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Abstract

Pancreatic ductal adenocarcinoma (PDAC) tumor microenvironment (TME) consists of multiple
cell types interspersed by dense fibrous stroma. These cells communicate through low

molecular weight signaling molecules called cytokines. The cytokines, through their receptors,
facilitate PDAC initiation, progression, metastasis, and distant colonization of malignant cells.
These signaling mediators secreted from tumor-associated macrophages, and cancer-associated
fibroblasts in conjunction with oncogenic Kras mutation initiate acinar to ductal metaplasia
(ADM), resulting in the appearance of early preneoplastic lesions. Further, M1- and M2-polarized
macrophages provide proinflammatory conditions and promote deposition of extracellular matrix,
whereas myofibroblasts and T-lymphocytes, such as Th17 and T-regulatory cells, create a
fibroinflammatory and immunosuppressive environment with a significantly reduced cytotoxic T-
cell population. During PDAC progression, cytokines regulate the expression of various oncogenic
regulators such as NFxB, c-myc, growth factor receptors, and mucins resulting in the formation
of high-grade PanIN lesions, epithelial to mesenchymal transition, invasion, and extravasation

of malignant cells, and metastasis. During metastasis, PDAC cells colonize to the premetastatic
niche created in the liver, and lung, an organotropic function primarily executed by cytokines

in circulation or loaded in the exosomes from the primary tumor cells. The indispensable
contribution of these cytokines at every stage of PDAC tumorigenesis makes them exciting
candidates in combination with immune-, chemo- and targeted radiation therapy.
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1. Introduction

The cytokines are low molecular weight signal transducers responsible for autocrine

and paracrine communications during tissue injury, inflammation, and malignancies. The
pancreas, a retroperitoneal organ located behind the stomach, is a unique organ due to

the presence of exocrine and endocrine functions. During pancreatic tissue injury and
inflammation, cytokines released at the injury site generate inflammatory response resulting
in the accumulation of effector cells for wound healing-like response. The secretion of
chemokines is switched off as soon as the injury and inflammation are resolved [1]. In
addition to benign inflammation, the pancreatic malignancies, mainly pancreatic ductal
adenocarcinoma (PDAC), intraductal papillary mucinous neoplasm (IPMN), and mucinous
cystic neoplasm, are also associated with chronic inflammation. The PDAC constitutes 95%
of all pancreatic malignancies that develop sporadically due to the presence of constitutively
active Kras mutations. The initiating events set off by Kras lead to the development of

a complex tumor microenvironment (TME) consisting of multiple cell types, including
fibroblast, immune cells, endothelial cells, and the extensive deposition of extracellular
matrix (ECM) proteins. The dense fibrotic stroma, a characteristic hallmark of PDAC, also
modulates the primary function of these cells to support tumor growth and metastasis [2-4].
Though Kras mutation is the major driver of PDAC tumorigenesis; however, activating
oncogenic Kras mutations alone is not sufficient for tumor onset and essentially requires
various cytokines produced by different cell types from TME to cooperate with Ras
signaling [5-7].

The first histologically unique event during PDAC pathogenesis is acinar cell trans
differentiation into duct-like cells called acinar to ductal metaplasia (ADM) [8-10]. ADM

is required by the acinar cells for pancreatic regeneration and is accompanied by loss of
cell-cell or cell-ECM contact or loss of polarity. However, inflammatory cytokines in the
presence of oncogenic Kras halt the acinar reversibility and progress ADM to PanIN lesions
[8]. Depletion of macrophages, the warehouse of cytokines and inflammatory mediators, has
been shown to reduce ADM formation and tumor onset. Pancreas infiltrating macrophages
secrete inflammatory cytokines such as RANTES (Regulated on Activation Normal T Cell
Expressed and Secreted) and tumor necrosis factor-alpha (TNF-a) that induce ADM by
activating nuclear factor-xB (NF-xB) signaling and expression of matrix metalloproteinases
(MMPs) [11, 12]. Mice treated with cholecystokinin analog, cerulein, accelerates ADM
formation associated with the increased presence of macrophages in the TME and activation
of NF-xB signaling [12, 13]. Similarly, transforming growth factor-alpha (TGF-a) activates
growth receptor signaling potentiating mutant Kras activation and PDAC initiation [7, 14,
15]. The interleukin (IL)-6 secreted by tumor resident macrophages promote STAT signaling
resulting in tumor growth and progression [16, 17]. The initial secretion of cytokines further
recruits various lymphoid and myeloid subsets into the TME, secreting more cytokines,
setting up a feed-forwardloop leading to chronically inflamed tissues. The major stimulus
for the infiltration of these immune cells into the PDAC tissue is mediated by the signaling
through a family of G-protein coupled receptors [18]. Depending upon the conserved
cysteine residues, chemokines and their receptors are classified as C, CXC, CX3C, and

CC. The C-C chemokine receptor type 2 (CCR2), C-X-C receptor type 2 (CXCR2), C-X-C
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receptor type 3 (CXCR3), and C-X-C receptor type 4 (CXCR4) are some known chemokine
receptors expressed on the cells infiltrating PDAC TME. The tumor-infiltrating lymphocytes
(TILs) create an inflammatory niche conducive for tumor growth and immune evasion [19,
20]. Immune profiling on 57 PDAC patient samples revealed that accumulation of CD3*
TILs in the tumor correlates with better survival [21]. Further, the large-scale meta-analysis
of TILs as a prognostic marker on four different datasets established their contribution to
disease prognosis, survival outcomes, and chemotherapy response [22]. Although cytokine
and chemokine therapy has not gained much success in PDAC so far, the advancement in
the knowledge and utility of cytokines receptors such as IL-2, interferon-gamma (IFN-v),
IL-6, CCR2, and CXCR4, as new therapeutic targets provide a ray of hope for their use as
promising candidates [23-27]. The major hurdle in the success of cytokine-mediated therapy
is an absurdly immunosuppressive and fibroinflammatory TME created by the immune cells
in the surrounding cytokine milieu. This review highlights the distinctive role of cytokines
in PDAC tumorigenesis, major advancements in their role in PDAC pathology, and their
success in PDAC therapy so far.

2. Source of Cytokines in PDAC Tumor Microenvironment

The cytokines communicate through their canonical receptors present on the cell surface.
The extent of cytokine binding to their canonical or non-canonical receptor and the intensity
of generated stimulus depends upon specificity and binding affinity [28-30]. This well-
orchestrated network is hijacked by the cancer cells during malignant transformation for
their survival benefits and growth.

Pancreatic stellate cells (PSCs) secrete fibrogenic cytokines such as platelet-derived growth
factor (PDGF), transforming growth factor-beta (TGF-f), and connective tissue growth
factor (CTGF), which are potent proliferative and connective tissue secreting factors. The
TGF-B promotes the production of MMPs such as MMP2 involved in modulating collagen
dynamics in TME. Other cytokines secreted by PSCs include MCP-1, IL-1, IL-8, IL-15,
and RANTES. These cytokines also stimulate PSCs in an autocrine manner. Treatment of
PSCs with TNF-a increases collagen synthesis, whereas no effect of IL-1, IL-6, and IL-10
is observed on stellate cell proliferation [31, 32]. The PSCs during PDAC initiation and
progression are themselves activated by numerous inflammatory factors such as TNFa.,
ROS, IL-1, IL-6, FGF, and activin A, facilitating processes involved in progression to
metastatic colonization [33, 34]. In addition to PDGF and TGF-p, PDAC associated
fibroblasts (CAFs) secrete CXCL12, IL-8, IL-6, IL-33, thymic stromal lymphopoietin
(TSLP), which play an important role in PDAC cell invasion and metastasis. Based on
inflammatory and fibrogenic characteristics, CAFs are further classified as inflammatory
CAFs (iCAFs), predominantly secreting IL-6 and IL-1 promoting inflammatory state, and
myofibroblastic CAFs (myCAFs), secreting fibrotic factors such as PDGF and TGF-p
constructing complex ECM composition [35, 36]. Apart from PDAC, iCAFs are present

in abundance in both low- and high-grade IPMNs and drive the pathology of IPMN
development [37]. MyCAFs have heterogenous distribution in PDAC. These FAP* positive
fibroblasts express low (FAP+ aSMA!*W) or high (FAP+ aSMANIM o smooth muscle actin
levels and are distributed heterogeneously in the tumor with (FAP+ aSMAIW) myCAFs
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occupying the periglandular region. Fibrogenic cytokines secreted by these myCAFs
contribute exclusively to driving low-grade ducts to high-grade lesions [36].

In addition to CAFs, immune cells are other major sources of cytokines. The tumor-
associated macrophages (TAMs) in PDAC secrete cytokines such as TGF-B1 that
upregulates CTGF, high mobility group box protein 1 (HMGB1), IL-10, IL-1a, IL-1p,

IL-8, TNF-a, and CCL18 depending upon their activation status as M1 or M2 phenotype
[38-40]. Single-cell RNA sequencing (ScCRNA-seq) analysis from PDAC samples and
peripheral blood mononuclear cells showed that TAMSs are predominantly present in the
PDAC tissues, indicating the significant function of macrophages in PDAC tumorigenesis
and establishment of suppressive TME [41]. High TAMSs tumor infiltration correlates with
lymph node metastasis and poor prognosis. IL-8 secreted by PDAC cells activates the
STAT3 pathway resulting in TWIST expression and increased cell motility and invasiveness.
High CD68 TAMs and stromal I1L-8 expression correlate with lymph node metastasis and
poor patient outcomes [39]. The M2 TAMs drive inflammation in PDAC by releasing IL-1p
due to stimulation by cancer cell-derived debris and 1gG antibodies. IL-1p secretion from
M2-TAMs promotes EMT phenotype and increases metastasis [40]. The T-cells, B-cells, and
natural killer (NK) cells constitute most of the PDAC lymphocyte population. The CD4*
and CD8* T-cells population is relatively low in PDAC. The T-regulatory cells (Tregs) create
an immunosuppressive environment in PDAC and precancerous lesions by secreting 1L-10
and TGF, resulting in lower CD8* and CD4* T-cell subsets. The T-helper 17 (Th17) cells
produce proinflammatory cytokine 1L-17 involved in tumor development by mediating the
interaction between immune cells and PanIN lesions expressing 1L-17 receptor A (IL-17RA)
on their surface. The Kras mutation results in the expression of IL-17RA on PanIN lesions,
and IL-17 from lymphocytes promote tumor progression and induce cancer stemness
feature through IL-6/pStat3 and NF-xB signaling [42—44]. The Tregs and exhausted T-cells
number increase with the PDAC progression resulting in immunosuppression of cytotoxic,
effector, memory T-cell, infiltrating the PDAC TME, resulting in antitumor effects and
upregulation of immune checkpoint inhibitors [41, 45, 46]. Increased 1L-35 levels from
pro-tumorigenic B-cells are responsible for PDAC growth [47]. Apart from IL-35, pro-
tumorigenic B-cells also secrete immunosuppressive IL-10 and exhibit tumor infiltration by
sensing CXCL3 secreted by primary cancer cells [48, 49]. The cancer cells also secrete
cytokines that act in an autocrine and paracrine manner. The PDAC cells attract neutrophils
by secreting CXCL8 and CXCL18 [50]. Furthermore, cancer cells secrete granulocyte
macrophage-colony stimulating factor (GM-CSF) and granulocyte-colony stimulating factor
(G-CSF), resulting in leukocyte recruitment in the TME [51, 52]. PDAC cells also secrete
IL-6, IL-10, IL-13, TGF-B, and vascular endothelial growth factor (VEGF). These pro-and
anti-inflammatory cytokines create inflammatory milieu, immunosuppressive TME, and
desmoplastic reaction during PDAC initiation and progression [54]. These cytokines also
serve as biomarkers for PDAC diagnosis and improve the sensitivity and specificity of the
widely used marker, CA19.9. The change in the levels of these cytokines in the patients
after surgery or chemotherapy further explains their role in early diagnosis. IL-6 secreted by
pancreatic cancer cells stimulates the secretion of Th2 type cytokines in cancer cells, which
regulates the expression of VEGF and neuropilin-1 (NRP-1) responsible for angiogenesis
and cell proliferation by activating the ERK2 signaling pathway [53]. PDAC patients with
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the advanced and metastatic disease show significantly higher IL-6, IL-10, and TGFp2
serum cytokine levels than healthy controls. This is in line with the significantly increased
secretion of these cytokines, as shown in PT-5, Capan-2, and BxPC-3 pancreatic cancer cell
lines [55].

3. Contribution of Cytokines to PDAC Biology:

Cytokines play a diverse role from inception to distant metastasis (Figure 1). The following
is their contribution at each step from malignant transformation to distant colonization of the
PDAC cells.

3.1 PDAC initiation and progression

Although mutations play an important role in cancer initiation and progression, cytokines
(either pro- or anti-inflammatory) and their receptors, expressed by the resident or
infiltrating immune cells, provide a necessary signal and create a favorable malignant
transformation environment. As described earlier, the tumorigenesis is dependent on chronic
inflammation, demonstrated by a 13.3-fold higher risk of developing PDAC in patients
with chronic pancreatitis [56-58]. However, it is not necessary that chronic inflammation
precedes tumorigenesis as some solid tumors show the presence of lymphoid or myeloid
cells irrespective of chronic inflammation [22, 59]. Generally, high serum IL-6, IL-8,

and IL-10 levels are associated with PDAC [60-62]. During acinar cell transformation to
ductal lesions, secretion of IL-6 and IL-11 upon cerulein-induced inflammation potentiate
STAT3 signaling, which promotes Kras-driven PDAC development. More precisely, IL-6
secreted from myeloid cells binds to the IL-6 receptor (IL-6R) and gp130 on epithelial

cells promoting STAT3 signaling and PanIN lesion development [62—64]. Further, oncogenic
Kras activation results in the production of IL-1a, a proinflammatory cytokine, from PDAC
cells resulting in downstream NF-xB-mediated activation and enhanced tumorigenesis.
Similarly, IL-6 cytokine gene polymorphism has been shown to increase the risk of PDAC,
which is attributed to the activation of IL-6 induced oncogenic signaling in the presence

of Kras mutation [65-67]. During pancreatitis in the presence of IL-13, macrophages
produce TNFa and RANTES, which activate NF-xB signaling in acinar cells leading to
MMP-9 expression and ADM [12, 38, 68]. Chemokines also promote immunosuppression
and PDAC cell migration leading to early dissemination and invasiveness of PDAC cells
even before the formation of high-grade PanIN lesions. Chemokine receptor CXCR2

is upregulated in PDAC and is predominantly expressed by neutrophil/myeloid-derived
suppressor cells. PDAC cells also express CXCR2 and its ligands such as CXCL1, CXCL2,
CXCLS5 that are involved in PDAC initiation and stroma development [69, 70]. PDAC

cells promote chemokine pathways to recruit bone marrow myeloid cells through CCL2
secretion, resulting in immunosuppressive TME. Combined targeting of CCR2 expressing
Tumor-associated neutrophils and CCR2 expressing TAMs reduces tumor infiltration and
promotes robust antitumor response [71]. IL-17 also plays an important role in PDAC
initiation. Activating Kras mutation induces the expression of IL-17 receptor on transformed
preneoplastic cells, and IL-17 secreted from infiltrating y8T cells dramatically accelerates
PDAC initiation. This was further explained by delayed PanIN initiation upon genetic
ablation and pharmacological neutralization of IL-17A [43].
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In addition to the initiation, cytokines play an important role in the progression of low-
grade lesions to high-grade lesions and a clinically detectable tumor. The classically
activated macrophages, M1, generate a strong inflammatory reaction resulting in aggressive
phenotype and invasive tumor and angiogenesis [72]. On the other hand, alternatively
activated (IL-4 mediated) macrophages, M2, promote ECM deposition and stiffness,
resulting in faster tumor progression and EMT [73, 74]. Progression of low-grade PanINs
to high-grade PanINs requires high levels of ERK1/2 signaling, which is mainly influenced
by CCL2 and IL-1RA secreted by M2-polarized macrophages [68]. In addition, expression
of EGFR-ligands like EGF, HBEGF, TGFa secreted by macrophages promote ERK1/2
signaling and expression of Sox9 in driving tumor progression [9, 75-77]. IL-6 secreted by
the infiltrating macrophages activates STAT3 signaling in the PDAC cells, whereas IL-10,
IL-13, and IL-4 produced by M2 macrophages secrete extracellular matrix components

by CAFs, resulting in remodeling of TME and helping in tumor progression [16]. Tumor-
associated neutrophils (TANSs) express lipocalin 2 in PanIN lesions that promotes PDAC
progression and is a suggested biomarker for early diagnosis of PDAC and severe acute
pancreatitis [78-80]. TANs are an important source of cytokines such as CXCL5, TNF, and
TGFp and are detected in very high levels in the KPC murine model of PDAC.

The contribution of CAFs in PDAC progression is dichotomous, as highlighted by
multiple studies. During PDAC, stellate cells are transformed into myofibroblasts-like
cells characterized by the expression of a-SMA, which are responsible for increased
secretion of fibrogenic cytokines and ECM deposition, supporting cancer cell growth [81].
Targeting M2 macrophages by clodronate liposomes, TLR4 depletion, and neutralizing
antibodies resulted in a significant reduction in tumor stroma and increased proliferation
and severity, suggesting that stroma plays both tumor regressing and promoting role in a
context-dependent manner [38, 82]. The M2 macrophages also express the inflammasome
protein NLRP3, which actively participates in the proliferation of PDAC cells [83]. These
macrophages also increase the proliferation of various T-cell subsets like Th17 or Tregs,
which promote cancer cell growth by limiting the activated CD8+ T-cell population.
Analysis of PDAC patient samples shows high CD4*CD25*Foxp3* Tregs in PDAC TME.
Blockade of CD25 by monoclonal antibody daclizumab decreases CD4*CD25"Foxp3™*
Tregs and reprogrammed Tregs population to CD45RA™ Tregs resulting in decreased
suppressive function and increased IFN-y secretion with improved immunotherapy in PDAC
patients [84]. On the contrary, the depletion of Tregs in the pancreatic cancer mouse
model decreases TGFp expression and accelerates tumor progression due to the loss of
constraining CAFs. This leads to the increased secretion of Ccl3, Ccl6, and Ccl8 in the
TME, promoting immune infiltration and restoration of immunosuppressive environment
for tumor progression [85]. The interferon-gamma (IFN-y) and neutrophil elastase also
regulate the expression of mucins such as MUC4 and MUCS5AC, which are involved in
tumor progression from early to later stages by maintaining stemness [86-89]. In addition,
the expression of these mucins is also induced by CXCL2 and IL-17 in PDAC. Mucins
are also regarded as the hallmark of PDAC pathology, and their regulation by cytokines
further establishes the role of cytokines during PDAC development. IL-6 and IL-24 regulate
MUC4 via STAT3 signaling, an important axis in PDAC progression. MUCL is also
regulated by various proinflammatory cytokines such as IL-18, IL-6, TNFa, and IFN-y
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[90]. A recent study from our lab shows the importance of four mucin-based subtypes

of PDAC and determines their contribution to patient survival [91]. PDAC also expresses
CXCR3 and its cognate ligands, CXCL9 and CXCL10. The CXCR3-ligands are thought to
induce immunosuppression, while CXCR3 expression correlates with increased CD8* T-cell
signature and is associated with poor survival of PDAC patients, suggesting the differential
contribution of chemokine receptors based on their expression either on cancer cells or
immune cells [92-94].

3.2 Pancreatic Cancer Metastasis

The metastatic process is a continuum that involves a series of well-coordinated processes
to carve a niche favorable for invasion into the surrounding tissue, extravasation

into the circulation, and colonization at distant sites. The initial microenvironment

during preneoplastic lesion may be tumor restraining; however, cancer cell-mediated
reprogramming educates cells in the TME to favor tumor growth and metastasis [95]. Over
disease progression, the cytokines and other inflammatory mediators create an environment
conducive for tumor metastasis and actively participate in cancer cell dissemination (Figure
2). At a cellular level, Ras and MYC oncogenes help remodel the TME by recruiting
proinflammatory cytokines facilitating cancer metastasis. At the molecular level, cytokines
increased the expression of genes required for epithelial to mesenchymal transition (EMT) to
enhance the motility of the tumor cells to facilitate metastasis.

3.2.1 Epithelial to mesenchymal transition—The EMT of the cancer cells is
facilitated predominantly by CAFs and immune cells. One of the important cytokines
involved in EMT is TGF-B, which has immunosuppressive and anti-inflammatory actions
at early stages of tumorigenesis; however, it is shown to induce EMT in cancer cells [96].
The pancreatic stroma plays a critical role as it secretes TGF-$, which in turn regulates PSCs
biology and promotes myofibroblast phenotype [97, 98]. So, the stromal cell behaviors can
significantly contribute to the establishment of a pro-metastatic microenvironment. TNF-a
is another inflammatory cytokine produced by macrophages and monocytes, with a well-
documented role in a range of signaling cascades involved in EMT. In fact, TNFa regulates
different cellular interactions, and each of these facilitates metastasis through different
mechanisms. One study in PDAC shows that TNF-a. induces endothelial-mesenchymal
transition (EndMT), a form of EMT, giving rise to tumor cells with multipotent potential
[99]. This process occurs partially through Tyrosine Kinase with Immunoglobulin Like

and EGF-like Domains 1 downregulation, and removal of TNF-a can revert the process

to MENdT, which is a critical step in re-establishing the tumor cells at distant metastatic
sites [99]. Simultaneously, /n vivo administration of TNFa increases the desmoplastic
stroma surrounding the pancreatic tumors through the formation of CAFs, which secrete
chemokines and further facilitate the establishment of metastatic foci [99]. This is a classic
example of how a single inflammatory mediator can potentiate numerous inter-related
pathways, culminating in a common end goal, the metastasis of the tumor cells.

Cytokines derived from tumor-associated macrophages (TAMSs) are also known to promote
EMT in PDAC through TLR4/IL10 activation [100, 101] and PAR1 [100, 102] signaling
pathways. TAMs secrete CCL18, which induces VCAM-1 expression in PDAC, increasing
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lactate production in PDAC cells and polarizing macrophages towards the M2 phenotype.
When co-cultured with alternatively activated M2 macrophages, PDAC cells demonstrate
an increase in fibroblastic morphology as well as upregulation of mesenchymal markers
and concomitant downregulation of epithelial markers [100, 101]. Similarly, serum IL-6
levels are significantly increased in PDAC patients relative to healthy patients [103-106],
with the highest levels found in patients with metastatic disease [103]. Treating PDAC
cells with IL-6 modulated the expression of EMT-related molecules like upregulation of
Snail, Slug, N-cadherin, vimentin, fibronectin, collagen, and TWIST2, and downregulation
of E-cadherin [107]. The /n vitro and in vivo studies point to the contribution of the
IL-6/STAT3 signaling axis in regulating these proteins, promoting metastasis. Wartenberg
et al. and others explain that a metastatically-favorable environment contains very few T
and B-cells, probably because they are constrained to the stromal compartment, and this
correlated with the high-grade of tumor budding, which is known to be associated with
EMT, metastasis, and poor patient outcomes [108, 109].

3.2.2 Invasion: The TAMs are thought to enhance metastasis by promoting invasive
behavior and angiogenesis. They are one of the earliest infiltrating cells and increase as

the tumor progresses. A study assessing their role in PDAC tumors found high numbers of
M2-polarized TAMs, which correlate with an increased incidence of lymph node metastasis
[110]. Cytokines and VEGF attract TAMs to the TME and support the proliferation of
PDAC cells by secreting growth factors [111]. Of these secreted factors, 1L-10 and TGF-p
contribute to the immunosuppressive phenotypes of the TME by restricting dendritic cell-
mediated antitumor immune response. The CAFs also promote invasion, thus contributing

to metastasis of tumor cells, especially in solid cancers. A study by Liu et al. explored

the relationship between CAFs and the malignant phenotype and observed significant
overexpression of CAF markers in PDAC tissues [112]. The /n vivo studies also demonstrate
that a gain-of-function mutation of p53 in PDAC induces a degree of CAF heterogeneity that
allows the tumor cells to adopt invasive phenotype and establishment of pro-metastatic niche
[109, 113]. These CAFs secrete proteoglycan called perlecan, which promotes the formation
of the CAF-induced pro-metastatic niche [109, 113].

3.2.3 Migration and Intravasation: Chemokines control the directional movement
of migrating cells under normal physiological conditions; however, its dysregulation
contributes to numerous pathologies. The shifts in bioenergetic metabolism during PDAC
migration, the receptor: ligand interactions are serving as a protective mechanism for
migrating cells, and overexpression of certain cytokine receptors directs those tumor cells
towards ligands, which then serves as metastatic sites [114]. Traditionally, chemotactic
factors recruit immune cells to inflammatory sites [109]. However, PDAC models have
shown their role in restricting immune cells in the stromal compartment, preventing their
ability to invade the tumor nest. There are numerous studies documenting chemokines
and their corresponding receptors, which contribute to immune infiltration. The CXCR2
is the receptor for the chemokine ligands CXCL1, CXCL2, CXCL3, CXCL5, CXCLS,
CXCL7, and CXCLS8. Studies show that CXCR2 recruits MDSCs, neutrophils, and other
inflammatory cell types to pancreatic tumors, promoting tumor progression [109, 115,
116]. CXCR2/CXCL is a powerful axis in tumor cell migration, most likely due to their
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involvement with Rho, Rac, and MAPK signaling pathways involved with cell migration
[117]. A recent report identified that CCL21 and CXCL10 promote PDAC cell migration
towards intrapancreatic sensory neurons [118]. Another study identified the biochemical
mechanism by which chemokines such as CXCL12 stimulate PDAC cell migration [114].
Singh et al. demonstrated that the CCR5/CCLS5 axis promoted tumor cell invasion and
proliferation [119]. Other studies showed that radiation exposure increases CXCL12
secretion from CAFs, which promotes migratory and invasive capabilities of cancer cells
in vivo[120, 121].

The neutrophil extracellular traps (NETS) from activated neutrophils are well-documented
for their role in capturing and killing pathogens. Over time, studies have implicated NETs
in conjunction with secreted chemokines in cancer metastasis, primarily by capturing
circulating cancer cells and aiding in their migration capabilities. In fact, G-CSF and IL-8
are responsible for triggering NETosis by cancer cells [122]. An in vitro study conducted
by Jung et al. showed a PDAC cell line, AsPC-1 induced NET formation, likely in response
to the components of the AsPC-1 conditioned medium. The same study also linked the
NET formation to enhanced PDAC cell migration, invasion, and angiogenesis [123]. A
more in-depth analysis of chemokines linked to NETs was done using the KPC model
where authors found the upregulation of genes such as Lcn2, Ltf, CXCL5, CXCL3, Csf3,
Ltbp2, Duoxal, Rab15, Noxal, Tnf, Cbr2, and IL-6 in response to I1L-17; all of which

are associated with the induction of NETosis [124]. A study conducted by Zhang et a/.

in PDAC patient serum samples demonstrated an imbalance between NET formation and
degradation such that there is excess NETs production. This study concluded that 1L17
promotes immunosuppression by inducing neutrophil infiltration and NETS in pancreatic
tumors. The evidence supporting the role of NETs in PDAC patients is so compelling a
study called for the integration of tumor-infiltrating NETs with the standard TNM staging
system for the prediction of postsurgical patient survival. A follow-up study done by the
same team demonstrated that NETs in PDAC patients could promote migration and invasion
through the EGFR/ERK pathway and addition of neutralizing antibodies for IL-1f could
block the pro-metastatic effects, suggesting the contribution of IL-1p/EGFR/ERK axis in
PDAC cell migration and metastasis.

3.2.4 Distant colonization and organotropism—Cytokines, through multiple
mechanisms, create a suitable niche for colonizing circulating tumor cells (CTCs) at distant
organs such as the lung and liver. Primary tumor cells secrete cytokines and exosomes

that target the specific organ creating a conducive environment for incoming CTCs to
attach and proliferate [125]. The activation of the STAT3-MAPK-NF«xB signaling axis

in lung stroma leads to establishing a premetastatic niche (PMN), resulting in stromal
modifications and activation of pro-metastatic pathways [126]. Colonization of CTCs to
the lung tissues is significantly reduced upon IL-1p knockdown. IL-6 and Timp-1 are
trophic factors secreted by thymus cells upon therapy exposure, creating a suitable niche for
cancer cells promoting disease relapse [127]. The microRNAs from the primary tumor are
taken up by the cells of distant organs; for instance, miR-21 having an affinity for TLR7
present on macrophages leads to the secretion of IL-6 and S100A family members, thus
supporting liver metastasis and proliferation [128]. Exosomes from the primary pancreatic
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tumor containing macrophage inhibitory factor (MIF) stimulate hepatic stellate cells through
TGF-B secretion resulting in fibronectin deposition and recruitment of bone marrow-derived
cells helping liver colonization and metastasis [129]. The chemokines such as CCL2 and
CCLS5 recruit myeloid cells to promote distant colonization of CTCs to the lung and

liver. The CTCs aggregate platelets in the vasculature and lead to CCL5 expression from
endothelial cells and mesenchymal stem cells, resulting in increased metastasis to the lungs
[130].

When conducting an in-depth exploration of mechanistic orchestrators of site-specific
metastasis, in the context of chemokines, it is important to refer to Steve Paget’s “seed

and soil” theory from 1889, which emphasizes the importance of the communication
channels between the disseminating cancer cells (“seed™) and the surrounding metastatic
TME (“soil”). Under the context of this theory, chemokines appear to act as an intentional
guiding compass that directs the tumor cells to specific organs such as the liver, lungs,
peritoneum, and spleen. To a degree, the localization of PDAC mets can be attributed to
proximity with respect to blood vessels, kidneys, and the spleen. However, key studies
have demonstrated the role of chemokines in the deliberate patterns of metastasis. For
example, the CXCL12, through its receptor CXCR4, is shown to play an important role

in colonizing cancer cells to their metastatic target organs. Similarly, their expression in
PDAC TME might also play an important role in CTCs colonization to common metastatic
sites like the lung and liver [131]. This is further supported by the increase in immune
response in metastatic lesions in PDAC patients treated with continuous administration of
CXCR4 inhibitor AMD3100 (plerixafor, Mozobil) [23]. MIF+ exosomes have been shown
to target Kupffer cells and recruit BMDCs, facilitating liver metastases [132]. Similarly,
lymphatic metastasis appears to be guided by SDF-1 and CCL19/CCL21 [133]. PDAC cells
also secrete CXCL1 and CCL2, which are myeloid chemoattractants, and this may support
the “seeding” of the circulating tumor cells [134]. Additionally, inflammation appears

to enhance the receptivity of an organ to deposition of CTCs, and the development of
metastatic lesions, so inflammatory chemokines might also have a hand in establishing a
metastatic niche.

4. Cytokine therapy in pancreatic cancer

Significant amounts of literature have accumulated over the years suggesting therapeutic
potential in modulating the cytokine profile of the TME. Multiple strategies for cytokine-
mediated therapies have been tested over the last couple of decades as both monotherapy and
adjuvant therapy. These include direct delivery of recombinant proinflammatory cytokines,
antagonists of inflammatory signaling pathways, reprogramming and reintroduction of
immune cells to shift the TME away from an immunosuppressive environment, and other
alternative therapies that may impact the cytokine profile. However, the clinical efficacy of
this type of immunotherapy remains inconclusive, underscored by the complex interplay

of pleiotropic cytokines as well as diverse cell types present in the TME deriving PDAC
initiation, progression, and metastasis. Although the determination of clinical efficacy
remains challenging, the prognostic value of cytokine profiles in PDAC tissues has shown
promise [135-137]. This indicates that effective therapeutic strategies may be reached while
underscoring the complexity of the cytokine crosstalk present in PDAC TME. In this regard,

Semin Cancer Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhatia et al.

Page 11

recently published clinical data within the last five years involving cytokine modulation as
therapies in PDAC will be discussed in the following section.

4.1 Cytokines in combination with immunotherapy

Few studies have investigated the effects of direct administration of cytokines on PDAC.
These therapeutic targeted cytokines include interferons [138], IL-2 [139], IL-7 and CCL19
[140], IL-10 [141], and GM-CSF [142, 143]. Albeit the study regarding recombinant IL-2
involves treatment of metastases from non-small cell lung cancer, colorectal cancer, renal
cell cancer, and melanoma rather than primary pancreatic tumors [139]. As a follow-up from
their initial report in 2008 [144], one study investigated the effects of concurrent IFN-a.
administration and chemoradiation on the survival of PDAC patients [138]. Although the
overall median survival of patients was significantly improved to 25 months, this treatment
regimen also incurred significant early and late-stage toxicities. During treatment, 68%

of patients experienced a grade three or greater toxicity [138]. However, in the recent
long-term follow-up [138], patterns of recurrence and tumor characteristics, as well as
complications, were identified. For example, 73% of patients had a recurrence of PDAC
with a relationship between positive microscopic margins and overall distal recurrence,
likely due to lymph node invasion of tumor cells [138]. Additionally, 17% of patients
experienced infectious complications, while 15% of patients experienced gastrointestinal
complications at 10-year follow-up. Overall, while there was a small survival benefit with
concurrent IFN-a treatment and chemoradiation, the severe toxicities led to discontinuing
this regimen [138]. The delivery of IL-7 and CCL19 via CAR-T-cells engineered against
GPC3, MSN, and CD20 has been proposed as another therapeutic strategy targeting PDAC
[140]. Treatment of murine CAR-T-cells with IL-7 and CCL19 has been demonstrated to
promote the invasion and survival of these cells in solid tumors [145]. The intravenous
injection of these engineered CAR-T-cells induced a complete response and abrogation of
any further spread from the initial lymph node metastasis 240 days after final treatment
[140]. However, important to note is that this was not a comprehensive clinical trial (i.e.,

a single pancreatic cancer patient), but planning to initiate phase I trial with a much larger
patient cohort [140].

A couple of recent studies have also investigated the use of GM-CSF administration to
strengthen the immune reaction against pancreatic tumor cells [142, 143]. One recent
phase I/11 clinical trial involved the concurrent administration of the Kras-specific antigen
immunotherapy, TG01, with GM-CSF (TG01/GM-CSF) in generating and enhancing Kras-
specific cytotoxic T-cell responses, respectively, combined with adjuvant gemcitabine
treatment [142]. Previous studies utilizing TGO1 in clinical trials have been documented,
wherein mutant Kras-specific immune responses were reliably induced, and the median
survival of patients was around 28 months [146]. In this most recent clinical trial, a

total of 32 patients were enrolled with a confirmed diagnosis of stage | or 11 PDAC,
undergone successful (RO or R1) surgical resection, had an ECOG status of 0 or 1, and a
predicted life expectancy of at least 6 months [142]. Although there were over 60 treatment-
emergent adverse events, most of these were reported to be related to chemotherapy
(gemcitabine) rather than TG01/GM-CSF, indicating this regimen to be relatively well
tolerated. Additionally, 94% of patients reported positive immune response as indicated
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by DHT and T-cell proliferation assays, suggesting neither GM-CSF nor concurrent
gemcitabine administration interferes with the immune response [142]. Moreover, this
modality has some clinical efficacy, as median overall survival improved to 34.3 months
and median disease-free survival was 19.5 months. However, the authors did note adverse
events in four patients, and several patients in the cohort were reported to have incidences of
recurrence [142].

A separate clinical study has investigated the efficacy of GM-CSF-allogeneic pancreatic
tumor cells (GVAX) and ipilimumab as maintenance immunotherapy for patients with
metastatic PDAC [143]. Many patients were unable to tolerate multiagent chemotherapies
such as FOLFIRINOX for longer than 4—6 months, leading to a need to develop alternative
approaches for metastatic PDAC. The patients with metastatic PDAC and treated with
FOLFIRINOX for 8-12 doses were split into two arms, either consisting of the GVAX

+ ipilimumab or continuation of FOLFIRINOX [143]. The allogeneic PDAC cells lines

in GVAX serve as a polyvalent source of antigens shared between the vaccine tumor

cell lines and the patient’s tumor. These cell lines are also engineered to secrete GM-

CSF, which allows for the maturation of dendritic cells and enables robust tumor-specific
antigen presentation for immune-mediated cytotoxicity of tumor cells. The final piece of
this regimen included ipilimumab, a CTLA-4 inhibitor to promote a more immunogenic
PDAC TME. Although well tolerable, with treatment-related adverse events of grade

2 or less (mild) attributed with GVAX, the GVAX + ipilimumab treatment strategy

had significantly reduced efficacy in improving overall patient survival compared to
FOLFIRINOX continuation [143]. This was demonstrated by median overall survival of
9.38 months for GVAX-treated patients and a median overall survival of 14.7 months

for FOLFIRINOX-treated patients. Interestingly, of the two immune-related responses
reported from GVAX + ipilimumab treated patients, metastatic pancreatic tumors were
characterized by increases in late effector T-cells, memory CD8* T-cells, and a shift toward
M1 macrophages in the tumor microenvironment [143]. Albeit these observations were
made from a very small sample size of four patients. Thus, although GVAX + ipilimumab
treatment induces changes in immune cell subsets within the TME, other barriers from the
stromal compartment, such as immunosuppressive cytokines, may be preventing an effective
antitumor response.

4.2 Cytokines in combination with chemotherapy

Another recent study has reported a phase 111 clinical trial targeting the IL-10 axis in patients
with gemcitabine-resistant metastatic PDAC [141]. The patients were separated into two
main treatment arms, either pegylated IL-10 + FOLFOX or FOLFOX alone, with almost all
patients previously treated with gemcitabine or nab-paclitaxel and tumors graded ECOG of 0
or 1 [141]. The median PEG treatment duration was 10 weeks, with patients in this treatment
group experiencing treatment-emergent adverse events such as thrombocytopenia, anemia,
fatigue, and neutropenia. However, most of the patients were discontinued due to progressive
disease instead of severe adverse events [141]. The exploratory analysis of tumors from both
treatment arms revealed significant changes in Th1-specific cytokines such as increases in
IL-18 and IFN-v, as well as a reduction in immunosuppressive TGF-f in PEG-IL-10-treated
patients, and a correlation between IL-18 levels and better clinical outcomes in patients.
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[141]. The granzyme B was also increased, suggesting activation of PD-1*CD8* T-cells.
Unfortunately, there was a lack of survival benefit in gemcitabine refractory metastatic
PDAC patients through stimulating the 1L-10 pathway, as both treatment arms had a median
overall survival of around six months and a median progression-free survival around 2
months [141].

Other therapeutic strategies have directed focus toward antagonizing critical cytokine
receptors [147-149]. One recent strategy has been to inhibit TGF-f signaling. The members
of the TGF- signaling pathway are frequently mutated in PDAC, and this pathway has been
associated with promoting tumor growth, EMT, ECM remodeling, and stemness of cancer
cells [150]. Since TGF-p is viewed as an immunosuppressive cytokine, a recent clinical

trial evaluated the efficacy and safety of the first orally available type | TGF-B receptor
antagonist, galunisertib, in combination with gemcitabine as a first-line treatment option

for PDAC [147]. Almost all patients were diagnosed with stage I11/1V disease, and patients
received a median of two cycles (28-day cycles of 14 days on and 14 days off) of 300mg/day
dose of galunisertib. The study reported a modest extension in median overall survival with
galunisertib combination treatment compared with gemcitabine alone, extending survival
from 7.1 months to 8.9 months [147]. Evaluation of plasma proteins identified two
immunosuppressive cytokines (interferon-y-induced protein 10 (IP-10) and macrophage
inflammatory protein-1-a (MIP-1a)) as predictive biomarkers for overall survival, with
galunisertib combination treatment providing the greatest survival benefit [147].

BL-8040 (motixafortide), a small synthetic peptide antagonist of CXCR4, has been tested
in a recent clinical trial, COMBAT, to determine its efficacy in treating chemotherapy-
refractory metastatic PDAC [148]. Since CXCR4-CCL12 signaling has been documented
to modulate the immune microenvironment of solid tumors, the study hypothesized that
inhibition of CXCR4 signaling would promote tumor invasion of T-cells, B-cells, and

NK cells while limiting the numbers of MDSCs and tumor-associated macrophages. By
combining this with pembrolizumab, a PD-1 inhibitor, tumor cells would be more sensitive
to infiltrating effector CD8" T-cells [148]. While median overall survival for patients
undergoing BL-8040 combination as third-line treatment was 3.3 months, utilization of this
therapy as second-line treatment increased median overall survival to 7.5 months [148], an
improvement from the 6.1 months historically reported with the currently approved second-
line chemotherapy, NAPOLI-1 [148, 151]. Although the authors report a relatively modest
improvement in median overall survival, several immunogenic responses from BL-8040
combination treatment were also reported. For example, the study notes an increase in
circulating white blood cells and lymphocytes with a concurrent decrease in circulating
Treg cells [148]. Additionally, both BL-8040 monotherapy and BL-8040 combination

with pembrolizumab increased cell densities of CD3+, CD4+, CD8+, and activated
CD3+CD8+granzyme B+ T-cells while decreasing MDSCs in the TME. Furthermore,

the combination treatment incurred minimal additional toxicity, with <5% of patients
experiencing treatment-related adverse events severe enough to warrant discontinuation.
Still, due to the low sample size of this study, conclusions drawn from this combination
therapy need to be exercised cautiously [148].
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A separate chemokine receptor antagonist, PF-04136309, specific for CCR2, has also been
evaluated in combination with chemotherapy for treatment of metastatic PDAC; although,
this was to determine its efficacy as first-line treatment [149]. The study hypothesized that
targeted inhibition of the CCR2 axis might relieve a mechanism involved in creating an
immunosuppressive TME, thus facilitating enhanced tumor immunogenicity [149]. Based on
pharmacodynamic data of the 21-patient cohort, the authors proposed PF-04136309 acts by
reducing the trafficking of CD14*CCR2* inflammatory monocytes from the bone marrow
to the solid tumor. Unfortunately, the study also reported a questionable safety profile for
the combination of PF-04136309 and gemcitabine/nab-paclitaxel, as a significant portion of
the patients (25%) presented with pulmonary toxicity. Furthermore, there was no additional
benefit to clinical efficacy with PF-04136309 combination compared to gemcitabine +
nab-paclitaxel [149].

Several other recent clinical trials have utilized indirect methods to modulate cytokine
signaling in PDAC treatments [152-156]. For example, a recent phase Ib/Il clinical trial
has demonstrated some clinical activity using itacitanib, a JAK1 specific inhibitor, in
combination with nab-paclitaxel and gemcitabine in patients with advanced-stage PDAC
[152]. Since JAK/STAT is a critical pathway in cytokine-mediated signaling, inhibiting
this pathway could limit the inflammatory response, which is well documented to promote
the progression of PDAC and sensitize tumors to chemotherapy. This therapeutic strategy
incurred mild toxicity (grade 3 neutropenia in 12% of patients) with an overall response
rate of 24%, where all patients in this subset had partial response [152]. However, this trial
was terminated early due to a separate phase Il trial using a JAK1/2 inhibitor, indicating
an absence of improved clinical efficacy [152]. The STARPAC phase I clinical trial has
investigated the use of all-trans retinoic acid (ATRA) in combination with nab-paclitaxel
and gemcitabine to treat PDAC [153]. The authors hypothesized that administration of
ATRA would reprogram pancreatic stroma (via replenishing retinoic acid stores), reversing
the inhibitory effects of activated pancreatic stellate cells (PSCs) on cytotoxic immune
cells infiltration into the TME and modulate the response of PSCs to cytokines. Patients
treated with 45mg/m? of ATRA combined with chemotherapy had improved median
overall survival to 11.7 months with an acceptable cytotoxicity profile [153]. The authors
also note that ATRA may dampen the neurotoxicity from nab-paclitaxel, although this

is yet to be tested on a more comprehensive scale [153]. The heparin sulfate mimetic,
necuparanib, has been suggested as a possible first-line treatment in metastatic PDAC
[154]. Glycosaminoglycans, such as heparin sulfate, can modulate the stromal environment
by binding to cytokines, localizing concentrations of certain immune factors, and even
facilitating interactions between cytokines and their receptors. Treatment of patients with
5mg/kg one daily per week for three weeks in a four-week cycle led to a response rate of
35% (out of 62 patients) with a median overall survival of 13.1 months [154]. Of note, this
trial reported increased hematological and gastrointestinal toxicity but ultimately evaluated
this treatment to have an acceptable safety profile. However, there was no improvement

in survival outcome from necuparanib combination therapy compared to standard therapy
[154]. Another clinical trial has tested the effects of eicosapentaenoic acid (EPA)-enriched
nutrition for use as a pre-operative agent in conjunction with chemoradiation for treatment
of PDAC [155]. While the focus of this study was to determine the efficacy of EPA to
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abrogate cancer cachexia syndrome, EPA can also reduce the secretion of proinflammatory
cytokines [155]. Albeit, the effect of EPA supplementation on tumor progression and its
influence on the efficacy of chemoradiation remains in question. Lastly, a phase I trial has
investigated the effect of Thermatron RF-8-mediated tumor hyperthermia in combination
with immunotherapies (ACT and/or anti-PD-1) to treat advanced solid tumors, including
PDAC [156]. The authors proposed that exposing tumors to high temperatures (40-43°C)
would increase antigen presentation and exposure to antigen-presenting cells, enhancing the
efficacy of immunotherapies. Although the study recorded an objective response rate of
30% with an acceptable safety profile and changes in circulating cytokine profiles [156],
conclusions regarding the clinical benefits of hyperthermia as a cancer treatment remain
constrained by the nature of phase I clinical trial. Furthermore, only two patients with PDAC
were part of the patient cohort [156], putting into question the effectiveness of this treatment
modality in the context of PDAC.

Mixed results have come from recent clinical trials directly or indirectly targeting the
cytokine signaling pathways within the TME. Although some offer promise, most recent
trials have reported modest clinical efficacy by modulating cytokine profiles in PDAC
TME. This underscores the complexity of the TME and highlights the multiple dynamic
interactions that serve as mechanisms in the initiation, progression, and metastasis of
PDAC. Still, several clinical trials are ongoing that are exploring other combinations of
immunotherapies, chemotherapies, radiation, and cytokine therapies to improve upon the
limited therapeutic modalities available to PDAC patients.

5. Conclusion and future directions:

Pancreatic cancer is a lethal malignancy that is notorious for its penchant to metastasize

to distant organs and establish tumor colonies. It is characteristically immunosuppressive,
and communication between constituents of the complex PDAC TME are critical for
cancer cell sustenance. This communication is a bilateral process engaging a methodical
and interdependent series of events culminating in metastatic spread and chemoresistance.
Cytokines serve as a liaison between the tumor cells and other cells present in the TME,
thus facilitating this critical communication. From a birds-eye-view, the TME constitutes

a plethora of cell types such as pancreatic stellate cells, cancer-associated fibroblasts,
tumor-associated macrophages, and neutrophils, which are stimulated by the cancer cells

to secrete various chemokines that either drive inflammation, immunosuppression, cell
migration, and/or colonization while simultaneously forming a positive feedback loop to
potentiate the tumorigenic environment. Upregulated chemokine receptors like CXCR2, in
conjunction with the expression of cytokines and ligands like IL-6, IL-17, EGF, and TGF-a,
further promote signaling pathways that drive tumor initiation and progression. On top of
cancer progression, it appears that these chemokines also contribute to the characteristic
chemoresistance that is a major obstacle in PDAC-therapy development. MUC4 and
MUCS5AC contribute to chemoresistance, and chemokines have been demonstrated to
enhance their expression. Numerous studies have unveiled the importance of mucin biology
in the PC TME through chemokine signaling [157] and CAF-mediated enrichment of the
cancer stem cell population [158]. Further exploration of this avenue of research could prove
beneficial to the overall PDAC field, especially with respect to reducing metastasis and
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chemoresistance. Due to the importance of host-derived chemokines in PDAC, numerous
drugs are also in clinical trials to target them directly or indirectly. However, further
understanding of the complex communication networks needs to be better understood to
establish functional therapies with minimal off-target effects. Overall, the present review
provides valuable information regarding the function of cytokines and their receptors

at every stage of PDAC development, simultaneously providing their current status in
therapy. Further understanding their role as drivers of the early onset and their significant
systemic elevation in PDAC during tumorigenesis makes them important candidates for
early detection and diagnosis, an area of focus in PDAC research and therapy.
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Figure 1: Role of cytokine in PDAC pathology.
A) Involvement of cytokines secreted from various cell types during different steps of tumor

initiation. B) Cytokine milieu secreted by immune cells present in TME driving tumor
progression from low-grade to high-grade lesions. C) The crosstalk between various cell
types within the TME orchestrating complex metastatic events resulting in EMT, invasion,
extravasation, and dislodging of tumor cells into the vasculature D) Cytokines, either free
or loaded in exosomes, create lung or liver tissue-specific premetastatic (PM) niche while
circulating tumor cells (CTCs) interact with platelets or endothelial cells and colonize to a
favorable niche at the metastatic sites (Mets). Figure created with BioRender.com
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A. Cytokine cross talk during PDAC metastasis
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Figure 2: Cytokine crosstalk in PDAC tumor microenvironment.
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A) The metastasis-promoting microenvironment is created by crosstalk between a labyrinth
of versatile cells present in the TME. This complex network secretes various cytokines
resulting in immune infiltration to facilitate migration and invasion. B) TNFa is an
inflammatory cytokine secreted by macrophages and monocytes, which stimulates CAFs
to secrete more fibrous stroma and participate in various signaling pathways promoting
EMT (1). Cells such as CAFs and PSCs secrete profibrogenic factors that increase ECM

deposition constraining lymphoid (B- and T-) cells to the tumor periphery, physically
preventing their access to cancer cells (2). Secretion of G-CSF and other factors from
the TME mobilize neutrophils from the bone marrow and triggers NET formation in

the primary tumor and circulation. The NETs further promote immunosuppression as

well as hypercoagulation (3). Cytokine milieu triggers PSCs to aid in invasion and EMT

through an IL-6/STAT3 mediated pathway (4). The M2 polarized macrophages secrete

inflammatory cytokines altering cancer cell morphology to a mesenchymal phenotype

(5). Tumor cells secrete various chemokine, CXC-ligands, and express CXC-receptors,
facilitating immunosuppression and dislodging of the cancer cells into the circulation for

distant colonization (6). Figure created with BioRender.com.
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