kourtzelis et al.,
2020). Furthermore, as part of the healing process, macrophages are instrumental in
reorganizing the extracellular matrix and promoting neo-angiogenesis, as discussed
above. This, in turn, provides the tumor tissue with more oxygen, nutrients, and growth
factors (Egeblad et al., 2010; Riabov et al., 2014). Lastly, macrophages promote an
epithelial-to-mesenchymal transition (EMT) as a final step in closing the wound. EMT is
a hallmark of malignancy and is associated with metastatic dissemination and the
colonization of distant organs (Hanahan, 2022).

While the abundance of TAMs typically correlates with a poor prognosis, and tumors co-
opt their functions, macrophages can also exert anti-tumor activities. As professional
phagocytic cells, TAMs can directly engulf dying cancer cells and opsonized cells by
recognizing specific eat-me signals. However, tumor cells often downregulate these
signals or increase don't-eat-me molecules to avoid being killed by TAMs (Kloosterman
& Akkari, 2023; Molgora & Colonna, 2021). TAMs also contribute to anti-tumor
activities by producing factors with tumoricidal effects, such as nitric oxide, and by
supporting T cell responses through antigen presentation or the release of chemokines
and cytokines (Majety et al., 2018; Molgora & Colonna, 2021). Recent single-cell
analysis of human breast tumors identified a subset of TAMs located in healthy adjacent
tissue that resemble TRMs (Nalio Ramos et al., 2022). Interestingly, the presence of these
TAMs was associated with improved prognosis in breast cancer patients and a higher
presence of immune cells typically involved in anti-tumor responses. Spatial analysis
revealed that these TAMs specifically reside in the tumor stroma, near CD8 T cells, in
this way establishing prolonged interactions. /n vitro co-culture experiments confirmed
the superior ability of these TAMs in promoting CD8 T cell activation (Nalio Ramos et
al., 2022).
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In summary, considering the pivotal roles that macrophages play in promoting tumor
progression, they present promising targets in the field of immunoncology. However, any

therapeutic strategy should acknowledge their significant heterogeneity.

1.2.2. Heterogeneity of TAMs

The advent of single cells technologies has shed light on the remarkable heterogeneity
and functional versatility of TAMs. Depending on the tumor types, stage of the disease
and treatment methods, different populations of TAMs have been reported in different
tumors (Caronni et al., 2021; Ma et al., 2022). Nevertheless, recurrent TAM states sharing
similar transcriptional programs have been identified. For instance, TAMs resembling
tissue-resident populations have been observed in various contexts, often with contrasting
functions (Ma et al., 2022). In non-small cell lung cancer (NSCLC), a population of
TRMs plays a pivotal role in establishing an immunosuppressive and pro-tumorigenic
microenvironment during the initial stages of tumor progression (Casanova-Acebes et al.,
2021). Mechanistically, these TRMs promote tumor cell invasiveness, the acquisition of
an EMT program, and the differentiation of regulatory T cells (Tregs). Spatial analysis
has shown close proximity among tumor cells, TRMs, and Tregs in the early phases of
tumor development, with TRMs relocating to the tumor periphery in later disease stages.
Interestingly, specific depletion of TRMs results in reduced tumor progression and a shift
in the TME toward an anti-tumor phenotype, marked by increased T-cell infiltration and
activation (Casanova-Acebes et al., 2021). Similarly, recent findings in human
hepatocellular carcinoma (hHCC) indicate an onco-fetal reprogramming of the TME with
a subset of TAMs transcriptionally resembling fetal liver macrophages, largely absent in
the healthy adult liver. These TAMs co-localize with endothelial cells exhibiting a fetal-
like phenotype and Tregs, suggesting a potential role in immunosuppression and tumor
growth (Sharma et al., 2020).
Another recurring TAM state is characterized by the expression of genes associated with
lipid metabolism (Ma et al., 2022; Mulder et al., 2021). In human prostate cancer, a subset
of TAMs expressing the scavenger receptor MARCO and genes related to lipid
metabolism and accumulation correlates with poor survival. MARCO, induced by tumor-
derived IL-1pB, is directly involved in lipid uptake, promoting cancer cell migration

through the production and release of chemokines like CCL6. Neutralizing antibodies
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against MARCO reduce tumor progression and lipid accumulation in TAMs (Masetti et
al., 2021).

Furthermore, as macrophages have been consistently linked to supporting tumor neo-
angiogenesis, populations of TAMs expressing an angiogenic signature also have been
recurrently described (Ma et al., 2022). In a comprehensive study analyzing the myeloid
cell population in 15 human tumor types, SPP1* TAMs highly expressing angiogenesis-
related genes were found in eight different tumors. Notably, subsets of macrophages
expressing angiogenesis-related genes were also observed in tumors without SPPI*
TAMs (S. Cheng et al., 2021).

In addition, TAMs play a crucial role in promoting inflammation and can exhibit different
inflammatory profiles. Some TAMs express high levels of genes encoding for cytokines
and chemokines like /LB and CXCL1/2, contributing to cancer-promoting inflammation
(Ma et al., 2022). In a recent study of renal cell carcinoma, a subset of /L/B" TAMs was
found in close proximity to tumor cells expressing an EMT signature (Ruoyan Li et al.,
2022). Conversely, another recurrent subset of TAMs expresses [FN-related genes. While
this type I IFN signature might imply an anti-tumor role, these TAMs can also exert
immunosuppressive functions by highly expressing immune checkpoint molecules,
including IDO, an enzyme involved in tryptophan degradation and T-cell suppression
(Sadik et al., 2020).

These are just few examples of recurring TAM states that play crucial roles in the TME.
It's worth noting that mixed populations of TAMs, which co-express characteristics of
different TAM subsets, can also exist. In conclusion, TAMs play a critical role in the
TME, exhibiting both pro-tumor and anti-tumor potential. An increasing number of
studies are now focused on addressing TAM heterogeneity using single-cell technologies,
particularly examining their spatial distribution. This spatial information not only adds
another dimension to their diversity but also provides valuable insights into specific cell-
to-cell interactions within the TME. Understanding the stability of these TAM subsets

and their potential for manipulation and repolarization will be essential moving forward.

1.2.3. Therapeutic targeting of TAMs
In light of the pivotal roles that macrophages play in promoting tumor progression,

they emerge as promising therapeutic targets in immunoncology. Current therapeutic
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strategies being clinically investigated aim to hinder monocyte recruitment or the survival
of TAMs by targeting the CCL2-CCR2 and CSFI-CSFI1R signaling pathways,
respectively (DeNardo & Ruffell, 2019; Kloosterman & Akkari, 2023; Molgora &
Colonna, 2021). While these approaches have demonstrated efficacy in pre-clinical
models, they have shown limited therapeutic potential as standalone treatments in clinical
settings, suggesting that combining them with other therapies is worth exploring.
However, there are concerns regarding their safety, as they indiscriminately deplete
macrophages in normal tissues, and they can lead to resistance and rebound effects that
worsen the disease outcome. Moreover, they fail to account for the diverse subtypes of
TAMs, as they non-selectively deplete even TAM subsets with potential anti-tumor
properties (Cassetta & Pollard, 2018; DeNardo & Ruffell, 2019; Mantovani et al., 2017).
Consequently, novel selective strategies aimed at reprogramming TAMs towards a more
immune-stimulatory phenotype are currently under investigation (Kloosterman &
Akkari, 2023; Molgora & Colonna, 2021). These strategies involve targeting surface
receptors directly involved in immunosuppressive activities, such as MARCO, or
receptor-ligand pairs that inhibit phagocytosis, like CD47-SIRPa. In the latter case,
blocking antibodies and other molecules targeting CD47 are currently undergoing clinical
trials, showing promising preliminary results (Molgora & Colonna, 2021). Furthermore,
targeting innate immune receptors may overcome immunosuppression, leading to TAM
reprogramming and changes in the TME (Caronni et al., 2021). For instance, monoclonal
antibodies directed against CD40, a co-stimulatory receptor, have effectively reshaped
the TME, enabling T-cell responses in a mouse model of pancreatic cancer (Vonderheide,
2018). Finally, genetic engineering of macrophages has recently been explored to create
chimeric antigen receptor (CAR)-macrophages, which could potentially address several
limitations of CAR-T therapies for solid tumors (Klichinsky et al., 2020).

In conclusion, given their abundance and significant impact on tumor progression, TAMs
remain attractive therapeutic targets, although the development of well-designed

therapeutic approaches is imperative.

1.3. Pancreatic Ductal Adenocarcinoma
Pancreatic Ductal Adenocarcinoma (PDAC) is one of the most aggressive human

tumors, with a survival rate of just 12% beyond five years after diagnosis. With a
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persistently increasing incidence, in the United States PDAC has already become the third
leading cause of cancer-related deaths and it is projected to surpass colorectal cancer
before 2040 (Halbrook et al., 2023; Rahib et al., 2014, 2021). Multiple factors contribute
to the high lethality of PDAC. To begin, reliable tumor biomarkers, detectable through
blood or urine tests, are still lacking, which severely hinders early cancer detection
(Singhi, Koay, et al., 2019). Additionally, unspecific clinical symptoms often associated
with PDAC, such as back pain, loss of appetite, and weight loss, makes its diagnosis even
more challenging. Furthermore, the anatomical characteristics of the pancreas - located
centrally in the abdominal cavity, lacking a distinct organ capsule, and surrounded by
numerous blood and lymphatic vessels - favor both local and distant tumor spread
(Halbrook et al., 2023; Hessmann et al., 2020). As a result, over 80% of patients are ruled
out as candidates for surgical resections, being diagnosed either with locally advanced
primary tumors or distant metastases (Strobel et al., 2019). Among the remaining 15-20%
of patients eligible for surgery, nearly three out of four will experience local or distant
recurrence within two years following the surgical resection, hinting at the presence of
micro-metastases (Groot et al., 2018). To date, the standard clinical approach for the
majority of PDAC patients, regardless of surgical eligibility, is systemic chemotherapy
(Halbrook et al., 2023). Gemcitabine monotherapy held the gold standard for several
decades until the approval of two novel treatment regimens (Burris et al., 1997). The first
is a combination of chemotherapeutic drugs known by the acronym FOLFIRINOX,
which includes 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin (Conroy et al.,
2011). The second combines gemcitabine with nab-paclitaxel (Von Hoff et al., 2013).
While a combination of surgery and chemotherapy has extended the overall survival for
a small fraction of PDAC patients, the increasing incidence, high mortality rate, and

resistance to most therapies underscore a significant, unmet medical need for PDAC.

1.3.1. Heterogeneity of PDAC

In recent years, several studies have aimed to categorize transcriptional subtypes in
pancreatic cancer. These subtypes could potentially help with patient stratification,
prognosis assessment, and treatment selection (Collisson et al., 2019). While there is no
consensus on nomenclature, two main subtypes are consistently observed in most studies:

classical and squamous (Bailey et al., 2016; Collisson et al., 2011, 2019; Moffitt et al.,
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2015; Puleo et al., 2018). The classical subtype is marked by increased expression of
adhesion-related and epithelial genes, while the squamous subtype expresses
mesenchymal-related genes and often loses endodermal pancreatic identity genes, like
GATA6, which are highly expressed in the classical subtype (Bailey et al., 2016; Collisson
et al., 2011). Some studies have identified additional subgroups within these two main
categories. For instance, in 2011, Collison and colleagues identified an exocrine-like
subgroup with high expression of digestive enzymes (Collisson et al., 2011). In 2016,
Bayley and coworkers found a subpopulation with characteristics of a more differentiated
pancreas, termed aberrantly differentiated endocrine exocrine (ADEX) (Bailey et al.,
2016). These populations could potentially represent more specific variations of the
classical subtype (Collisson et al., 2019).

Survival analyses showed that the squamous subtype has a worse prognosis compared to
the classical subtype (Collisson et al., 2019). Additionally, preliminary experiments
suggested that different subtypes may respond differently to chemotherapeutic agents.
For example, in vitro tests using gemcitabine on pancreatic cell lines resembling classical
and squamous subtypes indicated that the latter is more sensitive to this treatment
(Collisson et al., 2011). Similarly, recent clinical data indicates that patients with the
classical subtype tend to respond better to 5-fluorouracil-based regimens (Aung et al.,
2018).

In summary, although still in the early stages, molecular subtyping of pancreatic cancer
holds significant therapeutic potential. It will be crucial to explore further variations
within these primary subtypes and their associations with specific treatment responses.
Key points to address include the stability of these subtypes and the ability of cancer cells
to transition from one subtype to another, together with the impact of therapeutic

interventions on subtype specifications (Collisson et al., 2019).

1.3.2. Genomic drivers of PDAC

Genetic changes in PDAC are extensively studied. Roughly 90% of PDAC patients
carry mutations in the KRAS gene (The Cancer Genome Atlas Research Network &
Raphael, 2017). Mutant KRAS plays a key role in initiating and advancing tumors through
various mechanisms, including sustaining mitogen-activated protein kinase (MAPK)

activation, promoting tumor cell growth, and altering tumor cell metabolism (Dey et al.,
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2020; Sears et al., 2000; Ying et al., 2012). Oncogenic activation of KRAS also triggers
the formation of a fibro-inflammatory environment characterized by high levels of
immune cell infiltration and matrix deposition, promoting PDAC growth (Sherman &
Beatty, 2023). In particular, Kras signaling by cancer cells induces the infiltration of
CD11b" myeloid cells, crucial for creating a tumor-supportive microenvironment, as they
acquire an immunosuppressive phenotype partly due to the production of GM-CSF
(Bayne et al., 2012; Pylayeva-Gupta et al., 2012; Y. Zhang et al., 2017).

Given the significant tumor-promoting activities of KRAS mutations and their widespread
occurrence in patients, PDAC was thought to be heavily reliant on mutant KRAS.
Research using genetically engineered mouse models (GEMMs) with inducible and
reversible oncogenic Kras expression has shown that shutting down Kras signaling in
cancer cells can lead to regression of invasive PDAC and metastatic lesions, although
some tumors can re-occur in a Kras-independent manner (Collins, Bednar, et al., 2012;
Collins, Brisset, et al., 2012; Kapoor et al., 2014). This has sparked growing interest in
therapeutically targeting KRAS signaling in cancer cells using small molecule inhibitors,
either targeting broadly mutant KRAS (panKRAS inhibitors) or specific KRAS mutations
(Hallin et al., 2022; Hofmann et al., 2022; Kim et al., 2020). Initial clinical trials focused
on KRASCS'’C mutations, present in about 1-2% of PDAC patients, as these molecules
were already approved for other KRAS-mutated cancers, such as NSCLC (Janne et al.,
2022; Waters & Der, 2018). While a small number of patients (about 20%) responded to
the treatment, the benefits were only transient, possibly due to the development of
resistance mechanisms (Strickler et al., 2023; Tanaka et al., 2021; Tsai et al., 2022).
Nevertheless, recent pre-clinical studies in PDAC models have shown promising results
by targeting the Kras®'?P mutation, present in about 40-45% of PDAC patients (Kemp et
al., 2023; Waters & Der, 2018). For example, Mahadevan and colleagues demonstrated
that MRTX1133, a Kras®'?® inhibitor, efficiently blocked Kras signaling and
downstream MAPK activation in various pancreatic cell lines, resulting in reduced tumor
cell proliferation. /n vivo, MRTX1133 effectively delayed or regressed tumor growth in
different PDAC models. Mechanistically, Kras inhibition upregulated FAS on cancer
cells, making them susceptible to FASL-mediated CD8" T cell killing (Mahadevan et al.,

2023). Despite these promising results, KRASC!?P inhibitors may encounter similar
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limitations to KRASS'?C inhibitors in clinical trials. Therefore, exploring potential
therapeutic combinations represents an intriguing alternative for further investigation.
Beside KRAS mutations, other key genetic drivers in PDAC include loss of function
mutations in 7P53, CDKN2A4, and SMAD4, which influence the disease phenotype
differently (The Cancer Genome Atlas Research Network & Raphael, 2017; Waddell et
al., 2015). TP53 is the most commonly mutated tumor suppressor gene in PDAC, leading
to increased genomic instability, metabolic changes, and a higher tendency for metastasis
(Hingorani et al., 2005; J. P. Morris et al., 2019; Weissmueller et al., 2014). However,
missense mutations may have different effects on cancer cell activity compared to
truncated mutations or deletions that completely abolish 7P53 function, potentially
adding an additional layer of heterogeneity (Escobar-Hoyos et al., 2020; Weissmueller et
al., 2014). Chromosomal deletion of CDKN24 is often associated with the loss of a nearby
region containing interferon-related genes, creating a cold and immunosuppressive tumor
microenvironment (Barriga et al., 2022). On the other hand, the loss of SMAD4 is
generally linked to a poor prognosis and increased metastatic spread (Blackford et al.,
2009; Lacobuzio-Donahue et al., 2009).

Recent advances in next generation sequencing (NGS) have helped identify rare
mutations (Bailey et al., 2016; The Cancer Genome Atlas Research Network & Raphael,
2017; Waddell et al., 2015). For instance, approximately 5-7% of PDAC patients carry
mutations in BRCA genes, which are involved in homologous recombination repair (Zhen
et al., 2015). Additionally, chromatin-remodeling genes are frequently altered in PDAC
(Bailey et al., 2016; The Cancer Genome Atlas Research Network & Raphael, 2017;
Waddell et al., 2015). Moreover, in cases where patients have wild-type KRAS, they often
have oncogenic mutations in other driver genes, such as BRAF or EGFR, which activate
the MAPK pathway, similar to mutant KRAS (Aguirre et al., 2018; Singhi, George, et al.,
2019).

In summary, the genetic drivers of PDAC are well-established, and there is a significant
effort to target these key mutations therapeutically. Ongoing research aims to link specific
genetic alterations to the distinctive features and characteristics of cancer cells. However,
despite its aggressive nature, PDAC has a lower mutational burden compared to other

cancers.
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1.3.3. Models of pancreatic tumorigenesis

PDAC is the most common neoplasm of the pancreas, accounting for more than 90%
of pancreatic malignancies (Halbrook et al., 2023). Molecular profiling coupled with
histological analysis revealed that PDAC can emerge from distinct pre-malignant
precursor lesions (Maitra et al., 2003). Approximately 10-15% of PDAC are estimated to
originate from cystic precursor lesions, such as intraductal papillary mucinous neoplasms
(IPMNs), within the main pancreatic duct or its branches (Matthaei et al., 2011; Singhi,
Koay, et al., 2019). The vast majority of PDAC (about 85-90%) develop from pancreatic
intraepithelial neoplasia (PanINs), microscopic lesions not easily detected by abdominal
imaging (Overbeek et al., 2016; Singhi, Koay, et al., 2019). Mutations in the KRAS gene
can be observed in low-grade PanINs and IPMNs, suggesting that KRAS mutations might
be an early event in the development of exocrine neoplasia (Fujikura et al., 2021; Kanda
etal., 2012; The Cancer Genome Atlas Research Network & Raphael, 2017). On the other
hand, loss of function mutations in CDKN2A and chromatin remodeling genes typically
occur during the transition from low-grade to high-grade lesions. Alterations in 7P53 and
SMAD4 are generally detected in high-grade lesions or fully established cancers
(Halbrook et al., 2023; Maitra et al., 2003; Sohn et al., 2001). Interestingly, IPMNs are
incidentally discovered in about 10% of individuals undergoing abdominal imaging for
various reasons (Lévy & Rebours, 2019). Similarly, PanINs lesions have also been
observed in healthy individuals, spanning different ages and races, with no indications of
pancreatic pathology. These PanINs were multifocal, dispersed throughout the pancreas,
and exhibited a high degree of transcriptional similarity to PanINs found in PDAC
patients (Carpenter et al., 2023). However, considering the incidence of pancreatic cancer
and the frequency of PanINs in the population, these preneoplastic lesions only rarely
progress to invasive malignancy and several studies estimated that the multistep process
from precursor lesions toward invasive PDAC likely spans multiple years (Carpenter et
al., 2023; Yachida et al., 2010). This extended time frame offers an opportunity for early
detection and treatment, which has generated a great interest in identifying early
biomarkers. It also suggests that additional factors, potentially non-genetic insults, may

play a critical role in promoting and accelerating pancreatic tumorigenesis.
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1.3.4. Cooperation of injury and oncogenic mutations

There is growing evidence suggesting that certain factors, such as inflammation, may
provide a competitive advantage to cells carrying oncogenic mutations at any stage of
cancer development (Weeden et al., 2023). Seminal work by Berenblum and Shubik
already defined this concept in 1949 in a model of skin carcinogenesis, where topical
administration of a mutagen compound was not sufficient to induce tumor formation.
Instead, tumor development occurred when an inflammatory agent was subsequently
applied to animals exposed to mutagens (Berenblum & Shubik, 1949). Similarly,
administering carcinogens to rats with spontaneous Hras mutations in their mammary
glands increased tumor formation without increasing mutational burden (Cha et al.,
1994). More recently, Hill and colleagues reported a positive correlation between air
pollution levels and the incidence of EGFR-driven lung cancers in humans. Mouse
models of lung adenocarcinoma confirmed that exposure to air pollution exacerbates lung
tumorigenesis by reprogramming lung mutant epithelial cells towards a progenitor-like
cell state (Hill et al., 2023). Mechanistically, IL-1p signaling played a critical role, as
exposure to particulate matter led to the accumulation of IL-1B-producing macrophages
and IL-1P neutralization was effective in reducing the formation of EGFR-driven lung
adenocarcinoma (Hill et al., 2023). Indeed, several studies have demonstrated that IL-1[3,
a classic inflammatory cytokine, is a key driver of a cancer promoting inflammation
(Garlanda & Mantovani, 2021). For instance, Dmitrieva-Posocco and colleagues showed
that IL-1p plays a crucial role in promoting colorectal carcinogenesis, in part, by
sustaining the production of IL-17A and IL-22, which fuel tumor-eliciting inflammation
(TEI). Specifically, inhibiting IL-1f signaling in T cells reduced colorectal carcinoma
(CRC) progression, concomitantly with decreased production of IL-17A and IL-22
(Dmitrieva-Posocco et al., 2019). Similarly, inhibition of IL-1 production by pancreatic
tumor cells led to reduced PDAC growth, along with decreased production of
inflammatory mediators by cancer-associated fibroblasts (CAFs) (Das et al., 2020). This
was associated with a reprogramming of the TME characterized by reduced infiltration
of immunosuppressive cells, including TAMs, myeloid-derived suppressor cells
(MDSCs), and T helper 17 (Th17) cells, as well as increased activation of tumor-
infiltrating cytotoxic T cells (Das et al., 2020). Notably, the recent phase 3 CANTOS trial,

conducted in patients with a history of myocardial infarction, showed that administering
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the anti-IL-1p antibody canakinumab significantly reduced the incidence of lung cancer.
This was observed in a population at higher-than-average risk, as they exhibited a
persistent inflammatory response, and many were current or former smokers (Ridker et
al., 2017).

Collectively, these studies, together with others, highlight the crucial role of
inflammation, with IL-1[ as key driver, in cooperating with oncogenic mutations to drive
cancer progression. Targeting tumor-promoting inflammation, even as a preventive

measure, has the potential to significantly reduce the risk of developing cancer.

1.3.5. Inflammation in pancreatic tumorigenesis

The process of pancreatic tumor development has been extensively studied in
GEMMSs. Hingorani and colleagues generated a mouse model where they induced
oncogenic Kras in the early stages of embryonic pancreatic development using a
pancreas-specific promoter to control the expression of Cre recombinase (Kras™St-
GRD/%-pex [Cr¢/WT, KC mice). This targeted oncogenic Kras expression led to the
development of various stages of PanINs, which resembled the human disease.
Occasionally, these mice spontaneously developed invasive adenocarcinoma and
metastatic disease (Hingorani et al., 2003). Instead, pancreas-specific combination of
Kras activation and Trp53 loss-of-function strongly accelerated tumorigenesis, with most
of the mice developing locally invasive and metastatic PDAC by 16 weeks of age
(KrastSt-G12D/% : Tpy 5 3LSL-RI70H/ - px [Cre/WT. KPC mice) (Hingorani et al., 2005).
However, when oncogenic Kras was activated only in adult mice, it was insufficient to
induce the formation of premalignant lesions and invasive cancer. This suggests that
mutant Kras alone is weakly oncogenic in adult pancreatic acinar cells (Guerra et al.,
2007; Sherman & Beatty, 2023). Nonetheless, adult mice effectively developed PanINs
and invasive PDAC when mutant Kras expression was combined with low-grade chronic
pancreatitis, highlighting the cooperation between genetic mutations and non-genetic
factors in promoting pancreatic tumorigenesis (Guerra et al., 2007; Sherman & Beatty,
2023). Further studies demonstrated that acute inflammatory responses to tissue damage,
induced by cerulein or IL-33 administration, can cooperate with oncogenic mutations and
exacerbate pancreatic carcinogenesis (Alonso-Curbelo et al., 2021). In particular, the

combination of oncogenic mutations and tissue injury leads to significant chromatin
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remodeling in epithelial cells. This results in the acquisition of a specific epigenetic and
transcriptional program that contributes to tumor initiation and is maintained throughout
malignant progression and in established PDAC (Alonso-Curbelo et al., 2021; Burdziak
et al.,, 2023). Moreover, research by Del Poggetto and colleagues demonstrated that
cancer-promoting factors can act even before genetic alterations occur (Del Poggetto et
al., 2021). Inflammation, even in the absence of an existing Kras mutation, can sensitize
pancreatic epithelial cells to subsequent Kras-driven malignant transformation. In an
inducible model of mutant Kras, mice that experienced a transient and resolved
inflammatory event were more susceptible to and succumbed earlier to tumor
development compared to mice only experiencing oncogenic Kras expression.
Mechanistically, epithelial cells retain an adaptive memory of the inflammatory episode,
which is critical in limiting the damage from subsequent inflammatory events. However,
this epigenetic reprogramming can then cooperate with oncogene activation, promoting
pancreatic tumorigenesis (Del Poggetto et al., 2021).

In summary, these studies underscore the crucial roles of the interaction between genetic

mutations and environmental factors in the early stages of pancreatic neoplasia.

1.4. PDAC microenvironment

PDAC exhibits an immunologically cold TME, highly infiltrated by suppressive
immune cells and devoid of activated CD8" T cells, suggesting a dysfunctional adaptive
response (Bear et al., 2020; Binnewies et al., 2018). The highly suppressive TME,
combined with a low mutational burden and the absence of potent immunogenic
neoantigens, allows immune evasion of PDAC (Schumacher & Schreiber, 2015).
Moreover, the excessive deposition of ECM alters tissue architecture, creating a physical
barrier that results in elevated interstitial pressure, abnormal vasculature, limited
exposure to chemotherapy drugs and impaired infiltration of cytotoxic cells (Henderson
etal., 2020; Hessmann et al., 2020; Jacobetz et al., 2013). Additionally, PDAC has proven
highly resistant to FDA-approved immunotherapies, which have been effective in other
solid tumors, such as melanoma and lung cancer (Bear et al., 2020). Targeted
immunotherapies, particularly monoclonal antibodies against cytotoxic T-lymphocyte
antigen 4 (CTLA4) and programmed cell death ligand 1 (PD-L1), have shown no

objective responses in clinical trials, and overall survival has not improved (Brahmer et
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al., 2012; Royal et al., 2010). Even a recent phase Il randomized trial comparing oPD-L1
alone with a combination of aPD-L1 and aCTLA4 revealed limited objective responses
and no significant survival benefits (O’Reilly et al., 2019).

Nevertheless, a detailed examination of human PDAC samples through -clinical
histopathological analyses unveiled three distinct tumor regions based on leukocyte
infiltration: hypo-inflamed, myeloid-enriched, and lymphoid-enriched (Liudahl et al.,
2021). Myeloid-enriched regions had high levels of myeloid cells, while lymphoid-
enriched regions exhibited a higher lymphoid-to-myeloid cell ratio. In contrast, hypo-
inflamed regions showed the lowest leukocyte infiltrate. Notably, both treatment-naive
and pre-surgically treated patients classified as lymphoid-enriched demonstrated
increased survival. Specifically, pre-surgically treated patients with increased abundance
of intratumor CD8" T cells showed a significant survival advantage. However, within
individual tumor sections, the density of leukocyte subpopulations varies across different
histopathological regions, underscoring intratumor variability (Liudahl et al., 2021). On
the same line, Grunwald and colleagues identified spatially distinct tumor sub-regions,
referred to as subTMEs, within the same lesion (Griinwald et al., 2021). They categorized
these as reactive or deserted subTMEs, with the former characterized by high cellular
infiltration and the latter marked by sparse cellular components and abundant collagen
deposition. While neither of these subTMEs correlated with improved survival, the co-
occurrence of both within the same patient was associated with a poor prognosis.
Nonetheless, tumors dominated by a reactive landscape showed an increased number of
single nucleotide variants (SNV) and neoantigens, indicating an immunologically hot, T
cell-inflamed environment. In contrast, the deserted regions seemed to provide protection
against chemotherapy, with their prevalence increasing after treatment (Griinwald et al.,
2021).

In summary, the complexity of PDAC ecosystems underscores the need for a more in-
depth investigation to inform rational drug combinations that enhance T cell function
while transitioning the TME from a cold and immunosuppressive state to a hot and

immune-stimulatory phenotype.
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1.4.1. T cells

In recent years, various T cell subgroups have been identified, each with distinct pro-
tumorigenic functions within the TME (Daley et al., 2016; McAllister et al., 2014;
Perusina Lanfranca et al., 2020; Y. Zhang et al., 2014). Single-cell RNA sequencing
(scRNAseq) analyses of the T cell landscape in human PDAC highlighted a significant
presence of dysfunctional or exhausted T cell subsets. These subsets exhibited elevated
expression of multiple inhibitory checkpoint molecules, including CTLA4, PDCDI
(programmed cell death, PD-1), HAVCR2 (T cell immunoglobulin mucin-3, TIM3), while
showing low expression of T-cell activation markers (Schalck et al., 2022). These
findings align with the generally low immunogenicity of PDAC, potentially contributing
to its resistance to immunotherapies, such as immune checkpoint inhibitors. Nonetheless,
cytotoxic CD8" T cells, identified by their expression of GZMB (Granzyme B) and PRF ]
(Perforin 1), were still present in human PDAC, and their abundance correlated with
extended patient survival (Fukunaga et al., 2004; Schalck et al., 2022). Notably, the
longest survival in PDAC patients is associated with a combination of abundant CD8" T
cell infiltration and a high quantity of neoantigens, particularly within the MUCI6 gene
locus (Balachandran et al., 2017), supporting the notion that the adaptive immune system
and cytotoxic anti-tumor responses might be elicited in PDAC patients. Indeed, a recent
study with personalized RNA neoantigen vaccines demonstrated that 50% of treated
patients generated an effective neoantigen-specific T cell response against at least one
vaccine neoantigen (Rojas et al., 2023). Single-cell analyses revealed these expanded T
cell clones were CD8" T cells expressing activation markers, such as GZMB and PF1,
along with cytokines like IFN-y. Remarkably, these clones persisted for up to two years
after surgery, and responder patients experienced delayed PDAC recurrence compared to
non-responders (Rojas et al., 2023). In summary, these findings indicate that despite the
low mutational burden and the immune-excluded, deserted phenotype of the PDAC TME,
mRNA vaccines can elicit effective T cell activity, which is associated with a favorable
clinical response. Nonetheless, several challenges remain, including the need for
additional mechanistic studies on the roles of the immunosuppressive TME and strategies

to optimize neoantigen selection and mRNA vaccine potency.
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1.4.2. Dendritic cells

Conventional dendritic cells (cDCs) are specialized antigen presenting cells crucial for
anti-tumor immunity. They can be classified as either cDC1 or ¢cDC2 based on specific
markers, like XCR1 for cDC1 or CLEC10A for cDC2 (Merad et al., 2013). Importantly,
cDCls can cross present antigens to both CD8" and CD4" T cells and are important for
generating powerful anti-tumor responses (Ferris et al., 2020; Garris et al., 2018; Maier
et al., 2020; Mattiuz et al., 2021) In contrast, cDC2s present soluble antigens to CD4" T
cells and contribute to generating protective CD4" T cell immunity against tumors
(Binnewies et al., 2019; Dudziak et al., 2007). Notably, several studies showed that pre-
malignant and established pancreatic lesions harbored low amounts of cDCs, mirrored by
a poor abundance of migratory DCs in the draining lymph nodes (Hegde et al., 2020; Lin
et al., 2020). Furthermore, cDCs in PDAC exhibited low levels of co-stimulatory and
maturation markers, tended to be located away from the tumor, and had reduced antigen
presentation capabilities (Hegde et al., 2020; Lin et al., 2020). This deficiency was also
observed in PDAC patients, who had almost undetectable circulating DCs compared to
healthy individuals and displayed low expression of cDC1 gene signatures (Hegde et al.,
2020; Lin et al., 2020). The paucity and dysfunctional features of DCs are associated to
defective T cell priming and activation, thus underlying dysregulated immune
surveillance in PDAC. However, combination treatments involving aCD40 and other
immune-modulatory agents can effectively restore the recruitment and activation of DCs,
promoting stronger anti-tumor T cell responses (Bear et al., 2020; Hegde et al., 2020; Lin
et al., 2020).
In summary, given the crucial role of DCs in the anti-tumor response and their
dysfunction in the PDAC TME, they represent promising therapeutic targets. Strategies
focused on increasing their numbers, improving their infiltration, and restoring their
functions could efficiently activate T cell responses, potentially leading to the eradication

of PDAC.

1.4.3. Cancer-associated fibroblasts
Fibroblasts are the most abundant cell type in the PDAC TME, where they secrete
soluble factors and engage in close interactions with immune and tumor cells (Lavie et

al., 2022). Fibroblasts control the production and deposition of extracellular matrix,
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which alters tissue structure and forms a physical barrier that isolated the tumor tissue, as
previously discussed. Consequently, CAFs are considered relevant therapeutic targets.
Adoptive transfer of engineered T cells to target and delete fibroblast activation protein
(FAP)" CAFs, a marker of activated CAFs, succeeded in disrupting tumor desmoplasia
and supporting anti-tumor immunity in mouse models of pancreatic cancer (Lo et al.,
2015). However, genetic deletion of a-smooth muscle actin (aSMA)* fibroblasts, another
marker for CAFs, resulted in decreased survival of mice and expansion of
immunosuppressive Tregs (Ozdemir et al., 2014). The conflicting results of targeting
CAFs likely reflect the heterogeneity of these cells. Recently, at least three major CAF
subtypes have been identified in mouse and human PDAC. Myofibroblast CAFs
(myCAFs) are characterized by the expression of genes encoding for collagen and ECM
proteins, suggesting they might regulate matrix deposition and remodeling. Inflammatory
CAFs (i1CAFs) express high levels of genes encoding for inflammatory cytokines and
chemokines, such as IL-6 and leukemia inhibitory factor (LIF), possibly contributing to
immune dysfunction in the PDAC TME (Caligiuri & Tuveson, 2023; Ohlund et al., 2017).
The identity of these two CAF subtypes correlates with a differential exposure to
environmental signals and spatial localization in the PDAC TME: myCAFs were found
to be induced by the TGF/SMAD-2/3 pathway and to be mainly localized in close
contact with tumor cells, whereas iCAFs are driven by the IL1/JAK-STAT3 pathway and
are more dispersed in the TME (Biffi et al., 2019; Ohlund et al., 2017). Recent studies by
the Tuveson laboratory have also identified a population of antigen-presenting CAFs
(apCAFs) expressing MHCII and genes of the antigen presentation machinery (Elyada et
al., 2019). ApCAFs originated from mesothelial cells that, once exposed to factors in the
TME, downregulated mesothelial marker genes and acquired a fibroblastic phenotype. In
vitro co-culture experiments showed that apCAFs can present antigens to CD4" T cells
but failed to provide co-stimulatory signals, ultimately promoting differentiation and
expansion of Tregs. These data support immunosuppressive role of apCAFs in PDAC
(Huang et al., 2022).

Recent efforts have aimed to classify CAFs based on the expression of specific factors.
Mass cytometry analyses revealed that markers like podoplanin (PDPN) and CD90 are
expressed on most CAFs, while markers like aSMA and platelet-derived growth factor

receptor (PDGFR) o/p vary in different CAF clusters. Notably, CD105, the co-receptor
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of the TGFp receptor, could efficiently identify two distinct CAF populations. Co-
injection experiments with tumor cells, highlighted a tumor-restraining role of the
CD105  fraction, dependent on the adaptive immune system, although the exact
mechanisms are still to be investigated. Interestingly, both the CD105" and the CD105"
fraction expressed markers of the myCAFs and iCAFs subtypes in vivo, while marker of
apCAFs were mainly enriched in the CD105" fraction, suggesting apCAFs subtypes with
opposing functions might exist (Barthel et al., 2023; Hutton et al., 2021).

The heterogeneity of CAFs is further complicated by their origin and plasticity. The
normal pancreas contains various fibroblast populations — namely, pancreatic stellate
cells, perivascular fibroblasts and additional parenchymal fibroblasts — that expand
differently during carcinogenesis, possibly giving rise to different CAF subpopulations
(Halbrook et al., 2023). However, it is still not clear whether these different CAF
populations exist as stable and defined cellular states or whether they are plastic and able
to adapt to the different cues from the TME. Preliminary in vitro experiments suggest
potential plasticity, especially between myCAFs and iCAFs, but further investigation is
needed (Biffi et al., 2019).

In conclusion, CAF biology in pancreatic cancer is an active area of research.
Understanding the mechanisms driving CAF heterogeneity and the context-dependent
roles of different subpopulations is essential for identifying vulnerabilities and
developing successful therapeutic approaches for deleting or reprogramming CAFs

(Bérthel et al., 2023).

1.4.4. Tumor-associated macrophages

The high infiltration of TAMs is a hallmark of the PDAC microenvironment, and their
abundance is associated with worse survival in PDAC patients (Cassetta & Pollard, 2018;
Ino et al., 2013; Kurahara et al., 2011). Fate mapping experiments in healthy and tumor-
bearing animals revealed that pancreatic TRMs have heterogeneous origins, as they can
derive from adult HSCs as well as from embryonic precursors (Baer et al., 2023; Zhu et
al., 2017). Transcriptional analyses and functional experiments have shown that HSC-
derived macrophages are enriched in antigen presentation and T-cell activation pathways.
They exhibited an increased ability for antigen uptake and T-cell activation in co-culture

experiments, indicating their pivotal role in shaping the immune response. In contrast,
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embryonic-derived macrophages expressed genes related to ECM remodeling and growth
factor signaling and they were specifically localized between the lobules of the pancreas
(Baer et al., 2023; Zhu et al., 2017).

Interestingly, the depletion of TRMs has different outcomes depending on the type of
injury. Mice experiencing pancreatic tissue damage due to cerulein administration failed
to recover and reached an endpoint survival when TRMs were depleted by clodronate
liposome and aCSF-1 treatment. Mice depleted of TRMs had reduced numbers of
fibroblasts, which displayed a transcriptional rewiring, increasing the expression of
inflammatory genes while downregulating the production of ECM components (Baer et
al., 2023). These findings underscore the critical role of TRMs in restoring pancreatic
homeostasis and driving a fibrotic response essential for recovery from acute tissue
damage. In contrast, depletion of TRMs in KPC mice correlated with better outcomes as
mice exhibited fewer high-grade PDAC lesions, lower accumulation of podoplanin®
fibroblasts, and reduced stromal desmoplasia, a hallmark of the PDAC microenvironment
associated with a poor prognosis (Baer et al., 2023). These divergent outcomes upon
depletion of TRMs demonstrate how tumors co-opt the tissue-supportive and protective
functions of macrophages to fuel their progression. Further studies have shed light on the
close interactions between macrophages and fibroblasts in the pancreatic environment.
Fibroblasts are a primary source of CSF-1, which promotes macrophage proliferation and
induces the expression of p21, a cell-cycle inhibitor that plays a crucial role in shaping
the activation state of macrophages (Zuo et al., 2023). TAMs expressing high levels of
p21 exhibited an inflammatory polarization characterized by the enrichment of hypoxia
and TNF-a signaling pathways, as well as increased expression of canonical
inflammatory mediators like IL-1a and IL-1pB. Moreover, p21high TAMs were associated
with signatures of immune escape and T-cell exhaustion, indicating a shift towards a
tumor-supportive inflammatory phenotype that drives immune dysfunction in the TME
(Zuo et al., 2023). Inflammatory subsets of TAMs have also been identified through
spatial analysis of human PDAC samples. In particular, TAMs expressing ILIB,
resembling an M1-like inflammatory state, were enriched in the stroma and cancer

regions, while M2-like TAMs were mainly localized in the ducts (Moncada et al., 2020).
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Additionally, a subset of TNFa-producing inflammatory TAMs has been shown to
promote the development of poorly-differentiated tumor subtypes which are generally
associated to increased aggressiveness and reduced survival (Tu et al., 2021).

Given their abundance and tumor-supportive functions, several attempts have been made
to target TAMs in PDAC. For instance, inhibiting CSFIR led to macrophage depletion
and rewiring of the TME, reducing tumor progression in KPC mice (Candido et al., 2018).
Bulk transcriptome analysis of the tumor microenvironment in treated mice showed
downregulation of genes related to the cell cycle, DNA damage response, and hypoxia,
along with upregulation of genes associated with immune activation. These changes
correlated with increased T-cell infiltration and reduced expression of cytokines and
chemokines typically associated with tumor progression, such as IL-6, IL-10, and CCL2
(Candido et al., 2018). Unfortunately, CSFIR inhibition, when combined with aPD-1
and chemotherapy, did not improve progression-free survival in advanced PDAC patients
compared to chemotherapy alone (Bear et al., 2020).

More recently, as discussed above, novel approaches aimed at polarizing, rather than
eliminating TAMs, have been tested. Administration of a CD11b agonist in PDAC
murine models has shown promising results, reducing tumor progression and TAM
infiltration while increasing T-cell numbers and proliferation (X. Liu et al., 2023). Single-
cell RNA sequencing of TAMs in treated mice revealed a downregulation of
inflammatory and NF-kB-related processes, along with upregulation of reactive oxygen
species (ROS) and oxidative phosphorylation signatures. Mechanistically, the CD11b
agonist promoted NF-kB proteasomal degradation, reducing the expression of
inflammatory genes, such as ///a and //1/b. Simultaneously, this agonist activated the
STING pathway, promoting the expression of type I IFN, which is typically reduced in
PDAC TAMs compared to TAMs from other tumors (X. Liu et al., 2023). These
promising results have led to a first-in-human clinical trial of the CD11b agonist (named
GB1275) as monotherapy or in combination with oPD-1 in advanced treatment-
refractory solid tumors. Preliminary results have shown increased levels of STING®
TAMs in most treated patients, although only a fraction of them displayed concomitant
reduced NF-kB expression (X. Liu et al., 2023).

In conclusion, TAMs are key components of the PDAC TME, mainly exhibiting tumor-

supportive functions. Therapeutic approaches aimed at either eliminating or
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reprogramming TAMs have shown promising results in pre-clinical models and are now
under clinical investigation. However, a more thorough investigation of the phenotypic
and functional heterogeneity of TAMs in PDAC is still necessary, as it could provide
novel insights into TAM-dependent tumor-supportive functions and potential therapeutic

targets.

1.5. Role of PGE; in the TME

In the complex landscape of signals that govern cell interactions within the TME, our
focus has been on PGE>. While acting as a bona fide inflammatory mediator, PGE; exerts
complex immune-regulatory activities as it is critical in shaping and polarizing the TME
toward a tumor-promoting inflammatory phenotype (Bonavita et al., 2020; Bottcher et
al., 2018; Zelenay et al., 2015; Zelenay & Reis e Sousa, 2016). In 2015, Zelenay and co-
workers showed that, in a melanoma murine model, tumor-derived PGE: is essential for
tumor growth. Tumor cell lines lacking Prgs/ and Ptgs2 (the genes encoding COX-1 and
COX-2) or Ptges (encoding mPGES) were entirely rejected when transplanted into
immune-competent mice (Zelenay et al., 2015). However, PGE-deficient tumor cells
progressively grew in mice lacking DCs or depleted of either natural killer (NK) or CD8*
T cells, suggesting that tumor-derived PGE; actively promotes immune evasion
(Bonavita et al., 2020; Boéttcher et al., 2018; Zelenay et al., 2015). Bulk transcriptome
analysis revealed a shift in the inflammatory profile of Ptgs”" tumors, with increased
expression of inflammatory players, including type I interferons, CXCL9/10, and 1L-12,
associated with the recruitment and activation of immune cells linked to anti-tumor
responses. In contrast, WT tumors were dominated by the expression of inflammatory
molecules, including CXCL1/2, IL-1B, and IL-6, promoting a pro-tumor phenotype
(Bonavita et al., 2020; Coussens et al., 2013; Mantovani et al., 2008). Similarly, TAMs
isolated from Ptgs”- tumors exhibited this shift, downregulating prostaglandin and IL-1
signaling while upregulating type I and type II interferon pathways (Bonavita et al., 2020;
Zelenay et al., 2015). Consistent with these results, Pzgs” tumors failed to be rejected
when implanted in Ifnar”- mice - unresponsive to type I interferons - or in Ifng”- animals,
highlighting the crucial role of both types of interferons in rejecting PGE:-deficient
tumors (Bonavita et al., 2020; Zelenay et al., 2015). Interestingly, further studies shed

light on additional mechanisms exerted by PGE: in driving immune dysfunction. PGE>
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has been found to affect cDCs by inhibiting the expression of transcription factors and
molecules involved in their activation, like IRF8, CXCL9, and IL-12. Specific ablation
of EP2 and EP4 receptors in DCs restored their activation and ability to stimulate NK
cytotoxicity as well as T cell activation and proliferation (Bayerl et al., 2023). PGE> can
also hinder the recruitment of ¢cDCs to the TME by downregulating critical chemokine
receptors (Ccr5 and Xcrl) on their surface and chemokine production by NK cells
(Bottcher et al., 2018). Indeed, while WT tumors harbored few ¢DCs located mainly at
the border of the tumor mass, Ptgs”~ tumors showed increased accumulation of ¢cDCs, that
tended to localize within the tumor mass, far from the border or blood vessel, and in close
contact with NK and CD8" T cells (Bayerl et al., 2023; Bottcher et al., 2018). Notably,
PGE: signaling on NK cells is necessary in driving immune evasion, as ablation of EP2
and EP4 receptors on NK cells resulted in the rejection of WT tumor cells as well. In line
with this, Ptgs”- tumors not only progressively grew in NK-cell depleted mice, but also
failed to switch their inflammatory profile toward a cancer-inhibitory phenotype
(Bonavita et al., 2020). All these findings underscore the critical role of PGE; in immune
evasion by suppressing key cellular and molecular players involved in the anti-tumor
immune response. However, PGE; can also promote cancer-associated inflammation by
increasing the expression of inflammatory and angiogenic genes, such as Ptgs2, Il1b, and
Vegf, in myeloid cells (Thumkeo et al., 2022). In particular, in a mouse model of lung
carcinoma, PGE; supported the recruitment of Tregs by increasing the production of
CCL17 and CCL22 by mature DCs enriched in immunoregulatory molecules (mregDCs)
(Maier et al., 2020). Blocking PGE: signaling through EP2 and EP4 receptor antagonists
led to a reduction in inflammatory and angiogenesis-associated genes, decreased
infiltration of Tregs, upregulation of interferon-stimulated genes, and reduced tumor
growth (Thumkeo et al., 2022). Furthermore, a recent study identified a population of
lung adventitial fibroblasts with key roles in shaping the pre-metastatic niche. These
fibroblasts expressed high levels of Ptgs? and other key inflammatory mediators,
including Cxcll, Ccl2 and /6 (Gong et al., 2022). Co-culture experiments revealed their
role in driving an immunosuppressive phenotype in DCs and monocytes, leading to
impaired NK and T cell responses. Selective ablation of Ptgs2 expression in lung
fibroblasts abrogated their suppressive functions. Interestingly, neutrophil-derived IL-13

further reinforced the inflammatory phenotype of Pzgs2" lung fibroblasts, underscoring

38



the link between cancer-promoting inflammation and immune dysfunction (Gong et al.,
2022).

Given its involvement in several mechanisms contributing to immune evasion, PGE2
emerges as a valuable therapeutic target. However, PGE> blockade alone has shown
limited effectiveness in reducing tumor progression (Pelly et al., 2021). Combining PGE>
inhibition with immune checkpoint blockade (ICB) and/or chemotherapy has
demonstrated improved anti-tumor efficacy in various cancer models Bell et al., 2022;
Bonavita et al., 2020; Gong et al., 2022; Pelly et al., 2021; Zelenay et al., 2015). In
addition, even broad anti-inflammatory drugs like corticosteroids have shown enhanced
anti-tumor responses when combined with ICB, in line with the role of inflammation in
supporting tumor progression (Pelly et al., 2021). Interestingly, cytotoxic therapies, such
as chemotherapies, were found to increase the production of PGE; by tumor cells (Bell et
al., 2022). Several murine and human cancer cell lines showed this behavior, irrespective
of the mechanisms of action of the chemotherapeutic drug employed. This suggests that
it might be a conserved mechanism by which, paradoxically, cytotoxic drugs might fuel
tumor progression. Pharmacological inhibition of COX-2 improved the efficacy of
chemotherapy and ICB combinations, reducing tumor relapse and spontaneous metastatic
spread in a poorly immunogenic breast cancer model (Bell et al., 2022).

In summary, PGE; exerts complex activities in the TME, by enhancing the production of
inflammatory mediators while suppressing the anti-tumor immune response. As a result,
PGE:> emerges as a key player in shifting the inflammatory balance of the TME and

represents an ideal therapeutic target.
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2. AIM OF THE WORK

With a dismal prognosis and an overall survival of less than 5 years, PDAC is among
the most aggressive solid tumors and represents a strong unmet medical need. The
complexity and heterogeneity of the PDAC microenvironment contribute to its resistance
to treatments and pose significant challenges. Classified as immunologically cold, the
PDAC TME is highly infiltrated by suppressive immune cells which fuel a pathogenic
inflammation and inhibit anti-tumor responses. Notably, inflammation can cooperate with
oncogenic mutations accelerating cancer progression.

In this complex picture, TAMs represent one of the most abundant population of
leukocytes in PDAC and have been linked to reduced patient survival. While TAMs have
been considered as potential therapeutic targets to halt tumor progression, strategies
aimed at targeting their survival or recruitment have shown limitations in terms of safety
and efficacy. This is, in part, because they do not account for the remarkable
heterogeneity and the diverse roles of macrophages in the TME. This underscores the
importance and the need of a more comprehensive investigation into the diversity of
TAMs and their contributions to pathogenic inflammation in PDAC. This research is
critical for identifying novel therapeutic targets. Consequently, this study aims to achieve

the following:

1. Investigate the heterogeneity of TAMs at the single-cell level in both human
PDAC patients and relevant mouse models of pancreatic cancer.

2. Mechanistically dissect how TAMs drive pathogenic inflammation and tumor
progression in PDAC.

3. Identify new therapeutic targets and assess their efficacy in mouse models, as well

as their relevance in human PDAC.

By addressing these points, we aim to improve our understanding of the mechanisms of

immune dysfunction in PDAC and advance its therapeutic treatment.
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3. RESULTS

3.1. ILIB® TAMs correlate with poor prognosis in human PDAC

To elucidate macrophage heterogeneity in human PDAC, we performed scRNA-seq
of freshly dissociated resected tumor samples from either naive (n=4) or chemotherapy-
treated patients (n=6). Specifically, we analyzed PDAC samples from patients treated
with gemcitabine and nab-paclitaxel (n=3), FOLFIRINOX (n=2) and PAXG (n=1). We
decided to include different kind of chemo-treatments as well as male and female patients,
with no specific limitations on their ages, in order to have the broadest possible
representation of macrophages in human pancreatic cancer. The resulting dataset
contained 59,569 single-cell transcriptomes comprising tumor, epithelial, stromal, and
immune compartments, with variable frequencies across patients but no significant
differences between naive and chemo-treated patients (Fig. 1. A-D). Sub-clustering of
mononuclear phagocytes (MNPs) highlighted the presence of distinct subsets of
monocytes (classical and non-classical), ¢cDCs (¢cDC1, ¢cDC2 and mregDCs) and

macrophages (Fig. 1. E,F).
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Figure 1. scRNAseq analysis of human PDAC patients.
A. UMAP plot showing all cells of the human scRNAseq dataset colored by cluster (upper panel)
and by annotation of major cell types (lower panel). B. Heatmap showing scaled gene expression
of top 25 marker genes for each cluster. Clusters are grouped according to their annotation (as
shown in panel A). Selected marker genes for major populations are reported. C. Pie charts
showing abundance of major cell types for each patient sample. Patients are grouped according
to the treatment: naive, Gemcitabine + Nab-Paclitaxel; FOLFIRINOX; PAXG (cisplatin, nab-
paclitaxel, capecitabine, gemcitabine). D. Bar plot showing frequencies of aneuploid cells
(putative tumor cells) for each cluster. Aneuploid cells (red) were annotated performing copy
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number variation analysis with CopyKAT on each patient sample. E. UMAP plot showing
mononuclear phagocytes of the human scRNAseq dataset colored by cluster (upper panel) and
by annotation of cell types (lower panel). F. Dot plot showing scaled gene expression (negative
values are set to zero) of selected genes for each mononuclear phagocyte cluster, annotated as
shown in panel C.

Re-clustering of TAMs, which are the most abundant population of MNPs, revealed
various transcriptional states of macrophages whose frequencies were comparable
between naive and chemotherapy-treated patients (Fig. 2. A-C). In addition, differential
gene expression analysis showed only a small number of genes whose expression is
modulated by the treatment, suggesting that chemotherapy does not strongly affect their
transcriptional profiles (Fig. 2. D). Nevertheless, gene set enrichment analyses (GSEA)
showed that all subsets of macrophages in patients treated with chemotherapy have an
enrichment in gene ontology terms related to interferon (Fig. 2. E). This heightened IFN
response could be triggered either by the direct effects of the chemotherapy drugs on the
macrophages or by the cellular death and tissue damage occurring in the TME post-
treatment.

Analysis of the macrophages identified SPP1"™ TAMs that expressed lipid metabolism
(FBP1, APOCI) and phagocytic receptor (MARCO, MERTK) genes and they
corresponded to populations previously described in liver, colorectal and non-small cell
lung cancer (Casanova-Acebes et al., 2021; Maynard et al., 2020; Sharma et al., 2020; L.
Zhang et al., 2020). FOLR2" TAMs expressed non-canonical myeloid markers (LYVE],
SELENOP) and matched bona fide resident macrophages in normal tissues and
human tumors (Chakarov et al., 2019; Dick et al., 2022; Guilliams et al., 2022; Nalio
Ramos et al., 2022; Sharma et al., 2020). We also identified clusters of TAMs expressing
metallothionein (MT1G, MT1X, MTIE), heat-shock protein (HSP), or cell cycle (TOP2A,
MKI67) genes (Fig. 2A-B, F).
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Figure 2. scRNAseq analysis of human PDAC patients uncovers ILIB* TAMs.

A. UMAP clustering of scRNA-Seq data from the complete dataset (upper left panel),
mononuclear phagocytes (MNPs — lower left panel) and macrophages (right panel). Selected
marker genes for each macrophage cluster are shown. B. Heatmap showing scaled gene
expression of top 25 marker genes for each cluster of tumor-associated macrophages (ranked for
log:FC). Selected gene names are shown. C. Bar plot showing normalized frequencies of TAM
subsets in each patient sample. Samples are grouped according to treatment. D. Bar plot showing
the number of differentially expressed genes (DEG) between chemotherapy-treated and naive
PDAC samples for all TAM subsets. E. Gene set enrichment analysis (GSEA) performed on genes
expressed by TAM subsets ranked by log:FC in the comparison between each cluster from chemo-
naive patients vs the same cluster from chemo-treated patient. Gene ontologies-biological
processes (GO-BP) were used as gene sets. F. GSEA performed on genes expressed by TAM
subsets ranked by log:FC in the comparison between each cluster vs the other TAM clusters.
Gene ontologies-biological processes (GO-BP) were used as gene sets. Normalized enrichment
scores (NES) for selected significant terms are reported.
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Our analysis uncovered /L1 B* TAMs, a discrete subset of PDAC macrophages expressing
high levels of transcripts belonging to inflammatory response (/LIB, TNF, NLRP3,
PTGS2), leukocyte recruitment (CXCLI, CXCL2, CCL3), and angiogenesis (VEGFA,
THBS1, PDGFB) programs. Furthermore, the transcriptome of /L/B* TAMs was depleted
of interferon (IFN) response and antigen presentation gene ontology (GO) terms (Fig. 3.
A-B). We also evaluated whether any of the identified TAM states corresponded to M1
or M2-like cells, by examining the expression of gene signatures derived from in vitro
polarized macrophages (Martinez & Gordon, 2014). All subsets co-expressed both
signatures to varying degree, underscoring that the M1 and M2 classification is overly
simplistic and it does not account for the extensive heterogeneity that characterize

macrophages in vivo (Fig. 3. C).
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Figure 3. ILIB® TAMs showed an inflammatory profile while being depleted of antigen
presentation and IFN-related signatures.

A. Violin plots showing expression values of selected genes associated to inflammatory response,
leukocyte migration and angiogenesis. B. Gene set envichment analysis (GSEA) performed on all
genes expressed by TAMs ranked by log:FC between ILIB™ TAMs vs other TAM clusters. We
used gene ontologies-biological processes (GO-BP) as gene sets. Normalized enrichment scores
(NES) for selected significant terms are reported. C. Normalized mean expression of M1 and M2
signatures in the TAM subsets identified by scRNAseq analysis of PDAC patients.

We next assessed the impact of each TAM subset on the survival of PDAC patients, by
taking advantage of bulk tumor RNA-Seq and clinical follow-up data of PDAC patients

from The Cancer Genome Atlas (TCGA). To this end, we generated gene signatures

45



specific for each TAM clusters by performing differential gene expression analysis (each
TAM cluster versus the others) and retaining only transcripts with selective expression in
MNPs. To take into account variability of the macrophage content in the analyzed
samples, the mean expression of each signature was normalized by CD68 expression, a
known marker of macrophages. While we were not able to identify MNP-specific marker
genes for proliferating TAMs, we did not obtain marker genes significantly associated
with PDAC prognosis for MT" and HSP* TAMs. Instead, gene signatures for SPP1* and
FOLR2" TAM subsets were associated with good prognosis (Fig. 4. A). Notably, we
obtained a 6-genes signature of IL/B" TAMs (IL1A, CCL20, CXCL3, ILIR2, EREG,
PLAUR) whose expression level was correlated with poor PDAC prognosis but not with
overall macrophage abundance. Indeed, stratification of PDAC patients based on the
IL1B-gene signature showed that patients expressing lower levels of such gene signature
were associated with a better prognosis (Fig 4. B,C). These data uncover ILIB* TAMs as
a subset of PDAC macrophages characterized by inflammatory and non-cytotoxic

transcriptional programs, whose predicted abundance correlated with poor patient

prognosis.
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Figure 4. ILIB" TAMs correlate with poor prognosis in human PDAC.

A. Density plot showing prognostic values of TAM marker genes for the TCGA cohort of PDAC
patients. Only genes with significant values are reported. No marker gene for MT" and HSP"
TAMSs was significantly associated with PDAC prognosis. B. Kaplan-Meier plot showing survival
probability of PDAC patients (TCGA), stratified based on high or low expression of the ILIB*
TAM 6-gene prognostic signature (shown in panel A). Hazard ratio (HR) and p-value of Cox
regression fit are reported. C. Box plot showing the frequencies of macrophages in TCGA PDAC
cohort, predicted by CIBERSORTx deconvolution. Patients are stratified according to the
expression of ILIB" TAM 6-gene prognostic signature.
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3.2. Characterization of I/1b™ TAMs in mouse models of pancreatic cancer

: G12D/+ RI72H/+
We next profiled a mouse model of pancreatic cancer whereby Kras Trp53

de]Cre/+ (KPC) cells are injected orthotopically in immune-competent recipients

(Hingorani et al., 2005). Cells from blood, pancreas and tumors at day 10, 20 and 30 post
inoculation were subjected to scRNA-Seq, followed by clustering and annotation of
51,276 single cells spanning the tumor, epithelial, stromal, and immune compartments

(Fig. 5. A,B).
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Figure 5. scRNAseq analysis of KPC-derived mouse PDAC model.

A. UMAP of scRNA-Seq of all cells from mouse PDAC (orthotopic KPC). Colors and numbers
indicate scRNA-Seq clusters (upper panel) or cell type annotations (lower panel) B. Heatmap
showing scaled gene expression of top 25 marker genes for each cluster. Clusters are grouped
according to their annotation (as shown in panel A). Selected genes for major cell types are
reported.
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Similar to our analysis in human PDAC patients, we sub-clustered first MNPs and then
macrophages, annotating 6,996 macrophage transcriptomes (Fig. 6. A,B). In order to
identify specie-specific and cross-species conserved subsets of macrophages, we
performed GSEA between human and murine TAMs. Specifically, we first defined the
marker genes for each human TAM subset, we converted them into their murine orthologs
and we assessed their enrichment in the genes expressed by the murine TAM subsets,

ranked by logoFC (each TAM cluster vs the others). We found that key marker genes and

transcriptional programs of ///b" TAMs, as well as of Folr2™, SppI™, and proliferating
TAMs, were conserved between human and mice, while the other TAM subsets, both

human and murine, appeared to be specie-specific (Fig. 6. C,D).

47



All cells (51,276)

MNPs

TAM subsets

Macrophages (6,996)

UMAP_2

Vecan
Cxcl3

I11b*  Prolif Folr2* Spp1* Cxcl9* Marco* Clps* |- 16
z " : Ptgs2

Areg
j Arg1
- f 111b
Top2a
BII'C5

Clps
Celat
Cx3crt

C GSEA on mouse TAMs - Gene sets: marker genes of human TAMs
Hu IL1B* TAMs _Hu FOLR2' TAMs Hu SPP1* TAMs Hu Prolif. TAMs
w b
S Marco' -Log,,(FDR)
< Cxeld’ - 0.0
. 020
o Sppt 050
S Folr2* O75
S Cips* K
= prolf.
-4 -2 0
NES
D &
X
6Q‘<}\Qo\/ QQ
h.h.h.h. _ ;jl"ma"
MKI67 ouse
ro;L='§§ 42024
TR W
TPX2 Z score
UBE2
BIRC5
CDK1
CENPF
RRM2
KNL1
NUSAP1
STMN
MCM7
SMC2
ATAD2

Figure 6. IL-13" TAMs are conserved in mouse models of pancreatic cancer.

A. UMAP clustering of scRNA-Seq data from the complete dataset (upper left panel),
mononuclear phagocytes (MNPs — lower left panel) and macrophages (right panel). Selected
marker genes for each macrophage cluster are shown. B. Heatmap showing scaled gene
expression of top 25 marker genes for each cluster of tumor-associated macrophages (vanked for
log>FC). Selected gene names are shown. C. GSEA performed on genes expressed by mouse TAM
subsets (ranked by log:F'C vs other TAM clusters), using the marker genes of human TAM subsets
as gene sets. NES and significance are reported for each comparison. D. Heatmap showing scaled
gene expression of marker genes conserved between mouse and human TAM subsets. Only
clusters of TAMs conserved between species are reported.

Next, we set out to define the dynamics of the macrophage subsets during tumor
progression. Interestingly, we found that ///b" macrophages are completely absent in
healthy pancreas, while showing an early and persistent accumulation in mouse PDAC
already 10 days after tumor inoculation. In contrast, other subsets, such as Folr2"

macrophages, were already present in healthy pancreas and persisted during tumor

48



growth (Fig. 7. A). In keeping with scRNA-Seq analyses, flow cytometry staining showed
a detectable population of FOLR2" macrophages both in healthy pancreas, as well as in
late stage orthotopic tumors. On the other hand, IL-13 expression was undetectable in
pancreatic macrophages from control mice whereas a substantial fraction of TAMs
expressed IL-1fB in late stage orthotopic PDAC (Fig. 7. B). Moreover, we found no
detectable IL-1P expression in macrophages from distal organs, such as spleen, bone
marrow and lung either in control or tumor-bearing mice (Fig- 7. C).

In order to further corroborate our data, we performed scRNAseq of additional relevant

: : GI2D/WT Cre/WT
pancreatic mouse models, that are orthotopic or subcutaneous Kras Pdx1

(KC) models as well as autochthonous tumors from KPC mice. In all these cases, we were
able to identify I/1b" TAMs as well as the other TAM subsets conserved between human
and mouse (Fig. 7. D). Furthermore, flow cytometry staining revealed the presence of a
distinct and detectable IL-13" TAM population in various PDAC models generated by
orthotopic or subcutaneous inoculation of pancreatic cell lines: KC- (DT6606) or KPC-
derived (K8484, 5M7101, K4651, Ximbio) as well as chemically induced (Panc 02) (Fig.
7. E).
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Figure 7. IL-1B" macrophages accumulate early during tumor progression and are conserved
in multiple murine PDAC models.

A. Alluvial plot showing normalized frequencies from scRNA-seq data of TAM subsets from
control pancreas (Ctrl) and PDAC (orthotopic KPC) at the indicated time points of tumor
progression. B. Representative contour plots and frequencies of mouse FOLR2 and IL-18"
macrophages in control pancreas (Pancreas) (n=3 for FOLR2" macrophages; n=38 for IL-1"
macrophages) and PDAC tissues (orthotopic PDAC) (n=4 for FOLR2" macrophages; n=7 for
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IL-1" macrophages). Statistical significance was measured by two-tailed Student’s t test. **p <
0.01. C. Representative contour plots and frequencies of IL-15" macrophages from BM, spleen
and lung of healthy (n=4) or tumor-bearing mice (n=2). D. Heatmap showing scaled gene
expression of marker genes conserved between mouse and human TAM subsets (as in panel 6D)
in macrophages from multiple PDAC mouse models. E. Frequencies of IL-13" macrophages in
multiple PDAC cell lines (DT6606 n=10, subcutaneous;, K8484 n=7, orthotopic; K4651 n=3,
subcutaneous; 5SM7101 n=6, subcutaneous; Ximbio n=5, subcutaneous; Panc02 n=10,
subcutaneous).

We then defined the surface phenotype of IL-13" TAMs with a panel of antibodies against
markers of macrophage identity and/or function. While F4/80, CD11b, Ly6C and PDL2
were expressed at similar levels between IL-13* and IL-13- TAMs, IL-13" TAMs were
characterized by high expression of CD64, CD11c, MHC II and costimulatory molecules
CD80 and CD86, together with known markers of immune dysfunction in cancer such as
CD206, ARGI and the immune checkpoint inhibitor PD-L1 (Fig. 8. A,B).

Additionally, we assessed the expression of active caspase 1, a key player of
inflammasome activation and IL-1[ maturation and release (Barnett et al., 2023), by
employing a fluorescent labeled inhibitor that specifically recognize and bind to active
caspase 1 (named FLICA). We found increased expression of active caspase 1 in the
fraction of CD64"e" TAMs, that is enriched in IL-1B" macrophages (Fig. 8. C-E).

These data establish IL-1" TAMs as a conserved macrophage population, that
accumulates early during tumor growth and co-express inflammatory and immune

inhibitory markers.
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Figure 8. Inmunophenotypic analysis of IL-13" TAM:s.

A,B. Expression of the indicated markers by IL-13" TAMs (upper panel, red histograms) and IL-
15 TAMs (lower panel, grey histograms) (subcutaneous PDAC). Representative histograms and
median fluorescence intensity (MFI) values are shown. Black lines represent fluorescence minus
one control (FMO). Statistical significance was measured using 2-way ANOVA. ***p < 0.001,
w*rAED < 0.0001. C. Representative contour plots of CD64"¢ and CD64*” macrophages. D,E.
Expression of FLICA by CD64"¢ TAMs (left panel, grey histograms) and CD64°” TAMs (right
panel, red histograms) (orthotopic PDAC, n=38). Representative histograms (D), MFI values (D)
and frequencies (E) are shown. Black lines represent fluorescence minus one control (FMO).
Statistical significance was measured using unpaired two-tailed Student’s t test. ****p < (0.0001.

3.3. Monocytes differentiate into IL-1* TAMs upon exposure to TME
factors

Time-resolved scRNA-Seq datasets of mouse monocytes and macrophages from
blood, pancreas, and tumors were integrated and subjected to CellRank analysis that, by
combining RNA velocity and transcriptional similarities, infer cell-cell transition
probabilities (Lange et al., 2022). We found a trajectory linking tumor-infiltrating
monocytes and ///b" TAMs, supporting a monocytic origin for these TAMs (Fig. 9. A-
C). In line with this, marker genes of /16" TAMs, such as [/1b, Ptgs2 and Cxcl2, among
others, ranked as top driver genes of this transition, and their expression increased as

monocytes entered the tumor (Fig. 9. D).
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Figure 9. CellRank analysis identify tumor-infiltrating monocytes as bona fide precursors of
IL-18" TAMs.

A. RNA velocity vectors of macrophages and monocytes from blood, pancreas and PDAC
(orthotopic PDAC) samples computed on tSNE embedding based on diffusion maps. Cells are
colored by cluster identity (left) or tissue of origin (right). B. tSNE embedding of mouse
macrophages and monocytes from blood, pancreas and PDAC (orthotopic PDAC) samples.
Steady state cells identified as terminal states by CellRank analysis are shown. C. Absorption
probability of each cell to transit towards 1l11b" TAMs, identified as terminal state by CellRank.
D. Expression values of the top-ranking genes driving the trajectory from tumor-infiltrating
monocytes towards I11b" TAMs.

Furthermore, 7/1b" TAM marker genes were poorly expressed in circulating and in
healthy pancreatic monocytes, but they were promptly induced in tumor-infiltrating
monocytes and in ///b* TAMs (Fig. 10. A-B, D-E). Accordingly, protein levels of IL-13
were low in circulating monocytes from control and tumor-bearing mice but increased
substantially upon recruitment to tumors (Fig. 10. C). In collaboration with the laboratory
of Florent Ginhoux, we next performed lineage tracing experiments with Ms4a3¢e-
Rosa™T mice, in which granulocyte-monocyte precursors (GMP) and their progeny are
irreversibly marked by tdTomato (Z. Liu et al., 2019). Flow cytometry staining of end-
stage orthotopic tumors revealed that the vast majority of IL-13* TAMs was tdTomato",
indicating that these cells originate from circulating monocytes that infiltrate the tumor

and become exposed to local factors in the TME (Fig. 10. F).
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Figure 10. Monocytes differentiate into IL-15" TAMs upon exposure to TME factors.

A,B. Violin plots showing expression (scRNAseq) of 111b (A) and the marker genes of I11b" TAMs
(B), in mouse monocytes and 111b" TAMs from control pancreas (Ctrl) and PDAC (orthotopic
KPC) at the indicated time points. C. Representative histograms of IL-1f intracellular staining
of monocytes and macrophages in the indicated conditions. Cells from control mice are

represented in blue, cells from tumor-bearing animals in red. Black lines represent isotype
controls. D,E. Violin plots showing expression of IL1B (D) and marker genes of ILIB" TAMs (E)
in human monocytes and IL1B" TAMs in blood and PDAC samples. F. Frequencies of tdTomato"
and tdTomato™ IL-1B" TAMs from PDAC (orthotopic KPC, end-stage, n=4). ****p<0.0001,
unpaired student’s two tailed t-test.

3.4. PGE: and TNF-a cooperatively elicit the IL-13" TAM state

In the attempt to identify local factors responsible for the acquisition of the IL-13*
TAM state, we performed GSEA and observed an enrichment of IL-1 and TNF response
GO terms within driver genes of the monocyte-to-IL-13" TAM transition (Fig. 11. A).
Consistently, the transcriptome of IL-1p* TAMs was selectively enriched in genes
induced by IL-1B or TNF-a in mouse macrophages (Ostuni et al., 2013), and both
molecules were detectable in human PDAC, with their levels increasing compared to
those in plasma (Fig. 11. B,C). However, treatment of mouse bone marrow-derived
macrophages (BMDMs) with IL-1p or TNF-a did not elicit IL-1f synthesis, highlighting

a requirement for additional factors (Fig. 11. D).
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Figure 11. Investigation of local factors eliciting the Il1b" TAM phenotype.

A. GSEA performed on genes ranked by correlation with absorption probability of the monocyte-
to-I11b" TAM transition, using biological processes gene ontologies (GO) as gene sets.
Significant selected terms are reported. B. GSEA performed on genes expressed by mouse TAM
subsets (ranked by log,F'C between each cluster vs other TAMs), using IL-13- or TNF-a-induced
genes as gene sets. C. Concentration (mean+SEM) of TNF-o (n=18) and IL-1 (n=17) in plasma
and tumor of PDAC patients (n=12). ***p<0.001 ****p<0.0001 (unpaired student’s two-tailed
t test). D. Expression of IL-1 (intracellular staining) in mouse BMDMs treated for 6 hours with

IL-1B or TNF-a.

Previous studies found that the eicosanoid prostaglandin E2 (PGE>), a known regulator
of the immune TME, can stimulate IL-1f3 production while suppressing IFN responses in
macrophages (Bottcher et al., 2018; Cilenti et al., 2021; Perkins et al., 2018; Zastona et
al., 2017; Zelenay et al., 2015). Mass spectrometry (performed by the proteomics and
metabolomics facility) and ELISA assay revealed high levels of PGE> in biopsies of
human and mouse PDAC and in culture supernatant of PDAC cell lines (Fig. 12. A-C).
Additionally, PGE>-induced genes (Cilenti et al., 2021) were over-represented selectively
in IL-18" TAMs (Fig. 12. D).
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Figure 12. PGE; is highly expressed in human and mouse PDAC.

A. Left: ELISA quantification of PGE: in human PDAC (n=14) and normal adjacent tissue (Ctrl)
(n=14) **p<0.01paired student’s two-tailed t test, right: quantification of PGE,in human PDAC
samples and control (Ctrl) matched normal adjacent tissue (n=7/group) by mass spectrometry.
*0<0.05 Unpaired student’s two-tailed t test B. Quantification of PGE, in mouse control
pancreas (n=3) and PDAC (orthotopic KPC, end-stage) (n=5) by mass spectrometry analysis.
**x%p<0.0001 Unpaired student’s two-tailed t test. C. Quantification of PGE; in culture
supernatants of KC (DT6606, n=10), KPC (K§484 n=14, 5M7101 n=3, K4651 n=3, Ximbio n=3)
and PANCO02 (n=3) PDAC cells by ELISA (mean#SD). D. GSEA (PGE:-induced genes) on genes
ranked by log:FC between each mouse TAM subset versus other TAMs (orthotopic KPC).

We thus tested whether PGE; contributed to elicit the IL-13" TAM state. Similar to the
effects of TNF-o or IL-1f3 stimulation, PGE: alone had limited effects on 7//b expression.
However, both BMDMs and monocytes co-exposed to PGE> and TNF-a exhibited a
significant increase of ///b transcript levels (Fig. 13. A,B). Co-administration of PGE»
and IL-1pB, instead, had more moderate effects (Fig. 13. C). These findings were
consistent at protein level, as evidenced by the quantification of intracellular
accumulation of IL-1p, as well as IL-1p secretion upon inflammasome activation (Fig.

Fig. 13. D-H).
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Figure 13. PGE;and TNF-a synergistically induce Il1b expression in mouse macrophages and
monocytes.

A,B. Real time gPCR analysis showing expression of 111b in BMDMSs (A) or BM-monocytes (B)
stimulated with TNF-a, PGE; or PGE,+TNF-a for the indicated time points. ****p<(0.0001
calculated with two-way ANOVA. C. Real time gPCR analysis showing expression of 1l1b in
BMDMs stimulated with IL-15, PGE; or PGE>+IL-1p for the indicated time points. ***p<0.001,
**x%p<0.0001 calculated with two-way ANOVA. D,E. Intracellular staining of IL-1in BMDMSs
(D, n=6/group) or monocytes (E, n=3/group) stimulated for 5 hours as indicated. Representative
histograms (left) and frequencies of IL-18° BMDMSs or monocytes (right) are reported. Bar plots
represent the mean #+ SD. ****p<(.0001 calculated with ordinary one-way ANOVA. F.
Intracellular staining of IL-1 in BMDMs stimulated for 6 hours as indicated. Representative
histograms (left) and frequencies of IL-13" BMDMs (right) are reported. Bar plots represent the
mean 8D (n=3). ****p<0.0001 calculated with ordinary one-way ANOVA. G,H. Quantification
of IL-1p secretion from BMDMSs (G) or monocytes (H) stimulated as indicated. ATP was added
for the last 30 minutes of stimulation. Bar plots represent the mean#SD (n=06/group).
*EEED<0.0001 calculated with ordinary one-way ANOVA.

Notably, additional 7//b* TAM marker genes - such as Ptgs2, 1l6 and 1110 — showed
increased expression in cells co-exposed to PGE> and TNF-a (Fig. 14. A). We next

57



performed RNA-seq analyses in BMDMs left untreated, stimulated with PGE> or TNF-a.
and co-stimulated with PGE,+TNF-a. We identified dozens of transcripts synergistically
induced by PGE>+TNF-a, which were over-represented in IL-13" TAMs and within the
driver genes of monocyte-to-IL-13* TAM transition; these genes encoded for factors that
elicit tumor-promoting inflammation (//1b, 116), suppress cytotoxic immunity (//10), or
stimulate prostaglandin synthesis (Ptges, Ptgs2), myeloid cell recruitment (Cxcll, Cxcl2,
Cxcl3), and tissue repair (Areg, Arg2, Wntll, 1133) (Fig. 14. B-D). Multiplexed ELISA
analyses of secreted proteins confirmed elevated synthesis of IL-6 and IL-10 by co-
stimulated macrophages, while revealing PGEx-driven suppression of CCL5, CXCL10,
CXCLI11, and CXCL16 — chemokines with key roles in cytotoxic T and NK cell
recruitment (Fig. 14. E). These data identify PGE> and TNF-a as TME factors able to
cooperatively elicit the IL-13* TAM state in PDAC.
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Figure 14. PGE: and TNF-a cooperatively elicit the IL-153" TAM state.

A. RT-PCR of Ptgs2, 116 and 1110 in BMDMs stimulated with TNF-o; PGE; or PGE>+TNF-« for
the indicated time points. Dot plots represent mean +SD (n=3). ****p<0.0001 calculated with
two-way ANOVA. B. Heatmap showing gene expression (rescaled in percentage of expression for
each gene) of PGE>+TNF-a synergized genes for all the experimental conditions and time point
analyzed. C. GSEA (Gene set: PGE>;+TNF-a synergized genes) on genes ranked by correlation
with absorption probability of the monocyte-to-1l1b" TAM trajectory (C) or on genes ranked by
log:FC between TAM subsets versus other TAMs (D). E. Quantification (ELISA, mean#SD) of
the indicated proteins in the supernatant of BMDMs (n=3), shown as log:FC of concentration
values in PGE>,+TNF-a versus TNF-q.

PGE:> can bind to four different receptors, leading in this way to the activation of distinct
downstream signaling pathways. Macrophages mainly express EP2 and EP4 that, upon
PGE: binding, activate the adenylyl cyclase leading to cAMP accumulation. To
understand the mechanisms underlying the synergistic effects of PGE>, we stimulated

BMDMs with either an activator of the adenylyl cyclase (forskolin) or with a cell-
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permeable analog of cAMP (dibutyryl-cAMP, db-cAMP), with or without LPS. LPS is a
paradigmatic inflammatory stimulus and its administration to BMDMs in the presence of
PGE> mimicked the synergic effects of PGE, and TNF-a, resulting in increased
expression of //1b and other relevant IL-13" TAM marker genes, such as 1110, 116 and
Ptgs2 (Fig. 15. A,B). Notably, when we replaced PGE> with forskolin or db-cAMP, we
still observed a synergistic upregulation of 7/1b and other significant IL-13" TAM marker
genes (Fig. 15. C). The synergic activity between forskolin/db-cAMP and LPS was
further confirmed by the increased secretion of IL-1P into the supernatant of co-
stimulated BMDMs following inflammasome activation (Fig. 15. D). In conclusion,
activation of cAMP signaling pathway was able to phenocopy PGE:z-synergistic activities
when combined with LPS at both the transcriptional and protein level. These findings
suggest that the modulation of inflammatory response in macrophages by PGE> may be

dependent on the cAMP signaling pathway.
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Figure 15. cAMP is able to phenocopy PGE:-dependent synergistic activity with inflammatory

stimuli.

A. RT-PCR of 111b, 1110, 116 and Ptgs?2 in BMDMs stimulated with LPS,; PGE, or PGE,+LPS for
the indicated time points. Dot plots represent mean + SD (n=3). **p>0.01 ****p<0.0001
calculated with two-way ANOVA. B. Quantification of IL-1f secretion from BMDMs stimulated
as indicated. ATP was added for the last 30 minutes of stimulation. Bar plots represent the
mean2SD (n=9/group). ****p<0.0001 calculated with ordinary one-way ANOVA. C. RT-PCR of
111b and 1110 in BMDMs stimulated with LPS; forskolin, db-cAMP; forskolin+LPS or db-
cAMP+LPS for the indicated time points. Dot plots represent mean +SD (n=3). ****p<(.0001
calculated with two-way ANOVA. D. Quantification of IL-1[ secretion from BMDMSs stimulated
as indicated. ATP was added for the last 30 minutes of stimulation. Bar plots represent the
mean2SD (n=3/group). ****p<0.0001 calculated with ordinary one-way ANOVA.

3.5. PDAC-derived PGE; elicits IL-1" TAMs and promotes tumor growth
To assess the role of PGE> in PDAC, we treated immune competent mice with
celecoxib, a selective inhibitor of the prostaglandin biosynthetic enzyme COX-2,

concomitant with tumor challenge. As assessed by mass spectrometry analysis performed
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on end-stage tumors, celecoxib-treated mice showed reduced PGE> levels in tumors,
concomitantly with delayed tumor growth (Fig. 16. A,B). In addition, this treatment
decreased accumulation of IL-1f" TAMs and monocytes, increased infiltration of
cytotoxic GZMB" CD8" T cells and increased activation of NK and CD8" T cells in
tumor-draining lymph nodes (Fig. 16. C-E).
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Figure 16. Inhibition of COX-2 reduces PDAC progression.

A,E. Treatment of KPC-bearing mice with Celecoxib (CXB, COX2 inhibitor; 400ug/mouse). Mice
were treated daily starting from day 0. A. Tumor growth in mice treated with vehicle or CXB.
Data represent meantSEM. Statistical analysis was performed using two-way ANOVA. ***p <
0.001. B. Quantification by mass spectrometry of PGE> abundance in lysates of end stage tumors
(day 30) treated with Celecoxib (CXB, n=3) or vehicle (n=4). Each sample was analyzed using
technical triplicates. Statistical significance was measured by unpaired t test. ***p < 0.001. C.
Frequencies of IL-13" macrophages and IL-13" monocytes in tumors treated with CXB (n=8) or
vehicle (n=10). Significance was determined by unpaired t test. **p < 0.01. D. Representative
plots and frequencies of GZMB"™ CDS8 T cells in tumors treated with CXB (n=8) or vehicle (n=10).
Significance was determined by unpaired t test. *p < 0.05. E. Frequencies of IFN-y" TNF-a"
CDS8" T cells and NK cells in tumor-draining lymph node (TdLN). Significance was determined
by unpaired t test. *p < 0.05.

Because cancer cells produce high levels of PGE; (Fig. 12. C), we generated COX-2 KO
clones of multiple PDAC cell lines. Western blot and ELISA analyses confirmed the
absence of the COX-2 and the inability to produce PGE,, respectively (Fig. 17. A,B).
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Additionally, these cells showed no defects in viability or proliferation in vitro (Fig. 17.

C.D).
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Figure 17. Disruption of Ptgs2 in tumor cells impairs PGE; production without affecting their
vitality and proliferation in vitro.

A. Western blot analysis of COX2 and b-Actin in WT and COX2 KO PDAC cell lines. B.
Quantification of PGE, (ELISA, mean#SD) in the culture supernatant of the indicated control
(KC, n=6;, KPC, n=6, PANCO02, n=2) and COX-2 KO (KC, n=5; KPC, n=5; PANC02, n=2)
mouse PDAC cell lines . ****p < 0.0001 (2-way ANOVA). C. Annexin V and 74AAD staining in
WT and COX2 KO PDAC cell lines. D. In vitro proliferation of WT and COX2 KO cell lines
measured by WST-1 assay.

COX-2 KO PDAC cells efficiently engrafted but exhibited an impaired tumor growth,
both in subcutaneous and orthotopic models (Fig. 18. A). Flow cytometry analyses
revealed a predominantly similar immune cell composition between control and COX-2
KO tumors at early disease stages, with only decreased frequencies of infiltrating
neutrophils and a slight increase in T cells (Fig. 18. B). Nevertheless, when we examined
the expression of IL-1B in the TME, we observed reduced frequencies of IL-1p*
monocytes in COX-2 KO tumors, providing further support for the pivotal role of PGE>
in promoting IL-1p expression (Fig. 18. C). Additionally, we detected increased
lymphocyte and NK cell activation in tumor-draining lymph nodes of COX-2 KO tumors
(Fig. 18. D). Similar results were obtained also by orthotopically transplanting spheroids
derived from KPC WT or KPC COX-2 KO tumor cells. The latter showed reduced tumor
growth compared to WT spheroids, concomitantly with reduced frequencies of IL-13"
monocytes and TAMs as well as increased activation of NK and CD8" T cells in the
tumor-draining lymph nodes (Fig. 18. F-H). Notably, the depletion of CD8" and NK cells
prevented the rejection of COX-2 KO tumors (Fig. 18. 1J). Moreover, flowcytometry

analyses of end-stage tumors revealed that NK-depleted mice harbored reduced
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infiltration of CD8" T cells (Fig. 18. K). Overall, these data underscored the central role

of CD8 and NK cells in preventing tumor progression in the absence of PGEx.
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Figure 18. COX2 KO tumors show impaired tumor growth in immunocompetent mice.

A. Growth curves (mean+SEM) of control (subcutaneous KPC, n=5; orthotopic KPC, n=>5;
subcutaneous KC, n=8; orthotopic KC, n=4, subcutaneous PANC02, n=10) and COX-2 KO
PDAC cells (subcutaneous KPC, n=35; orthotopic KPC, n=3,; subcutaneous KC, n=10; orthotopic
KC, n=4 subcutaneous PANCO02, n=7) in wild-type mice. **p < 0.01, ***p < 0.001 ****p <
0.0001 (two-way ANOVA). B. Bar plot showing frequencies of immune cell populations
infiltrating WT and COX2 KO KPC tumors at day 6 p.i. analyzed by flow cytometry. Statistical
analysis was performed using two-way ANOVA. *p < 0.05, ****p < 0.0001. C. Representative
histograms (left) and frequencies (right) of IL-1 8" monocytes in WT and COX2 KO subcutaneous
KPC tumors (n=5/group) at day 5 p.i. Statistical significance was performed using unpaired t
test *p>0.05. D. Quantification of IFN-y" TNF-a" CD8 T cells in WT (n=15) and COX2 KO
(n=14) tumor-draining lymph nodes (TdLNs). Significance was determined by unpaired t test.
*xkxn < (0.0001. E. Quantification of IFN-y" NK cells in WT (n=8) and COX2 KO (n=7) tumor-

64



draining lymph nodes. Significance was determined by unpaired t test. *p < 0.05. F. Growth
curves of WT and COX2 KO KPC spheroids inoculated orthotopically in immune competent mice.
Data represent the mean#SEM. n=9 mice/group. Significance was determined by two way
ANOVA. ***p < 0.001. G. Frequencies of IL-1" monocytes and IL-13" macrophages in WT
(n=7) and COX2 KO (n=6) tumors. Significance was determined by unpaired t test. ***p < 0.001
kkkkn < (0.0001. H. Quantification of IFN-y" TNF-a" CD8 T cells (left) and of IFN-y" NK cells
in WT (n=9) and COX2 KO (n=38) tumor-draining lymph nodes. Significance was determined by
unpaired t test. *p < 0.05. I. Growth curves of WT and COX2 KO KPC cells subcutaneously
injected in immune competent mice treated with antibody targeting CD8" T cells or isotype
control. Data are represented as mean#SD; statistical analysis was performed using two-way
ANOVA. ****p < 0.0001, *p < 0.05. n=5 mice/group J. Growth curves of WT and COX2 KO
KPC cells subcutaneously injected in immune competent mice treated with antibody targeting NK
cells (aNK1.1+aASIALO GM-1) or isotype control. Data are represented as mean£SD; statistical
analysis was performed using two-way ANOVA. ****p < 0.0001. n=9 mice/group. K.
Quantification of CD8+ T cells in isotype-treated WT tumors (n=8) or NK-depleted tumors (WT
n=9, COX2 KO n=9). Statistical significance was assessed by one way ANOVA. **p<0.01
**Ep<0.001.

Next, to further investigate the impact of PGE2 on the pancreatic TME, we performed
scRNA-Seq of WT and COX-2 KO tumors at an early time point, 7 days after tumor
inoculation. We did not observe major differences in the composition of the TME , with
the exception of a neutrophil reduction, in line with our flow cytometry data (Fig. 19. A).
Nevertheless, we observed significant changes in gene expression within relevant cell
populations, including macrophages, activated T cells and fibroblasts (Fig. 19. B).
Specifically, fibroblasts retrieved from WT tumors showed increased expression of
transcripts related to inflammatory response (//1b, Cxlcli, Ptgs2), angiogenesis (Thbsl1)
and hypoxia (Hifla). COX-2 KO tumor-infiltrating T cells showed higher expression of
genes associated to cytotoxicity (Gzma, Gzmk), in line with flow cytometry results that
indicated their increased activation (Fig. 19. C). Finally, IL-1p" TAMs from COX-2 KO
tumors displayed a marked transcriptional rewiring. They exhibited reduced expression
of key identity and inflammatory response genes while acquiring signatures related to
type I and II IFN response (Fig. 19. D-E). However, COX-2 KO tumors were still
controlled in mice lacking a crucial subunit of the IFN-a/B receptor (Ifnarl”-) (Fig. 19.
F). Overall, these data highlight a key role of tumor-derived PGE> in shaping the TME
and, importantly, in driving the IL-13" TAM state in vivo. Targeting COX-2 leads to TME

reprogramming and disease control in an IFN-independent manner.
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Figure 19. PDAC-derived PGE; elicits the IL-18" TAM phenotype.
A. UMAP representing transcriptome of cells from WT and COX-2 KO tumors (subcutaneous
KPC, day 7 p.i.) colored by annotation for major cell types (left). Sample composition colored by
cell type annotation is shown on the right. B. Bar plot showing the number of differentially
expressed genes (DEG) in the comparison between WT vs COX2 KO for major cell types. C.

Volcano plot showing differentially expressed genes in WT (red) vs COX2-KO (blue) comparison

within fibroblast (left), activated T cells (middle) and macrophages (right). Relevant genes are
reported. D. GSEA (IL-1" TAM marker genes) genes ranked by log:FC between I11b" TAMs
from WT versus COX-2 KO PDAC. E. GSEA performed on genes ranked by log:FC in WT vs
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COX2-KO comparison of I11b" TAMs, using type I IFN response (left) or IFN-y-response genes
(Hallmarks) as gene set. F. Growth curves (mean#SD) of WT and COX-2 KO PDAC cells
(subcutaneous KPC) in wild-type mice (n=4 WT, n=5 COX-2 KO, left) or Ifnarl” (n=5 WT, n=5
COX-2 ko, right) mice. ****p < 0.0001 (two-way ANOVA).

3.6. IL-1P signaling in PDAC cells promotes tumor growth

After identifying tumor-derived PGE: as a critical factor supporting PDAC growth,
we examined the impact of IL-1f on PDAC and its ability to modulate the tumor
microenvironment. To do this, we treated tumor-bearing mice with an IL-1f neutralizing
antibody. Antibody-mediated neutralization of IL-1B in vivo led to delayed PDAC
growth, concomitant with reduced expression of IL-1$ by monocytes and TAMs, and
with increased activation of cytotoxic T cells in tumor-draining lymph nodes (Fig. 20. A-
C). Delayed tumor growth was also observed in NLRP3 KO mice, who lack a crucial
component of the inflammasome, necessary for IL-13 maturation and release (Fig. 20 D).
Consistently, culture supernatants of NLRP3 KO tumors showed reduced IL-1[3 content
(Fig. 20. E).
Re-analysis of patient sScRNA-Seq data highlighted tumor monocytes and /L/B* TAMs
as the major sources of IL-1f3, with subsets of dendritic cells and neutrophils expressing

much lower transcript levels (Fig. 20. F).
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Figure 20. Neutralization of IL-1§ impairs PDAC growth.

A. Growth curves (meantSEM) of PDAC cells (left, subcutaneous KPC, right subcutaneous KC,
n=10 mice/group) in mice treated with anti-IL-1p or isotype control (IgG). ***p < 0.001 ****p
< 0.0001 (two-way ANOVA). B. Representative histograms and frequencies of IL-18" monocytes
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(left) and IL-1" macrophages (right) (IgG n=10; alL-15n=7). **p<0.01 ***p<0.001 (unpaired
student’s two-tailed t test). C. Frequencies of IFN-y" TNF-a" CD8 T cells in tumor-draining
lymph nodes. n=19 mice/group. Statistical analysis with unpaired student’s two-tailed t test.
**p<0.01. D. Growth curves (mean£SEM) of PDAC cells (subcutaneous KPC) inoculated in WT
(n=9) or NLRP3 KO (n=9) mice. ***p < 0.001 (two-way ANOVA). E. IL-1 quantification by
ELISA analysis of TCM from WT (n=7) and NLRP3 KO (n=5) tumors. **p<0.01. Significance
assessed by unpaired t test student F. Upper panel: dot plot showing scaled IL1B expression in
immune and non-immune populations infiltrating human PDAC samples. Lower panel: dot plot
showing scaled ILIB expression in human TAM subsets, monocytes and DC populations
infiltrating PDAC samples.

To determine the cellular targets of IL-1B in PDAC, we challenged WT and /1717~ mice
and found no differences in tumor growth (Fig. 21. A). To better dissect the effects of IL-
IB on the immune and stromal compartments, we performed tumor challenge
experiments in haemato-chimeric mice. In particular, bone marrow (BM) cells from /1171
~ donors, which lack a key signaling subunit of the IL-1 receptor, or from wild-type
control were transplanted into irradiated wild-type or 111717 recipients, respectively (Fig.
21. B). No defect in tumor growth was observed in the two groups, indicating that the

cancer-promoting effects of IL-1[ are not driven by signaling in hematopoietic or stromal

cells (Fig. 21. B).
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Figure 21. Inhibition of IL-1p signaling in stromal or hematopoietic cells does not alter PDAC
growth.

A. Tumor growth curves of subcutaneous KPC cells injected in WT or ILIRI KO mice. B. Left:
schematic representation of the generation of BM chimeras. Lethally irradiated recipient mice
(WT or Il1r]"" mice) were transplanted with 5x10° donor BM cells (WT or Il1r1™”"). Image was
created with Biorender. Right: tumor growth curves of subcutaneous KPC cells injected in BM-
chimeric mice. Data represent mean +SEM (n=10 mice/group).

Western blot analyses revealed that PDAC cell lines express IL1R1 (Fig. 22. A). In order
to assess a possible direct effect of IL-13 on tumor cells, we generated ILIR1 KO KPC

cells. We confirmed the absence of the receptor on ILIR1 KO clones and we functionally
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assessed their inability to respond to IL-1 stimulation by measuring IkBow degradation
(Fig. 22. B-C). Interestingly, ILIR1 KO KPC cells showed drastically reduced capacity
to form tumors in immune competent mice, concomitant with reduced infiltration of IL-
1B* monocytes and increased activation of CD8" T cells (Fig. 22. E-H). CDS8 T cell
depletion restored tumor growth of IL1R1 KO (Fig. 22. I). In addition, re-expression of
IL1R1 in gene-targeted PDAC cells rescued their tumorigenic potential in vivo (Fig. 22.
D,J).
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Figure 22. IL-18 signaling in PDAC cells is critical for tumor growth.
A,B. Western Blot analyses of ILIRI and [-Actin in whole cell extracts from KPC and KC
parental cell lines (A), ILIRI"™ and I11RI1*C edited KPC cells (B). C. Western Blot analyses of
1IkBa and Vinculin in whole cell extracts of ILIR] " and ILIRI1%C KPC cells, stimulated with IL-
13 (10ng/mlL) for the indicated time points. D. Western Blot analyses of ILIRI and [-Actin in
whole cell extracts from ILIRI-reconstituted (ILIRI®*") and ILIRI*° KPC clones (# clone ID).
E. Growth curves of subcutaneous ILIR1"" and ILIR1¥° PDAC cells. Data represent meanSEM
(n=8 mice/group).. Statistical analysis was performed using two-way ANOVA. ****p<(.0001. F.
Representative histograms and frequencies of IL-15" monocytes (ILIR1"" n=18; ILIRI*° n=9).
Statistical analysis was performed using unpaired student’s two-tailed t test. ****p<0.0001 G.
Representative plots (left) and frequencies (right) of GZMB™ CD8 T cells. (ILIR1"" n=18;
ILIRI®® n=11). Statistical analysis was performed using unpaired student’s two-tailed t test.
*»<0.05. H. Representative plots and frequencies of IFN-y" TNF-a" CD8 T cells. (n=18
mice/group). Statistical analysis was performed using unpaired student’s two-tailed t test.
**¥p<0.001. 1. Growth curves of WT and ILIRI KO KPC cells subcutaneously injected in
immune competent mice treated with antibody targeting CD8" T cells or isotype control. Data
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are represented as meantSEM; isotype-treated ILIRI", n=5; isotype-treated ILIRI*°, n=6;
aCDS-treated ILIRI"™, n=5; aCDS-treated ILIRI*®, n=6. Statistical analysis was performed
using two-way ANOVA. ****p < 0.0001. J. Growth curves of ILIRI"", ILIRI*® or ILIRI**T

PDAC cells inoculated subcutaneously. Data represent meantSEM. n=10 mice/group.
Significance was assessed by 2-way ANOVA, ****p<0.0001.

To further evaluate the impact of IL-1 on cancer cells, in collaboration with the
laboratory of Carla Taveggia, we explanted ILIR1 WT and KO tumors eleven days after
subcutaneous inoculation in immunocompetent mice and we cultured them in matrigel
domes. After six days, explants of ILIR1 KO tumors showed a defective organoid-
forming efficiency compared to the WT counterpart (Fig. 23. A). Additionally, we treated
established ILIR1 WT and KO organoids with IL-18 and we observed that IL-1f
signaling significantly expanded the number of ILIR1 WT but not ILIR1 KO organoids
(Fig. 23. B).

Overall, these data highlight a critical role of tumor cell-intrinsic IL-1f signaling for

PDAC growth.
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Figure 23. IL-1B intrinsic signaling affects organoid-forming efficiency of tumor cells.

A. Organoid-forming efficiency (organoids/field/tumor volume) of explanted control (Ctrl) and
IL-1R1 ko PDAC (subcutaneous KPC, day 11). Tumors (n=4/group) were plated in 8 wells, 4
fields/well were counted. ****p<0.0001 (unpaired student’s two-tailed t test with Welch's
correction). B. Representative images and quantification of ILIRI" and ILIRI*® organoids
treated with IL-10 for 5 days or left untreated. Each dot represents the mean number of
organoid/well for the WT (white dots) and ILIRI*® tumors (blue dots). Significance was assessed
by paired student’s two-tailed t test, *p<0.05.

3.7. 1IL-1B signaling in PDAC cells sustains TAM recruitment and
conditioning
In order to comprehensively assess the effects of IL-13 on tumor cells, we performed

RNA-Seq analyses of KPC cells treated with IL-13. We found marked up-regulation of
genes encoding for myeloid growth factors (Csfl, Csf2), chemokines (Ccl2, Cxcll),
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cytokines (7nfa, 116), as well as for enzymes with immune regulatory functions (Prgs?2,
Nos2) (Fig. 24. A). These results were confirmed by quantification of proteins in the
supernatant of tumor cells, where IL-1f treatment robustly induced immunomodulatory
molecules (IL-10), neutrophil-recruiting chemokines (CXCL1), together with factors
involved in monocyte recruitment (CCL2) and mono/macrophage proliferation and
differentiation (CSF-1) (Fig. 24. B). To assess the functional relevance of these two latter
molecules, we performed tumor challenge experiments in Ccr2”- mice, which lack the
CCL2 receptor, or in wild-type mice treated with a neutralizing antibody against CSF-1.
Interestingly, WT tumor cells failed to grow when implanted in Ccr2”~ mice, highlighting
the critical role of monocyte-derived macrophages in supporting PDAC growth (Fig. 24.
C). On the same line, neutralization of CSF-1 delayed tumor progression (Fig. 24. D).
We next focused on IL-1B-induced factors driving macrophage conditioning. Among the
most enriched GO terms in the transcriptome of IL-1B-treated tumor cells were cytokine
and prostaglandin secretion, in line with the finding that stimulation of KPC cells with
IL-1B led to increased production of PGE; and TNF-a (Fig. 24. B,E-F). To further assess
their role in shaping macrophage phenotype we performed supernatant transfer
experiments (Fig. 24. G). We found that, while tumor-conditioned media (TCM) from
untreated KPC cells (KPCYT) did not induce 7/1b expression in macrophages, TCM from
KPC cells treated for 24hrs with IL-1B (KPC™™!) strongly upregulated ///bh expression
by BMDMs (Fig. 24. G). However, this induction was reduced when KPC cells were
concomitantly treated with IL-1B and a COX-2 inhibitor (KPCL-18+Cox-2i) for 24hrs (Fig.
24. G). Additionally, 1/1b upregulation by BMDMs was strongly reduced in the presence
of a TNF-a neutralizing antibody, further suggesting the key role of PGE: and
inflammatory molecules, such as TNF-a, in promoting ///b expression in macrophages
(Fig. 24. G). These data highlight a self-sustaining loop between PDAC cells and
macrophages. In this loop, IL-1 triggers in tumor cells the release of factors that recruit
monocytes to tumors and elicit the development of IL-13" TAMs at least in part through
PGE; and TNF-a..
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Figure 24. IL-1( signaling induces an inflammatory reprogramming of tumor cells.

A. Volcano plot (left) of genes up-regulated (red) or down-regulated (blue) in PDAC (KPC) cells
treated with IL-10 for 24 hours (UT n=3, IL-1 n=2). Selected genes are highlighted. B.
Quantification (Multiplex ELISA) of the indicated cytokines (mean#SD, n=3) in the supernatant
of PDAC cells (KPC) treated with IL-1p for 24 hours. Significance was assessed with unpaired
two-tailed student’s t test *p<0.5, **p<0.01, ****p < 0.0001. C,D. Growth curves (mean+SEM)
of PDAC cells (subcutaneous KPC) in wild-type and Ccr2”” mice (C) (n=>5/group) or (D) in wild-
type mice treated with an anti-CSF-1 antibody (aCSF-1, n=38) or isotype control (IgG, n=10).
FEEH<0.001 ****p < 0.0001 (two-way ANOVA). E. GSEA on genes ranked by log,F'C between
PDAC cells (KPC) treated with IL-1b versus untreated controls. F. Quantification (ELISA) of
PGE;>(n=7) in the supernatant of PDAC cells (KPC) treated with IL-1 [ for 24 hours. Significance
was assessed with paired two-tailed student’s t test. **p< 0.01. G. Scheme of the experiment (left,
created with Biorender) and expression of 1l1b (RT-gPCR, mean£SD) in BMDMSs treated for 2
hours with tumor-conditioned media (TCM) of mouse PDAC cells (KPC) from the following
conditions: untreated (KPCY") or treated for 24 hours with a COX-2 inhibitor (KPC%*%), IL-1/3
(KPC™'P), IL-1B+COX-2 inhibitor (KPC™'F*OX%) 4 control condition of BMDMs stimulated
with vehicle or COX-2 inhibitor (COX2i) is shown. Isotype control or an anti-TNF-a antibody
(aTNF-a) groups were included for each condition (n=3). *p<0.05 **p<0.01 ***p<0.001 (two-
way ANOVA).

3.8. Inflammatory reprogramming occurs early during pancreatic
tumorigenesis

To broadly assess the effects of IL-13 on tumor cells, we performed transcriptomic

analyses of PDAC cell lines as well as of KPC-derived organoids left untreated or

stimulated with IL-1p at different time points. By integrating our RNA-seq data, we
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defined a core signature of 57 genes, hereafter referred to as tumor-intrinsic IL-1f3
response signature (T1RS), which were commonly upregulated by IL-1p stimulation in
at least one timepoint in all our datasets (Fig. 25. A,B). After defining their human
orthologs, we found that this gene module correlated with predicted abundance of IL-13"
TAMs in PDAC patients and with a poor patient survival in TCGA data (Fig. 25. C,D).
In addition, TIRS was enriched in the transcriptome of human (Peng et al., 2019) and
mouse (Alonso-Curbelo et al., 2021) malignant cells compared to the normal adjacent or

healthy counterpart, respectively (Fig. 25. E,F).
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Figure 25. TIRS is associated with IL-18" TAMs abundance and poor prognosis in PDAC
patients.

A. Venn diagram of genes up-regulated (bulk RNA-Seq or scRNA-Seq) upon treatment with IL-
1pin the indicated mouse PDAC models. The tumor-intrinsic IL-1f response signature (TIRS) is
composed by the 57 genes commonly up-regulated by IL-1p in all conditions. B. Heatmap of
scaled expression (bulk RNA-Seq or scRNA-Seq) of TIRS genes in the indicated mouse PDAC
models, left untreated or stimulated with IL-1 for the indicated time points. C. Mean expression
of human orthologs of TIRS genes in PDAC patients (TCGA) stratified for the levels of
expression of the ILIB" TAM signature. D. Hazard ratios obtained by fitting univariate Cox
model on gene expression of TIRS genes in TCGA PDAC cohort. Only genes with significant
adjusted p-values are reported. E,F. GSEA (TIRS genes) on genes ranked by logFC between

73



human PDAC and normal adjacent tissue (NAT) (E) or between mouse PDAC and control
pancreas (F).

Longitudinal analyses of PDAC cells orthotopically injected in experimental animals
revealed an upregulation of T1RS at early time points (day 10 post inoculation, p.i.).
Although at lower levels, T1RS was still expressed at later disease stages (day 20-30 p.i.)
(Fig. 26. A). Interestingly, GSEA performed 10, 20 and 30 days after tumor inoculation,
revealed that TIRS expression anticipated acquisition by tumor cells of biological
programs closely related to tumor malignancy, such as proliferation and EMT (Fig. 26.
B). To assess inflammatory reprogramming of tumor cells during the different stages of
pancreatic tumorigenesis, we analyzed available gene expression data from GEMMs
(Burdziak et al., 2023). These studies revealed that activating mutation of Kras oncogene
in pre-neoplastic lesions correlated with T1RS expression (Fig. 26. C). However, the
highest expression of T1RS resulted in the stage of PanINs, with levels of the signature
remaining still elevated in established PDAC and distal metastasis (Fig. 26. C). Similarly,
T1RS genes were highly expressed in PanINs from healthy donor and PDAC patients and
maintained in tumor lesions too, as assessed by re-analysis of a publicly available spatial

transcriptome dataset (Fig. 26. D) (Carpenter et al., 2023).
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Figure 26. Inflammatory reprogramming occurs early during pancreatic tumorigenesis.

A. Mean expression (scRNA-Seq) of TIRS genes in pancreatic epithelial cells and tumor cells
from control pancreas or mouse PDAC (orthotopic KPC) in the indicated time points. B. GSEA
(MSigDB hallmark genes) on genes ranked by logF'C between tumor versus healthy pancreas
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cells at the indicated time points (orthotopic KPC). C. Expression of TIRS in pancreatic cells
from the indicated mouse models of tumorigenesis. Significance was assessed by two-sided Mann-
Whitney test D. Heatmap of scaled mean expression (GeoMx) of human orthologs of TIRS genes
in the indicated regions of interest (ROIs) of healthy donors and PDAC patients.

Recently, several studies showed that inflammation may cooperate with oncogene
activation by fueling tumor progression at any stage of carcinogenesis (Alonso-Curbelo
et al., 2021; Del Poggetto et al., 2021; Hill et al., 2023; Weeden et al., 2023).

In this context, by re-analyzing available scRNAseq data from hereditary or idiopathic
pancreatitis patients, we were able to identify macrophage populations transcriptionally
resembling the TAM subsets identified in PDAC patients. In particular, we found a subset
of macrophages displaying a gene expression profile comparable to that of IL-1" TAMs
(Fig. 27. A,B) (Lee et al., 2022). In line with this, re-analyses of available RNA-seq data
revealed that murine epithelial cells undergoing tissue damage induced by cerulein
administration upregulate TIRS (Fig. 27. C). Additionally, as previously described,
activating mutation of Kras oncogene induced T1RS in epithelial cells at higher levels
compared to cerulein administration alone. However, the highest TIRS expression was
achieved by combination of cerulein-induced inflammation and Kras activating
mutations (Fig. 27. C). Similarly, mice treated with the alarmin IL-33, which mediates
tissue damage responses in the pancreas, upregulated TIRS expression in epithelial cells,
but combination of oncogene activation and IL-33 administration further increased its
expression (Fig. 27. D) (Alonso-Curbelo et al., 2021). Finally, pancreatic spheroids
derived from cerulein-treated mice, months after resolution of the injury, retained higher
T1RS expression compared to spheroids derived from control animals (Fig. 27. E) (Del
Poggetto et al., 2021). We conclude that inflammatory reprogramming is an early event
in pancreatic tumorigenesis, leading to persistent transcriptional changes that associate

with disease progression and poor patient outcome.
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Figure 27. Tissue damage and oncogene activation cooperatively promotes inflammatory
reprogramming of pancreatic cells.

A. Frequencies (scRNA-Seq) of the indicated macrophage subsets in the pancreas of healthy
controls or patient with hereditary or idiopathic pancreatitis. B. Mean expression (scRNA-Seq)
of IL-1B" TAM marker genes in IL-18" TAMs (or other TAMs) from PDAC patients and in
macrophages corresponding to IL-1" TAMSs (or other macrophages) in pancreatitis patients.
Significance is computed by two-sided Mann-Whitney test. C. Mean expression of TIRS genes in
pancreatic epithelial cells from the following conditions: control mice (Ctrl), mice treated with
cerulein (Injury), mice harboring mutated Kras (Kras®’"), mice harboring mutated Kras and
treated with cerulein (Kras®'*® + Injury). Significance was assessed with two-sided Mann-
Whitney test. D. Mean expression of TIRS genes in pancreatic epithelial cells from the following
conditions: control mice, mice treated with IL-33, mice harboring mutated Kras (KraSG”D '), mice
harboring mutated Kras and treated with IL-33. Significance was assessed with two-sided Mann-
Whitney test. E. GSEA (TIRS genes) on genes ranked by log:F'C between spheroids generated
from injured or control pancreas.

3.9. IL-1B* TAMs spatially colocalize with TIRS™ PDAC cells in patients

We next asked whether local interactions with IL-13" TAMs underlie transcriptional
heterogeneity and inflammatory reprogramming of tumor cells. Analyses of scRNAseq
data from PDAC patients uncovered subsets of tumor cells expressing T1RS at high levels
(Fig. 28. A,B). After re-clustering, pseudotime analyses (Street et al., 2018) identified
these TIRS* PDAC cells as end points of a transcriptional trajectory driven by increasing
expression of the T1RS itself (Fig. 28. C,D). The predicted transition correlated with
higher levels of known IL-1p target genes, such as NFKBIA, ILIRN, and CXCL1, as well
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as of known tumor markers, such as CEACAM6, CEACAM7, KRT19 (Fig. 28. E).
Moreover, GSEA revealed an enrichment of GO terms associated to pancreatic
tumorigenesis - Kras signaling, hypoxia, EMT, p53 pathway, and TGF-f signaling,
among others — within the driver genes of the predicted trajectory (Fig. 28. F). These data
highlight an intrinsic correlation between inflammatory reprogramming and acquisition

of pathogenic programs by tumor cells.
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Figure 28. Identification of TIRS™ PDAC cells in human PDAC patients.

A. UMAP plot of scRNA-Seq data of PDAC cells from chemotherapy-naive patients. Colors and
numbers indicate cluster identity. B. UMAP plot showing mean expression of TIRS genes in
human PDAC cells. C. Pseudotime analysis of TIRS+ PDAC cells. D. GSEA (TIRS genes) on
pseudotime-ordered genes of the computed developmental trajectory of TIRS® PDAC cells. E.
Expression of selected pseudotime-correlated TIRS genes and/or IL-10 targets in PDAC cells.
F. GSEA (MSigDB hallmark genes) on pseudotime-ordered genes of the computed developmental
trajectory of TIRS™ PDAC cells.

To assess the role of macrophages in this process, we performed single-cell spatial gene
expression analyses in human PDAC samples. Highly multiplexed in situ RNA
hybridization (Guilliams et al., 2022) with a custom panel of 98 gene probes identified
IL-1B", FOLR2" and SPP1" TAMs, as well as subsets of tumor, stromal, and immune
cells; co-expression of CXCLI and KRT19 was used as proxy to detect TIRS"™ PDAC
cells (Fig. 29. A,B). We next set out to elucidate local cellular interactions between
macrophages and tumor cells, by performing spatial neighborhood analyses. First, we

found that /L1B* TAMs, rather than being scattered in the tumor, tend to be localized in
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specific areas of tumor tissue, representing the most enriched population in their own
neighborhood. Interestingly, the second cluster to be significantly enriched in their spatial
neighborhood corresponds to TIRS™ PDAC cells (Fig. 29. C). Similarly, TIRS* PDAC
cells tend to cluster together and /L1B*" TAMs are significantly enriched in their spatial
neighborhood (Fig. 29. C). Representative images of PDAC patients clearly show their
co-localization in specific areas of tumor tissue (Fig. 29. D). These data highlight a
spatially confined cross-talk between IL-13" TAMs and TIRS* PDAC cells sustained by
the PGE,-IL-1p axis.
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Figure 29. IL-15" TAMs spatially colocalize with TIRS® PDAC cells in patients.

A. UMAP of spatial gene expression data (Molecular Cartography) of cells from all sections
collected from patient LPDAC30. Colors and numbers indicate cluster identity and
corresponding annotations. B. Heatmap of scaled expression (in situ RNA hybridization) of
marker genes for clusters identified by spatial transcript analyses. Numbers refer to cluster
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identity. (TIRS™ PDAC cells cluster 13 and IL-18" TAMs cluster 16). C. Fraction of cells
belonging to each cluster identified by spatial transcript analyses found in the spatial
neighborhood of IL-1" TAMs (left) or TIRS™ PDAC cells (right). Numbers and colors refer to
cluster identity. D. Selected regions of interest (LPDAC30 B2 1, left, LPDAC30 C2 1, middle
and LPDAC30 D2 I, right) showing co-localization of IL-18" TAMs (red) and TIRS® PDAC
cells (light blue) in spatial gene expression analyses.
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4. DISCUSSION

By combining genomic and functional studies, we identified a population of TAMs
expressing high levels of transcripts belonging to inflammatory response and tissue repair
programs, but depleted of antigen presentation and interferon-related gene ontology
terms. Enrichment analyses revealed that /IL/B* TAMs co-expressed M1 and M2
signatures, similar to findings in head and neck squamous carcinoma (Bill et al., 2023),
highlighting the complex heterogeneity of macrophages in vivo. Interrogation of the
TCGA dataset revealed a negative correlation between the expression of /L/B" TAM
signature and PDAC patient survival, suggesting their pathogenic activities. In line,
broad neutralization of IL-1 reduced tumor progression in multiple murine models of
pancreatic cancer. This was associated with decreased production of IL-13 by tumor-
infiltrating monocytes and TAMs, together with increased cytotoxic activation of NK and
T cells. Similarly, blocking IL-1p activity reduced the formation of lung adenocarcinoma,
where a subset of IL-1p-producing TAMs, induced by local inflammation, accumulated
and promoted tumor progression (Hill et al., 2023). Consistent with a previous study in
pancreatic cancer (Daley et al., 2017), even NLRP3 KO mice exhibited reduced tumor
progression, further supporting the tumor-promoting role of IL-1B. However, broad
neutralization of IL-1 appears to have greater therapeutic potential compared to
inhibiting inflammasome activation. This might be due to the ability of certain cell
populations to process and release IL-1f in an inflammasome-independent manner
(Afonina et al., 2015; Netea et al., 2015), or to the presence of additional inflammasome-
dependent anti-tumor activities that could be impaired in NLRP3 KO mice (Zhivaki et
al., 2020; Zhivaki & Kagan, 2021). To properly compare the efficacy of these two
therapeutic approaches, parallel experiments should be conducted using antibodies to
neutralize IL-1B and small molecules to inhibit NLRP3 activation.

While macrophages represent a key source of IL-1p, subsets of tumor cells in pancreatic
cancer participate to IL-1p secretion. Indeed, selective interference of 7//b production or
release by tumor cells correlated with reduced tumor progression and a reprogramming
of the TME toward an immune-stimulatory phenotype (Das et al., 2020). Altogether, our
and other studies highlight the multifaced tumor-promoting roles of IL-1f, supporting a
broad targeting of its activity in order to avoid compensatory effects by other populations

in the TME (Daley et al., 2017; Das et al., 2020; Dmitrieva-Posocco et al., 2019; Garlanda
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& Mantovani, 2021; Hill et al., 2023). Nevertheless, to properly tackle the contribution
of mono/macrophage-derived IL-1B in our model, selective genetic deletion should be

carried out.

Longitudinal scRNAseq analyses coupled with flow cytometry data, revealed that
Il1b" macrophages are nearly absent in the healthy pancreas. However, these
macrophages accumulate during the early stages of tumor development and persist as the
tumor progresses. Fate mapping experiments further confirmed that these TAMs originate
from monocytic cells. Specifically, local exposure to PGE; and inflammatory molecules
— such as TNF-a — prompts circulating monocytes to adopt the ///b" TAM state and
produce IL-1p.

Recent studies have emphasized the critical role of PGE: in driving tumor progression by
fostering a pathogenic inflammation that hinders the recruitment and activation of
cytotoxic and antigen-presenting cells in the TME (Bayerl et al., 2023; Bonavita et al.,
2020; Béttcher et al., 2018; Gong et al., 2022; Zelenay et al., 2015). In line with these
findings, our study showed that selective inhibition of COX-2 delayed tumor growth,
reducing the accumulation of IL-1f" macrophages while enhancing T cell activity.
Furthermore, genetic disruption of Pzgs2 in tumor cells had a profound impact on their
tumor-forming potential in vivo. COX-2 KO tumors exhibited delayed growth or
complete rejection in immunocompetent mice, and this effect was dependent on NK cells
and CD8" T cells. Notably, NK-depleted mice displayed reduced infiltration of CD8" T
cells, consistent with studies in melanoma cancer, where NK cells were found to play a
pivotal role in promoting the accumulation and activation of cytotoxic lymphocytes
(Bonavita et al., 2020).

To comprehensively explore the effects of PGE2 on the TME, we performed scRNAseq
analyses of COX-2 KO tumors. Ablation of tumor-derived PGE:> correlated with
decreased expression of inflammatory genes in CAFs and increased expression of
cytotoxic-related genes in tumor-infiltrating T cells, in line with their involvement in the
rejection of COX-2 KO tumors. Notably, we observed significant changes in the gene
expression profile of 7/1b™ TAMs upon PGE: ablation. Specifically, their key marker
genes were downregulated, while genes related to type I and II interferon responses were

upregulated. Surprisingly, COX2 KO tumors were still rejected when implanted in Ifnar
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 mice. This is in contrast to findings in melanoma cancer models where a type I IFN-
dependent immune response restricts the growth of Prgs” tumors, at least in the early
stages of the disease (Zelenay et al., 2015). These results suggest that the inhibited growth
of PGEz-deficient pancreatic tumors is not specifically linked to type I interferon-
dependent responses but rather reflects a more extensive inflammatory reprogramming

of the TME.

Our data suggest that the complex biological effects of PGE> reflect divergent control
of gene modules in macrophages. On the one hand, PGE: suppresses the expression of
genes encoding key molecules associated with anti-tumor immunity, including
chemokines involved in recruiting NK and T cells (Bonavita et al., 2020; Bottcher et al.,
2018), and type I interferon and interferon-stimulated genes, whose expression requires
the transcription factor MEF2A (Cilenti et al., 2021). On the other hand, PGE,, in
cooperation with inflammatory stimuli, triggers expression of immunomodulatory
molecules like IL-10 (Cilenti et al., 2021), alongside with inflammatory factors that
support tumor growth and tissue repair. While the molecular mechanisms governing these
synergistic activities induced by PGE» remain to be elucidated, it is worth noting that
PGE»-sensitive regions have a less permissive chromatin structure characterized by low
H3K27Ac (Cilenti et al., 2021). We anticipate that these synergized regions might share
common genomic features, enabling their robust expression upon co-stimulation with
PGE: and inflammatory signals.

Additionally, the observation that PGE>-dependent synergistic activity is phenocopied by
cAMP is particularly intriguing, as cAMP is a second messenger induced in response to
various environmental stimuli, such as acidification of the TME or agonists of the [32-
adrenergic receptors or the neuropeptide CGRP (Bohn et al., 2018; Chu et al., 2020).
Notably, cAMP intracellular accumulation was found to reduce type I IFN production in
LPS-stimulated BMDMs (Cilenti et al., 2021) and to polarize macrophages towards an
anti-inflammatory phenotype, that hinders the anti-tumor responses (Bohn et al., 2018;
Luan et al., 2015). Consistent with this, inhibiting the de novo synthesis of cAMP reduced
tumor progression in a melanoma mouse model (Bohn et al., 2018). As a result, it will be
important to investigate whether other cAMP-inducing signals can synergize with

inflammatory stimuli and shape the inflammatory activation of macrophages.
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Furthermore, it is worth exploring whether inhibiting cAMP could effectively reprogram

the inflammatory environment and restore anti-tumor immunity in pancreatic cancer.

Next, we set out to investigate the cellular targets of IL-1p-dependent pro-tumor
activities. Tumor challenge experiments with ILIR1 KO mice or BM chimeras revealed
no differences in tumor growth. Nevertheless, we cannot exclude the possibility of IL-13
playing opposing roles in different cell types. For instance, the production of IL-1 by
hyperactivated dendritic cells in draining lymph nodes has been shown instrumental in
promoting the generation of antigen-specific CD8" T cells, the trafficking of cytotoxic T
cells in the TME and the tumor eradication (Zhivaki et al., 2020). Additionally, a granular
analysis during colorectal carcinogenesis unraveled cell-type specific responses to IL-
1B (Dmitrieva-Posocco et al., 2019). While whole-body or hematopoietic-specific
ablation of IL1R1 expression had limited effects on CRC progression, selective deletion
of IL1R1 in epithelial or T cells was associated with reduced tumor burden. Specifically,
abolishing IL-1f signaling in epithelial cells led to reduced tumor cell proliferation, while
IL1R1 deletion in T cells resulted in decreased production of inflammatory cytokines that
support tumor growth. Intriguingly, selective removal of IL1R1 in neutrophils was linked
to an increased presence of intratumor bacteria, which fueled pathogenic inflammation
and facilitated tumor progression. Given the complex and contrasting roles of IL-1p, we
propose that genetic deletion of ///rl in specific hematopoietic and stromal cell
populations should be performed to comprehensively evaluate and dissect the activities
of IL-1 in the pancreatic TME.

However, genetic disruption of ///r1 in tumor cells, led to a significant reduction in tumor
progression. This reduction correlated with a decreased accumulation of IL-1B*
monocytes and an increased T-cell activation. Explants of ILIR1 KO tumors showed an
impaired ability to form organoids upon ex vivo culture, highlighting the critical role of
intrinsic IL-1f signaling in tumor cells. Additionally, IL-1 stimulation increased the
number of tumor organoids, similar to lung cancer models, where treatment of EGFR-
mutant lung epithelial cells with IL-1f resulted in the formation of larger organoids (Hill
et al., 2023). Indeed, several studies have highlighted the crucial roles of IL-1B in
epithelial cells. Prolonged exposure of lung cancer cells to IL-1B promotes chemo-

resistance and the transition toward a mesenchymal state, which persists even after the
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withdrawal of IL-1B. This transition is associated with the acquisition of an EMT
memory-like state driven by epigenetic modifications (Rui Li et al., 2020). Similarly, IL-
1B signaling in colorectal cancer cells plays a critical role during the early stages of
tumorigenesis, sustaining NF-kB activation and cancer cell proliferation (Dmitrieva-
Posocco et al., 2019). Additionally, the IL1-IL1R1 axis is essential for intestinal
regeneration by indirectly promoting the proliferation of epithelial progenitors and the
maintenance of stem cells (Cox et al., 2021).

Here, we found that IL-1f triggers an inflammatory reprogramming of pancreatic tumor
cells, increasing the production of molecules involved in monocyte recruitment — such as
CSF1 and CCL2 — or in macrophage polarization — namely, PGE> and TNF-a. This
establishes a self-sustaining loop between 1//6" TAMs and PDAC cells, hindering its
therapeutic targeting in advanced disease stages. Interestingly, a similar interplay
between PGE; and IL-13 was described also in the lung, where neutrophil-derived IL-1[3
reinforces the inflammatory phenotype of a subset of Prtgs2” fibroblasts, sustaining
metastatic seeding of tumor cells in the lung (Gong et al., 2022). Thus, it is important to
investigate whether the PGE2-IL-1p axis also plays a role in the metastatic dissemination

of PDAC.

Spatial analyses of PDAC patients revealed that /L/B* TAMs are not randomly
scattered in the tissue. Instead, they localize in specific niches where they closely interact
with a subset of PDAC cells expressing the IL-1 response signature (T1RS). Notably,
we observed that TIRS™ PDAC cells express genes in common with the /L/B" TAMs
transcriptional program, such as CXCL/ as well as ILIB itself, although at low levels.
This is in line with a recent study describing distinct spatial niches characterized by a
coordinated and harmonized gene expression across different cell types in the TME (Bill
et al., 2023). A defined spatial localization was also observed in microarray analyses of
pancreatic cancer reporting a population of /L/B-expressing macrophages enriched in
stromal and cancer regions (Moncada et al., 2020). Similarly, spatial analyses of kidney
cancer patients identified a specific subset of /L 1B* macrophages situated at the interface
between normal and tumor tissues. These macrophages were found in close proximity to
a subset of tumor cells that exhibited an enrichment of EMT-related processes (Ruoyan

Li et al., 2022). This observation further supports the pivotal role of IL-1p in sustaining
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inflammatory reprogramming and promoting tumor malignancy. However, numerous
clinical trials targeting IL-1pB, or even COX-2 activity, have shown limited therapeutic
effectiveness, failing to halt tumor progression or increase patient survival (Garlanda &
Mantovani, 2021; D. Wang & DuBois, 2018). Despite these outcomes, our findings
support the notion of broadly targeting the PGE>-1L-1p axis, as it represents a main driver
of transcriptional heterogeneity in PDAC and it underlies the acquisition of a pathogenic
inflammatory state associated with poor patient survival. Finally, combination therapies
targeting the PGE»-IL-1f axis and ICB should be considered in order to further improve
the activation of the adaptive immune system and boost the overall anti-tumor response.
On this line, we will perform in vivo functional experiments in order to assess the efficacy
of different combination approaches within a therapeutic framework. Notably, clinical
investigations involve several early phase or on going trials targeting IL-1p activity in
PDAC. Among them, the trial NCT02550327 combines anakinra with gemcitabine, nab-
paclitaxel, and cisplatin, while a second trial (NCT04581343) combines canakinumab -

an IL-1B-targeting antibody - with anti-PD1 antibody, FOLFIRINOX, and nab-paclitaxel.

Inflammatory signaling in epithelial cells can enhance tumorigenesis upon oncogene
activation (Alonso-Curbelo et al., 2021; Del Poggetto et al., 2021; Hill et al., 2023;
Weeden et al., 2023). We found that pancreatic tissue damage or Kras activation alone
induce expression of the T1RS in epithelial cells. However, when combined, the
expression of this signature is significantly increased, highlighting the cooperation
between inflammation and oncogenic mutations. Reanalysis of available datasets has
shown that the T1RS is induced at high levels in preneoplastic lesions, both in humans
and mice, before rapid cancer growth and the acquisition of malignancy-related programs.
On the same line, we identified a subset of macrophages in pancreatitis patients with a
transcriptional profile similar to that of /L/B* TAMs. These findings suggest that the
PGE»-IL-1 axis is readily induced during tissue damage and co-opted by cancer to drive
its progression. Notably, constitutive IL-13 expression in the pancreas is linked to the
development of chronic pancreatitis, a known risk factor for PDAC. This condition is
characterized by atrophy of the pancreas, increased inflammatory infiltration, and fibrosis
(Marrache et al., 2008). Therefore, targeting the PGE>-IL-1p axis in a preventive manner

may enhance therapeutic effectiveness. This notion is supported by the recent phase 3
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CANTOS trial, where the administration of the anti-IL-1B antibody canakinumab
significantly reduced the incidence of lung cancer (Ridker et al., 2017). Similarly, a meta-
analysis encompassing multiple trials revealed that the daily intake of aspirin, primarily
used for preventing vascular events, decreased the number of deaths due to solid tumors,
especially those affecting the gastrointestinal tract, including pancreatic cancer (Rothwell
et al., 2011).

In conclusion, mechanistic studies in genetically engineered mouse models of pancreatic
cancer will be performed in order to assess the therapeutic potential and the roles of PGE»
and IL-1p during pancreatic tissue damage and tumorigenesis. At the same time, we plan
to conduct spatial transcriptomic analyses on patients diagnosed with IPMN. This aims
to reinforce the identification of IL-13" TAMs and the expression of the T1RS within
preneoplastic lesions and to correlate their abundance with disease progression and the

survival rates of patients.

In conclusion, we identified a population of monocyte-derived IL-1p* TAMs,
expressing inflammatory but not cytotoxic programs and locally elicited by the
synergistic activity of PGE> and TNF-a. Spatial analyses revealed a specific co-
localization between ILIB® TAMs and a subset of PDAC cells that acquire an
inflammatory phenotype associated with poor patient survival. Blocking PGE: or IL-1f3
reprograms /16" TAMs and delays tumor progression. Given the prominent role of the
PGEx-IL-1B axis in sustaining pathogenic inflammation and disease progression in
PDAC, its therapeutic targeting may efficiently reshape the pancreatic TME leading to
effective anti-tumor responses in the clinic. Finally, it will be of crucial importance to

assess the role of such axis in additional tumors.
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S. MATERIAL AND METHODS

5.1. Patient samples

Human samples from resected primary PDAC as well as peripheral blood (PB)
samples were obtained from the Pancreatic Surgery Unit at the Pancreas Translational
and Clinical Center of San Raffaele Hospital (Milan, Italy). The study was compliant with
the Declaration of Helsinki and the General Data Protection Regulation and was approved
by San Raffaele Hospital ethic committee (protocols: NEU-IPMN and LiMeT). Tissue
specimens were confirmed to be tumor or adjacent-normal tissue based on pathologist
assessment. Informed consent was obtained by all participants, which received no
compensation. Age and sex, as well as anonymized clinical information of participants

are reported below:
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ID age sex Site of lesion Chemotherapy schedule Grading TNM Tissue Down Stream Analysis
Tumor Resection (fresh) sCRNA Seq
PDAC47 78 M |Head FOLFIRINOX G2 T2; N2; MO |Peripheral Blood scRNA Seq
Tissue culture, surnatant (NAT and Tumor) Bioplex: IL-1B
Tumor Resection (fresh) sCRNA Seq
PDAC48 61 M |Head GEMCITABINA + NAB PACLITAXEL G2 T2; N2; MO |Peripheral Blood scRNA Seq
Tissue culture, surnatant (NAT and Tumor) Bioplex: IL-1B
Tumor Resection (fresh) scRNA Seq
Peripheral Blood scRNA Seq
PDAC50 72 M |Uncinated process NA G3 T2; N2
Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
Tumor Resection (fresh) scRNA Seq
PDAC51 68 F [Head, Uncinated process |FOLFIRINOX G2 T2; N2; MO [Peripheral Blood scRNA Seq
Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF, IL-1B
Tumor Resection (fresh) scRNA Seq
Peripheral Blood sCRNA Seq
PDAC55 62 M |Head NA G3 T2; N1
Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF, IL-1B
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
PDAC56 83 F [Isthmus NA G3 T1c; NO  |Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF, IL-1B
PDAC57 80 F |Head, Isthmus NA G3 T3;N2  |Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF, IL-1B
Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF
PDAC58 48 M |Head, Isthmus FOLFIRINOX G2 T2; N1
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
Tissue culture, surnatant (NAT and Tumor) ELISA: PGEZ2; Bioplex: TNF, IL-1B
PDAC59 65 F |Body, Isthmus NA G2 pT1c, pNO
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
Tumor Resection (fresh) scRNA Seq
PDAC60 71 F [Head, Uncinated process [NA G2 pT1c, pN2 |Peripheral Blood scRNA Seq
Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF, IL-1B
PDAC61 82 F |Head NA G3 pT2, pN2 |[Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2
PDAC62 63 F |Head FOLFIRINOX NA NA Tissue culture, surnatant (NAT and Tumor) ELISA: PGEZ2; Bioplex: TNF, IL-1B
Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2; Bioplex: TNF, IL-1B
PDAC63 79 M |Tail NA G3 pT1; MO
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
Tissue culture, surnatant (NAT and Tumor) ELISA: PGEZ2; Bioplex: TNF, IL-1B
PDAC64 70 F |Body, Tail PAXG G3 T3; N1; MO
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
Tissue culture, surnatant (NAT and Tumor) ELISA: PGEZ2; Bioplex: TNF, IL-1B
PDAC65 50 F |Head PAXG G2 T2; NO; MO
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
LPDAC15 72 F |Head GEMCITABINA + NAB PACLITAXEL G3 T2; N1; MO |Tumor Resection (fresh) scRNA Seq
LPDAC17 69 M |Head GEMCITABINA + NAB PACLITAXEL G2 T3; M2; NO [Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2
LPDAC21 71 F |Head, Uncinated process |GEMCITABINA + NAB PACLITAXEL G3 T2; N2; MO |Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
LPDAC23 61 F |Uncinated process GEMCITABINA + NAB PACLITAXEL G2 T2; N2; MO |Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
LPDAC25 63 F [Head GEMCITABINA + NAB PACLITAXEL G2 T2; N1; MO [Tumor Resection (fresh) scRNA Seq
LPDAC26 58 M |Body PAXG G3 T2; N2; MO |Tumor Resection (fresh) scRNA Seq
LPDAC27 66 F |Head PAXG G3 T2; N2; MO |Tissue culture, surnatant (NAT and Tumor) ELISA: PGE2
Tumor Resection (fresh) scRNASeq
LPDAC30 69 F |Head NA G2 T2; N2; MO |Cryopreserved tumor resection Molecular Cartography
Tissue Snap Frozen (NAT and Tumor) Mass Spectrometry PGE2
22LIMET10 66 F |Body, Tail NA G2 T2; NO; MO |Cryopreserved tumor resection Molecular Cartography
21LIMET49 67 F |Head, Uncinated process |NA G3 T2; N1; MO |Cryopreserved tumor resection Molecular Cartography
Cryopreserved tumor resection Molecular Cartography
LIMET139 64 F Head NA G3 T2; N1; MO
Formalin-fixed, paraffin-embedded tumor resection  |IHC staining
22LIMET162 62 M |Head FOLFIRINOX G2 T1a; NO; MO |Cryopreserved tumor resection Molecular Cartography
21LIMET163 77 F |Head NA G2 T2; N2; MO |Cryopreserved tumor resection Molecular Cartography
22LIMET165 82 F (Tail NA G1 T1c; NO; MO |Cryopreserved tumor resection Molecular Cartography
21LIMET325 56 M |Head, Uncinated process |NA NA NA Cryopreserved tumor resection Molecular Cartography

5.2.

Mouse PDAC

KC (DT6606) and KPC (K8484; 5SM7101; K4651; Ximbio) cell lines were previously
established from tumors arising in genetically engineered mouse models carrying the

G12D oncogenic mutation in the Kras gene (Kras"St-012P"* pdx €T for KC) and the
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missense point R720H mutation in the 7Tpr53 gene (Kras™SL-012D"* Tpr53LSL-
R270H - Py [ €r¢/M'T for KPC) (Hingorani et al., 2003, 2005). Panc02 cell line is derived
from a methylcholanthrene-induced pancreatic ductal adenocarcinoma (Corbett et al.,
1984). DT6606, K8484 and Panc02 cell lines were kindly provided by Piemonti Lorenzo;
5M7101 and K4651 were kindly provided by Mondino Anna; KPC-Ximbio were
purchased from Ximbio. All the cell lines were cultured under standard conditions, and

periodically tested for mycoplasma.

5.3. CRISPR-Cas9-mediated gene targeting

Single guide RNAs (sgRNAs) were designed using CHOPCHOP (Labun et al., 2019)
and synthetized by in vitro transcription using GeneArt™ Precision gRNA Synthesis Kit
(Invitrogen), following manufacturer’s instructions. Ribonucleoprotein complexes
(RNPs: Cas9-sgRNA) were generated by incubating 12ug of sgRNA with Sug of Cas9
for 15 min at RT. KPC (K8484), KC (DT6606) or Panc02 cells (2.5 x 10%) were
resuspended in SF solution of SF Cell Line 4D Nucleofector™ X Kit S, mixed with RNPs
and electroporated using EP-100 program of the 4D-Nucleofector System (Lonza). Three
days after nucleofection, single clones were FACS-sorted in 96 well plates. Single cell
clones were screened to evaluate Non-Homologous End Joining (NHEJ) efficiency on
the targeted site with T7 endonuclease assay. Briefly, genomic DNA was extracted using
QuickExtract™ DNA Extraction Solution and targeted regions were amplified by PCR.
PCR products were purified with Ampure XP beads and quantified by Nanodrop 8000.
Purified PCR products were mixed 1:1 with corresponding products from wild-type cells.
Annealed PCR products (400 ng) were digested with T7 Endonuclease for 30 min at 37°C
and subjected to capillary electrophoresis using D1000 TapeStation kit (Agilent 4200
TapeStation). NHEJ efficiency was defined by calculating the percentage of PCR product
cleavage. Gene-edited clones were validated by Sanger Sequencing using PCR products
encompassing the target sequence. Polyclonal KO pools were generated mixing an equal
amount of at least 5 validated clones. The absence of the targeted protein was further
validated by western-blot analyses. A complete list of sgRNAs and primer pairs used for

the NHEJ assay is reported below:
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Oligonucleotides Sequence Assay
sgRNA_Ptgs2_FW [TTGGGCAGTCATCTGCTACG Gene editing
sgRNA Ptgs2 RV |CGTAGCAGATGACTGCCCAA Gene editing

NHEJ_Ptgs2 FW

CTAGGGTTTGGGTCAGAAGAGA

Non-Homologous End Joining assay

TTCTAGGTACACACCCAAGCCT

NHEJ Ptgs2 RV Non-Homologous End Joining assay

Oligonucleotides Sequence Assay

sgRNA_IL1R1_FW  |CTTCGATCGTCTCATTCCGA Gene editing

sgRNA IL1R1_RV  [TCGGAATGAGACGATCGAAG Gene editing

NHEJ_IL1R1_FW CTCCTGCTGTACTTGAGGGACT Non-Homologous End Joining assay
NHEJ IL1R1 RV TGATCCGTACATGACAGAAAGG Non-Homologous End Joining assay

5.4. Invivo animal studies

All experiments and procedures were performed according to protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at San Raffaele Scientific
Institute animal facilities and authorized by the Italian Ministry of Health in accordance
with the Italian Laws (D.L.vo 116/92), which enforce the EU 86/609 Directive (approval
number #449/2018-PR; #962/2020-PR and #908/2021-PR). C57BL/6N mice were
purchased from Charles River Italy; [IFNAR KO and CCR2 KO mice were obtained from
Matteo lannacone (IRCCS San Raffaele Scientific Institute, Milan, Italy); NLRP3 KO
mice were kindly provided by Alessandra Mortellaro (IRCCS San Raffaele Scientific
Institute, Milan, Italy); ILIR1 KO mice were kindly provided by Cecilia Garlanda
(Humanitas Research Hospital, Milan, Italy). All animals were maintained under
pathogen-free conditions at the animal facility of San Raffaele Scientific Institute with a
12h/12h dark/light cycle and standardized temperature (22 +/- 2°C) and humidity (55 +/-
5%). Ms4a3¢e-Rosa’™" mice were maintained under pathogen-free conditions at Institute
Gustave Roussy. Pancreatic tissue samples from genetically engineered mouse models of
PDAC (Kras™SL-G12D/* - Tpy5 3LSL-R270H/ . Py [ re/W'T) were kindly provided by Francesco
Novelli (Department of Molecular Biotechnology and Health Sciences, University of
Turin, Turin, Italy). No statistical method was used to predetermine sample size. Sample
sizes were estimated based on preliminary experiments. Mice were allocated randomly to
the experimental groups. Blinding was used to measure tumor growth curves, both when

using digital caliper and ultrasound analyses.
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5.5. Orthotopic tumors

To establish orthotopic models, 6- to 9-weeks old female mice (for K8484) or male
mice (for DT6606) were anesthetized with isoflurane and subjected to surgical procedure.
After left abdominal incision, pancreatic tails were exposed and injected with 5 x 10°
tumor cells resuspended in cold PBS mixed at 1:4 dilution with Matrigel (Corning) in a
final volume of 50uL. Mice were monitored with ultrasound imaging to measure tumor
progression. Experiments were terminated when tumors reached a size of 1,000 mm?, as

per IACUC limit.

5.6. Heterotopic tumors

To establish heterotopic tumors, a total of 2 x 10° cancer cells were resuspended in
200uL of endotoxin-free PBS and injected subcutaneously in the right flank of female
(K8484, 5M7101 and Ximbio) or male (DT6606, K4651, Panc 02) mice. Tumor growth
was monitored using a digital caliper. Tumor volume was estimated assuming ellipsoidal
shape as (aeb)?en/6, where a=major diameter while b=minor diameter. Experiments were

terminated when tumors reached a size of 1,000 mm?, as per IACUC limit.

5.7. Invivo treatments

The COX2 inhibitor, Celecoxib, was prepared at a concentration of 2 mg/mL in a
solution of 10% DMSO, 50% Poly(ethylene glycol) - Average Mn 400 (PEG400) (Sigma)
- and 40% Cell Culture Grade Water (Corning) and 200 uL (400pg/mouse) were
administered daily through oral gavage (Pelly et al., 2021). For IL-1[ neutralization, mice
were intraperitoneally injected with 50pug/mouse of anti-IL-13 monoclonal antibody
(Clone B122, InVivoMADb, BioXCell) or isotype control (Polyclonal Armenian Hamster
IgG, InVivoMAb, BioXCell) on the day of tumor inoculation and on day 1 post
inoculation (p.1.). Starting from day 4 p.i., mice were injected three times a week for the
entire duration of the experiment. CD8" T cells depletion was achieved by injecting mice
intraperitoneally with 300 pg/mouse of anti-mouse CD8a (Clone 2.43, BioXCell)
antibody or isotype control (Clone LTF-2, BioXCell) two days before tumor injection.
Starting from day 4 p.i., mice were treated twice a week with 200 pg/mouse of antibody

or isotype control for the entire duration of the experiment. Depletion of CD8" T cells
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was confirmed by FACS analysis on blood and tumor samples. NK cells depletion was
achieved by injecting the mice with a combination of 200 pg/mouse of anti-mouse NK1.1
(clone PK136, BioXCell) and 50 uL/mouse of anti-ASIALO GM-1 (clone Poly21460,
BioLegend) or isotype control (clone C1.18.4, BioXCell) one day before and one day
after tumor inoculation. Starting from day 4 p.i., mice were injected twice a week for the
entire duration of the experiment. Depletion of NK cells was confirmed by FACS analysis
on blood and tumor samples. For CSF-1 neutralization, mice were intraperitoneally
injected with Img/mouse of anti-mouse CSF1 monoclonal antibody (Clone 5AI,
BioXCell) or isotype control (clone HRPN, BioXCell) 3 days before tumor inoculation.
Starting from day 1 p.i., mice were injected with 500 pg/mouse every 5 days. Depletion

of monocytes was assessed by FACS analysis on blood and tumor samples.

5.8. Bone Marrow (BM) chimeras.

Recipient mice were lethally irradiated with two doses of radiations for a total of 935
cGy. The following day, irradiated mice were transplanted with 5 x 10° total BM cells by
intravenous injections. BM chimerism was checked by measuring the percentage of
CDA45.1/CD45.2 cells in blood samples by flow cytometry 4- and 10-weeks post
transplantation. BM chimeras were inoculated with K8484 cells 12-weeks post

transplantation.

5.9. Tissue processing

Human and murine PB samples were incubated with Red Blood Cell (RBC) lysis
buffer (Biolegend) for 10 min on ice and washed with Phosphate Buffered Saline (PBS).
Cells were centrifuged for 5 min at 450 x g and resuspended in the appropriate buffer for
down-stream application. Freshly resected human PDAC samples were minced in small
pieces and digested with the Tumor Dissociation kit, human (Miltenyi Biotec). Similarly,
murine healthy pancreas and tumors were manually minced in small pieces and
dissociated with the Tumor Dissociation kit, mouse (Miltenyi Biotec) following
manufacturer’s instructions. Healthy lungs were perfused with PBS and then collected,
minced in small pieces, resuspended in Liberase (Roche) and then dissociated with the
gentleMACS Octo Dissociator. Spleens and bone marrows were collected and manually

smashed or crushed, respectively. The obtained single cells suspensions were filtered on
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70um cell strainers, incubated with RBC lysis buffer for 10 min on ice and resuspended
in the appropriate buffer for cell counting and down-stream application. In selected
experiments, murine tumor-draining lymph nodes were smashed, filtered through a 70pm
cell strainers, and resuspended in the appropriate buffer for down-stream application. For
the collection of plasma samples, an aliquot of 300 pl of blood collected into EDTA tubes
was centrifuged 5 min at 10,000 x g. Plasma was transferred into a clean tube and re-
centrifuged 5 min at 10,000 x g. Plasma samples were frozen and stored at —80 °C until
use. Supernatants of human PDAC and normal adjacent tissues were generated by
culturing weighted tissues (1 to 30mg) in ImL of complete media in a 48 well-plate. After
48 hours, supernatants were collected, centrifuged for 5 min at 450 x g to remove cellular
debris and stored at -80°C until use. For mass-spectrometry experiments, tissue samples

were chopped, weighted and immediately snap-frozen at -80°C.

5.10. Culture of mouse monocytes and macrophages

Bone marrow cells were collected by crushing the hips, femurs, and tibias of female
mice in 50 mL of sterile PBS, filtered through a 70um cell strainer, and centrifuged for 5
min at 450 x g. Red blood cells were lysed using 0,2% NaCl solution, followed by 1,6%
NaCl solution. BM cells were filtered through a 70um cell strainers and centrifuged for
5 min at 450 x g. For BMDM differentiation, cells were counted and seeded in IMDM
supplemented with 20% FBS, 20% L929-conditioned media containing M-CSF,
antibiotics (penicillin G 100 U/ml and streptomycin sulfate 100 U/ml), 2 mM L-glutamine
and 5 uM 2-mercaptoethanol. Four days after culture, fresh medium was added to the
cells. At day 7 after plating, cells were stimulated as described below. Monocytes were
isolated from total BM cells using the mouse Monocyte Isolation Kit (BM, Miltenyi
Biotec), following manufacturer’s instructions. At the end of the isolation procedure, cells
were > 90-95% CDI11b"Ly6GLy6C" as assessed by flow cytometry. Monocytes were
counted and seeded in U-bottom 96 well-plates at a density of 1 x 103 cells/well in RPMI
supplemented with 10% FBS, antibiotics (penicillin G 100 U/ml and streptomycin sulfate
100 U/ml) and 2 mM L-glutamine. One hour after plating, monocytes were stimulated as

described below.
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5.11. Ex vivo stimulation of mouse cells

Cells were stimulated with LPS (10ng/mL), TNF-a (10 ng/mL), PGE; (1uM), IL-13
(10 ng/mL), Forskolin (50 uM, 30 minutes of pre-treatment), db-cAMP (50 uM, 30
minutes of pre-treatment). For stimulation with Tumor Conditioned Medium (TCM),
KPC (K8484) cells were stimulated or not for 24 hours with either IL-18 (10 ng/mL),
Cox2-inhibitor SC-236 (Cayman Chemical) (10uM), or their combination. At the end of
the stimulation, TCM were collected, centrifuged for 5 min at 450 x g to remove cellular
debris, filtered through 0,22um strainer and stored at -80°C. Before BMDMs stimulation,
thawed TCM were incubated at 37°C for 30 min with anti-TNF-a antibody (25ug/mL;
Clone XT3.11, InVivoMAb, BioXCell) or isotype control rat IgG1 anti-horseradish
peroxidase (25ug/mL; Clone HRPN, InVivoMAb, BioXCell). To rule out any carryover
effect of Cox2-inhibitor, fresh SC-236 (10uM) was added to the TCM before stimulating
BMDMs.

5.12. Generation and culture of mouse PDAC spheroids

For the establishment of mouse pancreatic tumor spheroid culture, 1 x 10* WT and
COX2-KO KPC (K8484) cells were resuspended in 50 pL Matrigel, plated in 4-well
culture plates (Nunc) and grew in Mouse Complete Medium (Advanced DMEM/F12)
supplemented with 10 mM HEPES, antibiotics (penicillin G 100 U/ml and streptomycin
sulfate 100 U/ml), 1% GlutaMax, B-27 Supplement, 10 mM Nicotinamide, 1.25 mM
N-Acetylcysteine, 10 ng/mL recombinant human R—Spondinl, 100 ng/mL recombinant
human FGF10, 100 ng/mL recombinant human Noggin, 500nM A83-01, 50 ng/mL
recombinant human EGF, 10 nM Gastrinl, and 10.5 uM Y-27632). Spheroid cultures
were split at confluence by dissolving Matrigel in cold Splitting Medium (Advanced
DMEM/F12 supplemented with 10mM Hepes, 1% GlutaMAX and antibiotics (penicillin
G 100 U/ml and streptomycin sulfate 100 U/ml)). Spheroids were then mechanically
disrupted with a 21 Gauge needle syringe, centrifuged for 5 min at 300G, and washed
with Splitting Medium. After a second centrifugation, dissociated spheroids were
resuspended in Matrigel and spotted as domes (50 pL./dome) in 4-well culture plates with
Mouse Complete Medium. For orthotopic injections, WT and COX2-KO K8484-derived
spheroids were collected after 6 passages in cold Splitting Medium and centrifuged at

300G for 5 min at 8°C. Spheroids were then mechanically dissociated, centrifuged at
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300G for 5 min, and resuspended in a solution of 25% Matrigel in PBS. Dissociated
spheroids (1 x 10° cells in 50 uL) were injected orthotopically in immune-competent mice

as described above.

5.13. Generation and culture of mouse PDAC organoids

Murine PDAC organoids from IL1R1 WT or ILIR1 KO KPC (K8484) cells were
generated according to previously published protocol (Baker & Tuveson, 2019). Briefly,
IL1IRT WT or ILIR1 KO KPC cells were subcutaneously injected into C57BL/6N mice
as described above. 11 days p.i., tumors were explanted and manually minced into 1-2
mm?® pieces in Splitting Medium, incubated for 1-2 hours at 37°C in pre-warmed
Digestion Solution (Splitting Medium supplemented with 0.125 mg/mL Collagenase type
I, 0.125 mg/mL Dispase Il and 0.1 mg/mL DNase I), and further mechanically dissociated
by vigorously pipetting. Dissociated samples were then filtered through a 70 um Cell
Strainer and washed with cold Wash Medium (DMEM high glucose supplemented with
1% FBS and antibiotics (penicillin G 100 U/ml and streptomycin sulfate 100 U/ml)).
Cells were pelleted at 300G for 5 min at 8°C and washed twice with Wash Medium.
Finally, tumor cells were resuspended in cold Matrigel, plated into 50 pL. dome/well.
After Matrigel solidification, 500uL of warm Mouse Complete Medium supplemented
with 10.5 uM Rock Inhibitor were added to each well.

5.14. In vitro stimulation of murine PDAC organoids

Four domes of organoids (passage 3) obtained from either ILIR1 WT (n=4) or IL1R1
KO (n=4) tumors were incubated in Dispase solution (Splitting Medium supplemented
with 2mg/mL Dispase II) for 20 min at 37°C, to allow matrix dissociation. Matrix-free
organoids were centrifuged at 300 x g for 5 min at 8§°C, and dissociated by incubation
with TrypLE digestion enzyme at 37°C for 10 min, followed by addition of Dispase
Solution supplemented with 0.1 mg/mL DNase I for 10 min. Cells were counted and
seeded at 5 x 10° single cells/well in 4 wells of 8-Well Glass Bottom p-Slides (Ibidi) in a
final volume of 100 pL Matrigel/well. Cultures were maintained in Mouse Complete
Medium supplemented with 10.5 uM Rock Inhibitor and stimulated with 10 ng/mL IL-
1B where indicated, replacing the medium and the stimulus every 72 hours for a total of

five days.
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5.15. Analysis of organoid-forming efficiency

For freshly prepared organoids, the forming efficiency was assessed after 6 days of
culture. Each tumor (n=4/group) was plated in 8 domes, and for each dome four different
brightfield images were captured to allow the counting of live organoids. Then, the mean
number of organoids per field, normalized for the volume of the tumor of origin, was
calculated.

For organoids stimulated with IL-1[3, samples were fixed for 20 min in 4% PFA at 37°C
and processed for immunofluorescence analysis. Briefly, after fixation, organoid cultures
were permeabilized with PBS + 0.5% Triton X-100 at 37°C for 30 min and then incubated
in blocking buffer (PBS + 5% BSA + 10% Donkey Serum (Jackson Immunoresearch) +
0.5% Triton X-100) at 37°C for 30 min. Samples were then incubated with Alexa Fluor™
488 Phalloidin (Invitrogen A12379, 1:200) in 1% BSA for 3 hours at room temperature.
Nuclei were counterstained with DAPI for 10 min at room temperature. Samples were
imaged on an Olympus FluoVIEW 3000 RS confocal laser scanning system using
UPLXAPO 4X/0.16 objective, by acquiring 3 x 3 grids and optical sections of 33um each
(1,95AU) were collected for each well to cover the entire Matrigel area.

Data processing. Image segmentation was performed using the Machine Learning Tool
of the Arivis Vision 4D software (ZeissAG) using annotated regions of interest as training
input. Identified image objects were filtered by sphericity (> 0.6) and volume (> 10° um?).
The volume and the number of organoids for each well were calculated and exported for
statistical analyses. The same parameters for organoid identification were applied to all

the imaged samples.

5.16. In vitro stimulation of tumor cells and organoids with IL-1p for gene

expression analysis.

KC (DT6606), KPC (K8484) cell lines (2D) and KPC-derived organoids (3D) were
cultured as described above and stimulated with IL-1p to the final concentration of
10ng/mL for the indicated time points or left untreated. At the end of the stimulation,
KPC organoids were dissolved in cold Cell Recovery Solution (Gibco) at 4°C for 20 min
in agitation, centrifuged at 400g for 5 min at 4°C, and resuspended in Lysis buffer
(ReliaPrep RNA Cell Miniprep System, Promega). Bulk and scRNA-Seq were performed

as described below.
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5.17. Lentiviral transduction of KPC cells

1lIr] ¢cDNA was synthetized and cloned in the pCCLsin.PPT.hPGK.GFP.wpre
plasmid by GenScript DNA Synthesis service. Lentiviral vectors (LV) were produced,
concentrated and titrated as previously described (Milani et al., 2017). For KPC (K8484)
transduction, single ILIR1 KO clones (2 x 10° cells) were transduced with a multiplicity
of infection (MOI) of 10. Two weeks after transduction, ILIR1" cells were sorted
(FACSAria instrument; BD Biosciences) and expanded in vitro for tumor inoculation.
Polyclonal IL1R1-reconstituted pools were generated mixing an equal amount of 5
validated clones. The presence of the targeted protein was further validated by western-

blot analyses.

5.18. Flow cytometry

If not differently stated, single cell suspensions were incubated with anti-mouse
FcglII/IT receptor (CD16/CD32) blocking antibody for 10 min on ice and pelleted by
centrifugation. Cell viability was assessed by Aqua Live/Dead staining, applied for 30
min at 4°C. Surface staining was then performed with fluorophore-conjugated primary
antibodies for 30 min at 4°C. For intracellular staining, samples were fixed with IC
Fixation Buffer (Biolegend) and permeabilized with Intracellular Staining Perm Wash
Buffer 10X (Biolegend) according to manufacturer’s instructions. For detection of active
caspase 1, FLICA staining was performed as first step according to manufacturer’s
instructions. Briefly, a 30X working solution was prepared and added to the samples for
30 min at 37°C; after two washes, samples were fixed and then stained as described
above. For detection of intracellular IFN-y and TNF-a, tumor-draining lymph nodes were
processed as described above. Single cell suspensions were incubated in a 96 well-plate
with Cell Activation Cocktail with Brefeldin A (Biolegend) for 3 hours at 37°C, and then
stained as described above. To assess cell apoptosis and viability, KC (DT6606) and KPC
(K8484) cells (WT and COX-2 KO) were washed with cold PBS and resuspended in
AnnexinV binding buffer (PE AnnexinV Apoptosis Detection kit, Biolegend). Cells were
stained following manufacturer’s instructions. For the quantification of the intracellular
IL-1B in monocytes, total BM cells were seeded in a 48 well-plate at a density of 2 x 10°
cells/well in IMDM supplemented with 10% FBS, antibiotics (penicillin G 100 U/mL and
streptomycin sulfate 100 U/mL) and 2 mM L-glutamine and stimulated as indicated. After
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stimulation, samples were processed for flow cytometry analysis as reported. After
exclusion of doublets and dead cells, monocytes were gated as CD11b* Ly6G- Ly6C™.
Absolute cell count was performed using Precision Count Beads™ (Biolegend),
following manufacturer’s instructions. All samples were acquired on BD FACSymphony
and FACSCanto II using DIVA software v.8.0.2 (BD Biosciences). Data were analyzed
with FlowJo Software (v. 10.8.1). A complete list of antibodies is reported below:

Rat anti-mouse Arginase 1 Monoclonal Antibody (AlexF5), PE-Cyanine7; eBioscience,
Thermo Fischer Scientific; Cat# 25-3697-82; 1:300

Hamster anti-mouse CD3e Monoclonal Antibody (145-2C11), BV650; BD Bioscience;
Cat# 564378; 1:100

Hamster anti-mouse CD3e Monoclonal Antibody (145-1C11), APC; BioLegend; Cat#
100312; 1:100

Rat anti-mouse CD4 Monoclonal Antibody (GK1.5), PE-Cyanine7; eBioscience, Thermo
Fischer Scientific; Cat# 25-0041-82; 1:300

Rat anti-mouse CD8a Monoclonal Antibody (53-6.7), FITC; BD Bioscience; Cat#
553030; 1:200

Rat anti-mouse CD8a Monoclonal Antibody (53-6.7), BV711; BD Bioscience; Ca#
563046; 1:100

Rat anti mouse CD11b Monoclonal Antibody (M1/70), BUV737; BD Bioscience; Cat#
612801; 1:200

Rat anti mouse CD11b Monoclonal Antibody (M1/70), APC; BioLegend; Cat# 101212;
1:200

Hamster anti-mouse CD11c Monoclonal Antibody (N418), PE-Cyanine7; eBioscience,
Thermo Fischer Scientific; Cat# 25-0114-82; 1:200

Hamster anti-mouse CD11c¢ Monoclonal Antibody (N418), BUV395; BD Bioscience;
Cat# 744180; 1:200

Rat anti mouse CD16/CD32 Monoclonal Antibody (93), TruStain FcX; BioLegend; Cat#
101320; 1:100

Rat anti-mouse CD19 Monoclonal Antibody (6D5), FITC; BioLegend; Cat# 115505;
1:200

Rat anti-mouse CD19 Monoclonal Antibody (6D5), PE; BioLegend; Cat# 115508; 1:200
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Rat anti-mouse CD45 Monoclonal Antibody (30-F11), FITC; BD Bioscience; Cat#
553079; 1:200

Rat anti-mouse CD45 Monoclonal Antibody (30-F11), PerCP-Cyanine5.5; eBioscience,
Thermo Fischer Scientific; Cat# 45-0451-80; 1:200

Rat anti-mouse CD45 Monoclonal Antibody (30-F11), BUV395; BD Bioscience; Cat#
564279; 1:100

Mouse anti-mouse CD45.1 Monoclonal Antibody (A20), BV650; BioLegend; Cat#
110735; 1:100

Mouse anti-mouse CD45.2 Monoclonal Antibody (104), BV786; BD Bioscience; Cat#
563686; 1:100

Mouse anti-mouse CD45.2 Monoclonal Antibody (104), BUV737; BD Bioscience; Cat#
612778; 1:100

Mouse anti-mouse CD64 Monoclonal Antibody (X54-5/7.1), BV650; BD Bioscience;
Cat# 740622; 1:100

Hamster anti-mouse CD80 Monoclonal Antibody (16-10A1), APC/Fire 750; BioLegend;
Cat# 104740; 1:100

Rat anti-mouse CD86 Monoclonal Antibody (GL1), PE; eBioscience, Thermo Fischer
Scientific; Cat# 12-0862-82; 1:100

Rat anti-mouse CD115 (CSF-1R) Monoclonal Antibody (AFS98), PE/Dazzle 594;
BioLegend; Cat# 135528; 1:100

Rat anti-mouse CD206 (MMR) Monoclonal Antibody (C068C2), Alexa Fluor 647,
BioLegend; Cat# 141712; 1:200

Rat anti-mouse CD273 (PDL2) Monoclonal Antibody (122), PerCP-eFluor710;
eBioscience, Thermo Fischer Scientific; Cat# 46-9972-82; 1:100

Rat anti-mouse CD274 (PDL1) Monoclonal Antibody (MIHS), PE-CF594; BD
Bioscience; Cat# 567032; 1:100

Rat anti-mouse F4/80 Monoclonal Antibody (BM8), APC; eBioscience, Thermo Fischer
Scientific; Cat# 17480182; 1:50

Rat anti-mouse F4/80 Monoclonal Antibody (BMS), PE; eBioscience, Thermo Fischer
Scientific; Cat# 12480182; 1:50

Rat anti-mouse I[-A/I-E (MHCII) Monoclonal Antibody (M5/114.15.2), BV785;
BioLegend; Cat# 107645; 1:400
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Mouse anti-human Granzyme B Monoclonal Antibody (GB12), PE; Thermo Fischer
Scientific; Cat# MHGBO04; 1:50

Rat anti-mouse IFNg Monoclonal Antibody (XMG1.2), BV711; BioLegend; Cat#
505836; 1:100

Rat anti-mouse IL1b (Pro-Form) Monoclonal Antibody (NJTEN3), eFluor450;
eBioscience, Thermo Fischer Scientific; Cat# 48-7114-82; 1:100

Rat IgG1 kappa Isotype Control (eBRG1), eFluor450; eBioscience, Thermo Fischer
Scientific; Cat# 48-4301-82; 1:100

Rat anti-mouse Ly6C Monoclonal Antibody (HK1.4), BV711; BioLegend; Cat# 128037,
1:500

Rat anti-mouse Ly6C Monoclonal Antibody (HK1.4), APC-eFluor 780; BioLegend; Cat#
47-5932-82; 1:200

Rat anti-mouse Ly6G Monoclonal Antibody (1A8), FITC; BD Bioscience; Cat# 561105;
1:200

Rat anti-mouse Ly6G Monoclonal Antibody (1A8), APC-Cyanine7; BioLegend; Cat#
127624; 1:200

Mouse anti-mouse NK1.1 Monoclonal Antibody (PK136), BV785; BioLegend; Cat#
108749; 1:100

Mouse anti-mouse NK1.1 Monoclonal Antibody (PK136), BUV395; BD Bioscience;
Cat# 564144; 1:100

Rat anti-mouse Siglec-F Monoclonal Antibody (E50-2440), PerCP-Cyanine5.5; BD
Bioscience; Cat# 565526; 1:100

Rat anti-mouse TNFa Monoclonal Antibody (MP6-XT22), PE; BioLegend; Cat# 506306;
1:100

Mouse anti-human CD45 Monoclonal Antibody (HI30), PE; BioLegend; Cat# 304008;
1:200

Mouse anti-human CD19 Monoclonal Antibody (HIB19), BV510; BioLegend; Cat#
302242; 1:50

Mouse anti-human CD3 Monoclonal Antibody (OKT3), BV510; BioLegend; Cat#
317332; 1:100
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5.19. Cell proliferation assay

KC (DT6606) or KPC (K8484) cells were seeded in a 96 well-plate at a density of 1 x
10* cells/well in technical triplicate. After 4, 24, 48, and 72 hours of culture, 10uL/well
of WST-1 reagent (Abcam) was added and cells were incubated for 30 min in standard
culture conditions. After incubation, OD values (450nm) were acquired at Multiskan GO
Microplate Spectrophotometer (Thermo Scientific) and proliferation was calculated as

fold-change over the 4 hours.

5.20. RT-qPCR

Total RNA was extracted using the ReliaPrep RNA Cell Miniprep System (Promega)
and quantified with NanoDrop 8000. Single-stranded cDNA was synthesized using
ImProm-II Reverse Transcription System (Promega) starting from 400-500 ng total RNA.
For monocytes isolated from total BM, cDNA was synthesized using SuperScript II
(Thermo Scientific), amplified via PCR with KAPA HiFi HotStart (Roche) and purified
with AMPure XP beads (Thermo Scientific). Sample concentration was assessed by
Qubit 3.0 and size distribution by an Agilent 4200 Tapestation system. Amplification of
target genes was performed with Fast SYBR Master Mix on a ViiA7 Real-Time PCR

System. A complete list of primer pairs used is reported below:

Oligonucleotides Sequence Assay

mouse_lI1b_FW  GACCTTCCAGGATGAGGACA gRT-PCR
mouse_|I1b_ RV ~ TCCATTGAGGTGGAGAGCTT gRT-PCR
mouse Ptgs2 FW CCACTTCAAGGGAGTCTGGA gRT-PCR
mouse Ptgs2 RV AGTCATCTGCTACGGGAGGA gRT-PCR
mouse_|I6_FW CCATAGCTACCTGGAGTACATG  gRT-PCR
mouse_lI6_RV TGGAAATTGGGGTAGGAAGGAC gRT-PCR
mouse_I10_FW  CCAAGCCTTATCGGAAATGA gRT-PCR
mouse 110 RV  TCACTCTTCACCTGCTCCAC gRT-PCR

5.21. Analyses of cell culture supernatant
Murine BMDMs, BM monocytes and tumor cells were stimulated as indicated. For
quantification of IL-1f3, murine BMDMSs and BM monocytes were stimulated for 4hrs as

indicated and ATP (5mM) was added for the last 30 min of stimulation. Supernatants
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were collected and centrifuged to remove cellular debris. IL-1 (Mouse IL-1 beta
Uncoated ELISA, Invitrogen) and M-CSF (DuoSet ELISA Mouse M-CSF; R&D) were
measured following manufacturer’s instructions. Absorbance was measured on a
Multiskan GO Microplate Spectrophotometer. Other human and murine cytokines were
measured using Bio-Plex Pro™ Mouse Chemokine 31-Plex Assays (Bio-Rad) and Bio-
Plex Pro Human Cytokine Screening Panel, 48-Plex (Bio-Rad), according to the
manufacturer’s indications. Acquisition was performed using Luminex instruments and
analyzed with Bio-plex manager (Bio-Rad) software.

PGE: levels were quantified either in the supernatants of human tissue samples, obtained
as described above, or in the supernatants of KC (DT6606), KPC (K8484, SM7101,
K4651, Ximbio) and Panc02 cell lines. PDAC cells were seeded at 1 x 10° cells per 10
cm dish and cultured for 24-48 hours in 6 mL of complete medium. Supernatants were
collected and centrifuged to remove cellular debris. PGE, (Prostaglandin E> Express
ELISA kit, Cayman Chemical) was measured following manufacturer’s instructions.
Absorbance was measured on a Multiskan GO Microplate Spectrophotometer. When

indicated, PGE: levels were normalized on tissue weight.

5.22. Extraction of prostaglandins (PGs) by SPE (C-18) purification

PGs were extracted as previously described with minor modifications (Golovko &
Murphy, 2008). Briefly, 35 mg of tissue was homogenized in 3 ml of 15% methanol in
water at pH 3 (containing formic acid 0.04%) containing PGE2-d4 and PGD-d4 (40 ng
each) as internal standards and 0.005% BHT to prevent PGs oxidation, using an electric
pestle. The homogenate was then vortexed for 5 min and subjected to 10 min of
centrifugation (2,000 x g) at 4°C to remove the precipitated proteins. The supernatant was
loaded onto an OASIS HLB prime vac Cartridge (3cc) and allowed to completely enter
the packing material. The cartridge was washed with 3 ml 15% methanol and 3 ml water.
The PGs were eluted from the cartridge with 3 ml ethyl acetate containing 1% methanol.
The eluted samples were dried under nitrogen and resuspended with 50 pl
acetonitrile/water (1:2) and stored at -20 °C until LC-MS/MS analysis. For PGE> and
PGD, absolute quantification, calibration curves were prepared by spiking increasing
amount of PGA1 (from 0.0625 ng to 625 ng) in the same sample matrix (murine or human

control sample). The calibration curve point samples were then processed as described
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above, including the addition of PGE>-d4 and PGD;-d4 (40 ng each) for the extraction

yield correction.

5.23. Chromatographic separation of PGE2 and PGD2 and their LC-
MS/MS detection

Samples were directly analysed using the UPLC 1290 (Agilent Technologies) coupled
to the TripleTOF 5600+ mass spectrometer (SCIEX) (ProMeFa, Proteomics and
Metabolomics Facility, Ospedale San Raffaele, Milan, Italy). Chromatographic
separations occurred on C18 column (ACQUITY UPLC HSS T3 Column, Waters, 1.8
um, 2.1 mm x 100 mm) by directly injecting 10 ul of samples (1/5 of the original sample).
Metabolites were separated using a flow rate set at 0.4 ml/min and a gradient of solvent
A (water, 0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid). The gradient,
in negative mode, started from 25% B hold for 2 min; increased up to 40 % B in 16 min;
increased again up to 90% in 1 min; maintained constant at 90% B for 4 min; decreased
to 25% B in 1 min and maintained at 25% for 2 min. The column was set at 50°C while
the samples were kept at 4°C. Full scan spectra were acquired in the mass range from m/z
50 to 500. Automated calibration was performed using an external calibrant delivery
system (CDS) which infuses APCI negative calibration solution every 5 samples
injection. A product ion experiment mode was used to monitor PGE; and PGD> mass (at
351.2 m/z) as well as internal standards PGE>-d4 and PGD»-d4 (355.4 m/z). PGA1 at
335.4 m/z was followed for the calibration curves. The source parameters were: Gas 1:
33 psi, Gas 2: 58 psi, Curtain gas: 25 psi, Temperature: 500 °C and ISVF (IonSpray
Voltage Floating): -4500 V, DP: -80 V, CE: 44 V.

5.24. Western Blot analyses

Cells were lysed in a radioimmunoprecipitation assay (RIPA) lysis buffer, containing
10 mM Tris-HCl pH 8, 1 mM EDTA pH 8, 140 mM NaCl, 1% Triton X-100, 0.1% SDS,
0.1% deoxycholate and protease/phosphatase inhibitors. Protein concentrations were
measured with the Pierce™ BCA Protein Assay Kit. Lysates were then electrophoresed
on Tris-glycine sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE)
gels and transferred on Nitrocellulose membranes (Amersham™ Protran™ Premium

0.45 um NC). Membranes were blocked in PBS-T buffer added with 5% BSA or 5% Milk
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(1 hour at room temperature), followed by overnight incubation with primary antibodies
at 4°C: anti-IkBa (#9242S, Cell signaling, 1:1000), anti-ILIR1 (ab229051, Abcam,
1:1000) and anti-COX2 (160106, Cayman Chemical, 1:100). The following day,
membranes were washed and incubated for 1 hour at room temperature with HRP-
conjugated secondary antibody. Membranes were developed either with Clarity™
Western ECL Substrate (BIO-RAD) or Westar Supernova (CYANAGEN). Protein
loading was assessed by detecting anti-b-actin (A1978, Sigma-Aldrich, 1:2000) or anti-
Vinculin (#139018, Cell Signaling, 1:1000). Western blot analyses were performed using
Image Lab Software v6.1.

5.25. Generation of and processing of single-cell RNA-Seq data

5.25.1. Data generation

Human and murine samples were collected and dissociated as described above. For
the patient LiMeT PDACI15, cells were enriched in the myeloid fraction as CD45"CD3-
CD19 by sorting (FACSAria, BD Biosciences). For heterotopic and orthotopic KC
(DT6606) tumors, cells were enriched in the myeloid fraction as CD45"Cd11b" via
sorting and scRNA-Seq libraries generated using the Chromium Single Cell 3° Reagent
Kit v2, according to the manufacturers’ instructions. For murine KPC organoids, Matrigel
domes containing the organoids were dissolved in Cell Recovery Solution (Gibco) for 30
min on ice, manually inverting the tubes every 5 min. After addition of cold Splitting
Medium, organoid suspension was centrifuged and supernatant was removed prior to
incubation in TrypLE Express (Gibco) for 20 min on an orbital shaker at 37°C. The larger
cellular aggregates were allowed to settle by gravity, and the single cell suspension was
collected from the supernatant without interfering with the lower fraction. Upon
centrifugation at 400 g for 5 min at 4°C, cells were resuspended in ultrapure BSA
(400ug/mL) (Invitrogen) for downstream processing.
If not differently stated, sSCRNA-Seq libraries were generated using a microfluidics-based
approach on Chromium Single-Cell Controller (10X Genomics) using the Chromium
Single Cell 3" Reagent Kit v3.1, according to the manufacturers’ instructions. Briefly,
single cells were partitioned in Gel Beads in Emulsion (GEMs) and lysed, followed by
RNA barcoding, reverse transcription and PCR amplification (13-15 cycles). The

concentration of the scRNA-seq libraries was determined using Qubit 3.0 and size
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distribution was assessed using an Agilent 4200 TapeStation system. Libraries were

sequenced on an [llumina NovaSeq 6000 instrument (paired-end, 150bp read length).

5.25.2.Data processing

Fastq files were processed with Cell Ranger (v 4.0.0) (Zheng et al., 2017), using
default parameters. Reads were aligned to reference genome mm10 for mouse samples
and hg38 for human samples (references version 2020-A, 10X Genomics). Only
confidently mapped reads with valid barcodes and unique molecular identifiers (UMIs)
were retained to compute a gene expression matrix containing the number of UMI for
every cell and gene. Gene counts were imported in R environment (v 4.0.3) and processed
with Seurat (v 4.0.3). When creating the Seurat object, genes expressed in less than 3 cells
were removed. Putative doublets were identified and discarded using scDblFinder R
package (v 1.4.0) (Germain et al., 2021) by imputing doublet rates (dbr) equal to 0.07 for
mouse sample and 0.05 for human samples. Dbr were established in agreement with the
number of loaded cells and following the 10X Genomics guidelines. Cells expressing less
than 1000 UMI counts were discarded. Cells expressing less than 200 genes (mouse
sample), or less than 500 genes (human sample) were also excluded. Lastly, cells with a
ratio of mitochondrial versus endogenous genes expression exceeding 0.25 (mouse
sample) or 0.40 (human sample) were discarded. Raw expression data were normalized
applying log> transformation with NormalizeData function, scaled using ScaleData
function, regressing on percentage of mitochondrial gene expression and cell cycle
scores, previously computed using CellCycleScoring function. Top 3,000 genes with the
highest standardized variance were computed using FindVariableFeatures function
(selection.method = “vst”). Principal component analysis (PCA) was computed using

RunPCA function with default parameters.

5.25.3. Batch correction

PCA embeddings were corrected for sample batch by applying alternative algorithms
to the same Seurat object through the Seurat Wrapper package (v 0.3.0). For both human
and mouse data, when analyzing the whole or tumor cells dataset, batch effect was
corrected employing matching mutual nearest neighbor (MNN) algorithm (Haghverdi et
al., 2018), implemented by RunFastMNN function using default parameters. For the
analysis of mononuclear-phagocytes and tumor-associated macrophages, batch

correction was achieved with the Harmony algorithm (v 0.1.0) (Korsunsky et al., 2019),
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implemented by RunHarmony function using the first 30 PCA dimensions and default

theta (theta=3 for human dataset).

5.25.4. Graph-based clustering and differential gene expression analyses.

Shared Nearest Neighbor (SNN) graph was computed using the FindNeighbors
function, taking as input the first 20 PCA dimensions. Cell clusters were defined using
Louvain algorithm with the FindCluster function. For visualization in 2 dimensions
uniform manifold approximation and projection (UMAP) (Becht et al., 2019) was used.
Cluster-specific genes were identified using FindAllMarkers function with option

only.pos = TRUE and min.pct=0.1, setting a cut-off of FDR < 0.01.

5.25.5. Inference of copy-number variants (CNV)

Single-cell CNVs were inferred using CopyKAT R package (v 1.0.5) (Gao et al.,
2021). CopyKAT estimates the genome copy number profile of single cells employing
an integrative Bayesian segmentation approach combined with hierarchical clustering to
identify putative aneuploid cells. CopyKAT was run separately on each human sample,
taking the raw count matrix of all cells as input and adjusting the segmentation parameter

KS.cut to either 0.1 or 0.15 according to data quality.

5.25.6. Human-mouse comparison of TAM clusters

We performed a pre-ranked GSEA analysis with clusterProfiler R package (v 3.18.1)
(Yu et al., 2012) on mouse TAM genes ranked by logoFC (each TAM subset vs other
TAMs) using as gene sets mouse orthologs of human TAMs marker genes obtained using
biomaRt (v 2.46.3) (Durinck et al., 2009) database. To identify shared signatures for each
human and mouse TAM cluster, we computed overlaps between marker genes identified

using logfc.threshold = 0.8.
5.25.7. RNA Velocity and single-cell trajectories

Mouse classical monocytes and tumor-associated macrophages from pancreatic and
blood samples were analyzed together as previously described. Batch effect correction
was performed by matching mutual nearest neighbor (MNN) algorithm, using the
RunFastMNN function with default parameters. The first 20 MNN-corrected principal
components were used to compute the two-dimensional embedding using the diffusion
map-based algorithm Palantir (Setty et al.,, 2019), implemented with the
RunPalantirDiffusionMap function from SeuratExtend R package (v 0.4.2). Cell clusters

were defined according to marker-based manual annotation previously done on each
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dataset. The Seurat object was then converted into Scanpy format (v 1.6.0) (Wolf et al.,
2018) using SeuratDisk (v 0.0.0.9019) and the following analyses were performed in
Python environment (v 3.6.10). To annotate spliced and unspliced reads, cell-barcode
sorted bam files from Cell Ranger output were processed using Velocyto pipeline (v
0.17.17) (La Manno et al., 2018). The scVelo Python package (v 0.2.2) (Bergen et al.,
2020) was used to compute RNA velocity vectors for each gene, employing dynamical
modeling to estimate splicing kinetics. Using CellRank package (v 1.2.0) (Lange et al.,
2022), RNA velocity and transcriptomic similarity information were combined in single
kernel to compute a cell-cell transition matrix. Generalized Perron Cluster Cluster
Analysis (GPCCA) (Reuter et al., 2018) estimator was used to identify macrostates.
Terminal states were inferred by inspecting the coarse-grained transition matrix and were
then used to compute absorption probabilities. Focusing on the Classical Monocyte - I/15*
TAMs lineage, genes whose expression correlates with absorption probabilities towards

[11b+ TAMs terminal state were identified as potential lineage drivers.

5.25.8. Gene set enrichment analysis (GSEA)

Hallmarks gene sets were retrieved from msigdbr (v 7.5.1) (Liberzon et al., 2015). For
Gene Ontology biological processes gene sets, we used org.Hs.eg.db (v 3.12.0) and
org.Mm.eg.db (v 3.12.0) as genome wide annotations for human and mouse respectively.
Gene sets of cytokine-induced signatures were derived from in vitro stimulation

experiments on mouse bone marrow-derived macrophages (Cilenti et al., 2021; Ostuni et

al., 2013).

5.25.9. IL1B gene expression in human cell types.

To evaluate the expression of /LB across all human cell types, we reanalyzed scRNA-
Seq data including neutrophils in the dataset. Neutrophils were retrieved lowering the
cutoffs on UMI counts and genes per cell to 500 and 100, respectively. Data were
processed as previously described, with the exception that counts were normalized with

SCTransform function in Seurat.

5.25.10. Reanalysis of human PDAC cells in Naive samples.

Tumor cells from untreated patients were analyzed separately as previously described.
We computed new embedding and clustering on cells showing variable expression of the
T1RS signature (clusters 1,3,5 at resolution 0.3) and then we performed trajectory

analysis with slingshot (v. 1.8.0) (Street et al., 2018) on the MNN space. We correlated
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gene expression with pseudotime, computed with slingPseudotime function. To evaluate
if cell trajectory reflected the acquisition of the expression of TIRS signature we

performed GSEA analyses on gene list ranked by correlation values.

5.25.11. scRNA-Seq datasets collected in this study

We collected published scRNA-seq data on human pancreatic ductal adenocarcinoma
and normal adjacent tissue (CRA001160) (Peng et al., 2019); immune cells from
idiopathic or hereditary pancreatitis and normal pancreas (GSE165045) (Lee et al., 2022);
pancreatic epithelial cells from GEMMs of PDAC progression (GSE207943) (Burdziak
et al., 2023). For these datasets we downloaded: raw fastgs, raw count matrices and

normalized counts, respectively. Data were processed as previously described.

5.25.12. ScRNA-Seq dataset from pancreatitis patients

Raw counts matrices of immune cells from idiopathic or hereditary pancreatitis and
normal pancreata were filtered to discard cells expressing less than 200 genes, less than
1000 UMIs and with a ratio of mitochondrial versus endogenous genes expression
exceeding 0.20. Cells were processed as previously described, using 2000 variable
features. For the analysis of macrophages, anchoring-based transfer learning (Stuart et
al., 2019) was used to perform annotation, using our tumor-associated macrophage
dataset as reference. Anchors for transfer learning were computed using the
FindTransferAnchors Seurat function. Reference labels were then projected onto query
macrophages using the TransferData function. Macrophages from pancreatitis and donor
pancreata were annotated according to our reference classification if the prediction score

exceeded 0.75, otherwise were left unlabeled.

5.25.13. scRNA-Seq datasets from other mouse models

scRNA-Seq datasets from GEMM mouse models and WT and COX-2 KO KPC were
processed as previously described. For scRNA-Seq data derived from heterotopic and
orthotopic KC tumors we corrected batch effect employing Harmony algorithm (v 0.1.0),
implemented by RunHarmony function using the first 30 PCA dimensions and theta=1.
For the reclustering of mononuclear-phagocytes, batch correction was achieved with the
Harmony algorithm (v 0.1.0) on the first 30 PCA dimensions and default theta.
Differentially expressed genes in the comparison between cells from WT and COX-2 KO
tumors were computed using FindAlIMarkers function with option only.pos = FALSE,

min.pct=0.1, setting a cut-off of FDR < 0.01 and average log2FC>0.5.
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5.26. Generation and processing of spatial transcriptomic (ST) data
Molecular Cartography™ data

5.26.1. Data generation

10-um sections were collected from fresh frozen PDAC tissues, placed within the
capture areas of cold slides, and sent to Resolve Biosciences on dry ice for sample
processing. Upon arrival, tissue sections were thawed, fixed with 4% Formaldehyde
(Sigma-Aldrich F8775) in PBS for 20 min at 4 °C, and used for Molecular Cartography™
(100-plex combinatorial single molecule fluorescence in-situ hybridization) according to
the manufacturer’s instructions (protocol 1.3; available for download from Resolve’s
website for registered users). Briefly, tissue sections were hybridized at 37°C for 24 hours
with oligonucleotides probes specific for the selected target genes (a complete list of the
probes is reported below). Probes were designed using Resolve’s proprietary algorithm,
as previously reported (Guilliams et al., 2022). Afterwards, probe binding was revealed
with fluorescent tags in a multi-step automated imaging process, repeating color
development, imaging and decolorization for a total of 8 cycles on a Zeiss Celldiscoverer
7 instrument, using a 50x water immersion objective. The resulting raw data images were
preprocessed for background correction, aligned to perform spot segmentation, analyzed
to decode the resulting signals and to finally assign each detected transcript to a x-y-z

coordinates, as previously reported (Guilliams et al., 2022).

109



PROBE LIST ID
KGJ1L
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KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L
KGJ1L

Species
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
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Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens
Homo Sapiens

Gene_ID
ENSG00000081237
ENSG00000139193
ENSG00000156738
ENST00000302125
ENSG00000167286
ENSG00000010610
ENSG00000153563
ENSG00000188389
ENSG00000135077
ENSG00000089692
ENSG00000163599
ENSG00000163600
ENSG00000163508
ENSG00000111537
ENSG00000181847
ENSG00000049249
ENSG00000168685
ENSG00000188404
ENSG00000049768
ENSG00000134460
ENSG00000100453
ENSG00000105374
ENST00000355819
ENST00000309285
ENST00000368170
ENSG00000132514
ENSG00000126353
ENST00000382361
ENST00000296046
ENSG00000130203
ENSG00000159189
ENSG00000177575
ENSG00000129226
ENSG00000203747
ENSG00000204482
ENSG00000038427
ENSG00000121807
ENSG00000120217
ENST00000397747
ENSG00000232629
ENSG00000204287
ENSG00000119535
ENSG00000162747
ENST00000361566
ENST00000019103
ENSG00000137392
ENSG00000162992

ENSG00000261371
ENSG00000134853
ENSG00000107796
ENSG00000115594
ENST00000264870
ENSG00000165457
ENSG00000171659
ENSG00000133800
ENSG00000178573
ENSG00000260314
ENSG00000166927
ENST00000321725
ENSG00000137491
ENSG00000153208
ENST00000395761
ENSG00000115008
ENSG00000125538
ENSG00000136244
ENST00000260356
ENSG00000232810
ENST00000367468
ENSG00000100311
ENSG00000162711
ENSG00000139572
ENST00000296026
ENSG00000166523
ENST00000300060
ENSG00000135218
ENSG00000136235
ENSG00000122641
ENSG00000175445
ENSG00000183019
ENST00000327097
ENSG00000107798
ENSG00000164687
ENSG00000133063
ENSG00000130208
ENSG00000148773
ENSG00000170312
ENST00000423485
ENSG00000121351
ENSG00000115263
ENSG00000068305
ENSG00000081189
ENSG00000116604
ENST00000292513
ENSG00000125384
ENSG00000050628
ENST00000302472
ENSG00000123560
ENSG00000143248

Gene_Name
PTPRC
CcD27
MS4A1
MZB1
CD3D
D4
CD8A
PDCD1
HAVCR2
LAG3
CTLA4
1COs
EOMES
IFNG
TIGIT
TNFRSF9
IL7R
SELL
FOXP3
IL2RA
GZMB
NKG7
CLEC9A
XCR1
cpbic
CLEC10A
CCR7
FSCN1
CPA3
APOE
c1Qc
CD163
CD68
FCGR3A
LST1
VCAN
CCR2
CD274
PDCD1LG2
HLA-DQB2
HLA-DRA
CSF3R
FCGR3B
KRT19
SCTR
CLPS
NEUROD1
PECAM1
PDGFRA
ACTA2
IL1IR1
F13A1
FOLR2
GPR34
LYVEL
MAF
MRC1
MS4A7
STAB1
SLCO2B1
MERTK
CXCL1
IL1A
IL1B

L6
THBS1
TNF
PTGS2
PDGFB
NLRP3
GPR84
CXCL3
CLEC4E
ANPEP
CD36
GPNMB
INHBA
PL
MCEMP1
MARCO
LIPA
FABPS
CHIT1
APOC1
MKI67
CDK1
TOP2A
IAPP
GCG
MEF2A
MEF2C
MEF2D
PTGER1
PTGER2
PTGER3
PTGER4
PLP1
RGS5

o

—
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5.26.2. Cell Segmentation

We segmented cell nuclei in the DAPI image with Cellpose (v. 2.2) (Stringer et al.,
2021) using the pre-trained nuclei model, with automated estimation of diameter
parameter. Subsequently, cells were segmented on transcript coordinates with Baysor (v.
0.5.0) (Petukhov et al., 2022) using DAPI segments as prior with the following
parameters: --n-clusters 1 --prior-segmentation-confidence 0.2 -m 3. Finally, we
computed cells outlines by applying the convex hull algorithm, using chull R function,
on transcripts assigned to each individual cell by Baysor.
5.26.3. Cell filtering and annotation

We imported Baysor output files and segmentation into a Seurat object with a custom
function. Cells expressing less than 4 genes or more then 25 genes, along with cells with
less than 10 transcripts were discarded. Gene counts were normalized with SCTransform
Seurat function with clip.range set form -10 to 10. Then, we performed PCA and we
computed clustering and dimensionality reduction as previously described for scRNA-

Seq data. Finally, we computed markers for all cluster and annotated cell types.

5.26.4. Spatial neighborhood analysis

For each cluster we defined a set of cells in its spatial neighborhood, then we computed
which clusters were significatively overrepresented in this neighborhood set. Briefly, for
each cell we computed k-nearest neighbors within spatial coordinates space using kNN
function from dbscan R package (v. 1.1-11) (Hahsler et al., 2019), with k set to 40 and
maximum distance set to 400 pixels. We selected the set of nearest neighbors of all cells
belonging to the same cluster and we counted the number of cells from all different cluster
within this set of nearest neighbors. We then computed significance using randomly
annotated data as null distribution. Specifically, we reannotated cells randomly 1000
times, maintaining cluster dimensionality and, for each randomization, we computed
again the number of cells from all clusters in the set of nearest neighbors of each cluster.
5.26.5. ST datasets collected in this study.

We downloaded raw count matrices of published GeoMX data (GSE226829)
(Carpenter et al., 2023). We performed normalization with voom function of limma R

package (v. 3.46.0) (Ritchie et al., 2015).
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5.27. Generation and processing of bulk RNA-Seq data

5.27.1. Data generation

Total RNA was purified using the ReliaPrep RNA Cell Miniprep System and RNA-
Seq libraries were generated using the Smart-seq2 method with minor modification.
Briefly, 5Sng of RNA were retrotranscribed, cDNA was PCR-amplified (15 cycles) and
purified with AMPure XP beads. After purification, the concentration was determined
using Qubit 3.0 and size distribution was assessed using Agilent 4200 TapeStation
system. Then, the tagmentation reaction was performed starting from 0.5 ng of cDNA for
30 min at 55°C and the enrichment PCR was carried out using 12 cycles. Libraries were
then purified with AMPure XP beads, quantified using Qubit 3.0, assessed for fragment
size distribution on an Agilent 4200 TapeStation system. Sequencing was performed on
an Illumina NovaSeq6000 (single-end, 75bp read length) following manufacturer’s
instruction.
5.27.2. Data processing

Reads were aligned to the mmlO reference genome using STAR aligner (v
STAR 2.5.3a) (Dobin et al., 2013). Read counts matrices were computed using the
featureCounts function from Rsubread package (v 2.0.1) (Liao et al., 2019), using RefSeq
Mus musculus transcriptome (mm10) annotation (Pruitt et al., 2007), setting minMQS
option to 255. Further analyses were performed in R environment (v 3.6.3) with edgeR R
package (v 3.28.1) (Robinson Mark et al., 2010). Expressed genes read counts were
normalized using the calcNormFactors function, with the Trimmed Mean of M-values
(TMM) method (Robinson & Oshlack, 2010). The estimateDisp function was used to
estimate dispersion. Differential gene expression across conditions was computed by
fitting a negative binomial generalized linear model, with the glmQLFit function,
followed by a quasi-likelihood (QL) F-test, with the glmQLFTest function, including
sample replicates as covariates in the design matrix. Reads per kilo base per million

(RPKM) values were computed for each gene with the rpkm function.
5.27.3. Definition of TNF-a+PGE; synergized genes.

RNA-Seq data were generated and pre-processed as described above. Genes not

passing the expression cut-off of RPKM > 1 in at least two samples in the dataset were
filtered out. For each timepoint we defined TNF-a-PGE»-inducible genes comparing

expression levels in the TNF-a+PGE: condition versus UT, PGE; alone or TNF-a alone
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conditions, setting logoFC(RPKM) > 1.5 and FDR < 0.01 as cut-offs. We also filtered out
genes not reaching RPKM > 1.5 in at least two samples within each comparison. Finally,
for each timepoint, we defined PGE>-TNF-a synergized genes selecting genes passing
previously defined cut-offs in all tested comparisons. For GSEA analysis we considered

genes defined as PGE>-TNF-a synergized in at least one timepoint.

5.27.4. Definition of tumor-intrinsic IL-1 response signature (T1RS) gene signature.
We analyzed bulk and single-cell RNA-seq data on KC (DT6606), KPC (K8484) cells
and KPC organoids stimulated with IL-1b in vitro. For each timepoint of stimulation, we
defined IL-1b -inducible genes comparing expression levels in the IL-1b condition versus
UT, setting logaFC(RPKM) > 1 and FDR < 0.05 as cut-offs. For each experimental
condition we defined lists of IL-1b-inducible genes, selecting genes passing the defined
cut-offs in at least one timepoint. Intersection of these gene lists led us to the identification
of a set of genes commonly induced by IL-1b in all experimental conditions, namely the
T1RS signature.
5.27.5. RNA-Seq datasets collected in this study.

We collected published RNA-Seq data on pancreatic epithelial cells from Kras-wild
type and mutant Kras mice treated either with Caerulein or IL-33 or left untreated
(GSE132326, GSE154543) (Alonso-Curbelo et al., 2021); mouse pancreatic spheroids
derived from pancreas either pre-exposed or not exposed to inflammation (GSE180211)
(Del Poggetto et al., 2021). For these datasets raw count matrices were downloaded and
analyzed as previously described.

5.27.6. TCGA data analyses.

Using the TCGAbiolinks R package (v 2.23.2) (Colaprico et al.,, 2016), we
downloaded transcriptomic data and clinical data from PAAD cohort for pancreatic
cancer (n=178). Survival analysis on primary tumor samples was performed using the
survival (v 3.2-10) and survminer (v 0.4.9) R packages.

5.27.7. Survival analysis of TAM markers and TIRS genes in PAAD cohort.

To evaluate the prognostic significance of TAM marker genes, we obtained TAM
cluster-specific genes by performing differential gene expression analysis (each TAM
cluster vs other TAM clusters) and filtering for log:FC>1. On such gene lists, we
evaluated MNP-specificity by differential gene expression analysis, selecting genes with

logoFC>2 in MNP compared to other cell types identified in our sScRNA-Seq data. Impact
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on patient prognosis was assessed by Cox beta regression coefficient on genes for which
the fit was significant according to Wald test p-values corrected for multiple testing.
Univariate Cox regression model was fit for the expression of each gene or for the
expression of each gene normalized for CD68 expression as continuous variables, for the

evaluation of TIRS signature or TAM marker genes respectively.

5.27.8. Survival analysis on IL1B* TAMs gene signature.

The 6-gene prognostic signature for /L/B* TAMs, obtained as previously described,
was used to stratified patients for survival analysis. The mean expression of the signature,
normalized by CD68 expression, was used to group samples into high and low groups
according to the upper and the lower quartile respectively. Cox regression model was fit
to compare the high group against the low group, extracting the hazard ratio and its

associated p-value.

5.27.9. Association of TIRS and IL1B* TAMs signatures

Using the TCGADbiolinks R package (v 2.28.3), we downloaded transcriptomic data
and clinical data from the aforementioned cohort. We grouped patients based on the mean
expression of the 6-gene IL1B+ TAMs signature normalized by CD68 expression into
high, intermediate and low groups according to the upper and the lower quartile of the
score distribution. To examine association between IL1B+ TAMs and T1RS signature,
we then computed the mean of log2-transformed expression values of TIRS signature

genes for each group of patients.

5.27.10. Cell type deconvolution of TCGA PDAC samples

To estimate macrophage proportion in TCGA samples we used CIBERSORTx online
tool to deconvolute cell fractions using our annotated scRNA-Seq human PDAC dataset
as reference. To build the signature matrix file, we first down-sampled our scRNA-Seq
human PDAC dataset, randomly selecting 200 cells for each annotated cell type. We then
ran CIBERSORTX to generate cell-type signature matrices and impute the relative cell

fractions in each tumor sample, enabling S-mode batch correction.

5.28. Quantification and statistical analyses
Results are illustrated as mean = SD or mean + SEM. Graphs show data from at least
two independent repeats. Significance was defined as p < 0.05. Statistical analysis was

conducted either using GraphPad Prism v9.0 (GraphPad Software) or R v3.4.1 (R
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project). Statistical tests, exact value of n, what n represents are mentioned in the Fig.

legends.
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