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Abstract

Pancreatic cancer (PC) is exemplified by a complex immune-suppressive, fibrotic tumor
microenvironment (TME), oncogenic molecular alterations, and aberrant expression of mucins.
The constant crosstalk between cancer cells, cancer-associated fibroblasts (CAFs), and the
immune cells mediated by the soluble factors and inflammatory mediators including cytokines,
chemokines, reactive oxygen species (ROS) promote the dynamic temporal switch towards an
immune-escape phenotype in the neoplastic cells and its microenvironment that bolsters disease
progression. Chemokines have been studied in PC pathogenesis, albeit poorly in the context of
mucins, tumor glycocalyx, and TME heterogeneity (CAFs and immune cells). With correlative
analysis from PC patients’ transcriptome data, support from available literature, and scientific
arguments-based speculative extrapolations in terms of disease pathogenesis, we have summarized
in this review a comprehensive understanding of chemokine-mucinome interplay during stromal
modulation and immune-suppression in PC. Future studies should focus on deciphering the
complexities of chemokine-mediated control of glycocalyx maturation, immune infiltration, and
CAF-associated immune suppression. Knowledge extracted from such studies will be beneficial to
mechanistically correlate the mucin-chemokine abundance in serum versus pancreatic tumors of
patients, which may aid in prognostication and stratification of PC patients for immunotherapy.

Keywords
Pancreatic cancer; stroma; mucins; chemokines; tumor-microenvironment

#To whom correspondence should be addressed Surinder K Batra and Sushil Kumar, Department of Biochemistry and Molecular
Biology, University of Nebraska Medical Center, 985870 Nebraska Medical Center, Omaha, Nebraska, 68198-5870, USA, Tel:
402-559-3138, 402-559-4417, Fax: 402-559-6650. shatra@unmc.edu; skumar@unmc.edu.

Equal contribution
Conflicts of Interest: SKB is one of the founders of Sanguine Diagnostics and Therapeutics, Inc. Other authors have no conflicts of
interest to declare.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

Inflammation has been indicated as a potential additive stimulus to the neoplastic epithelial
tissue in its route towards malignant development [1]. With the recent advancements in
pancreatic cancer (PC) pathobiology, the specific contribution of inflammation in concert
with oncogenic Kras mutation during PC progression has been widely recognized [2]. The
intricate mechanisms that dynamically tune the ability of the immune system to prevent

the tumor establishment initially and support tumor progression later are cumulatively
known as immunoediting [3], which not only involves the malignant cells but requires
biochemical and molecular mediators derived from the complex tumor microenvironment
(TME) [4]. Pancreatic tumors manifest an enigmatic stromal reaction that involves cellular
interplay between the epithelial, mesenchyme, and immune compartments embedded in

a matrix of extracellular proteins like collagens, fibronectin, etc. Emerging studies in

cancer immunoediting have identified several mechanisms and interactions originating in the
tumor stroma that drive the balance between pro-and anti-tumorigenic immune milieu [4].
The crosstalk between cancer cells, cancer-associated fibroblasts (CAFs), and the immune
cells mediated by factors including cytokines, reactive oxygen species (ROS), and small
proteins like galectins promote the ability of neoplastic cells to hijack the host inflammatory
response, thereby creating an environment that fosters tumor growth and progression [2].
Chemokines, a subfamily of soluble cytokines, can be divided into four major subclasses:
CC, CXC, C, CX3C chemokines, of which the CXC chemokines are abundantly expressed
in PC. Being secreted by various cell types of the pancreatic TME, the chemakines remain
concentrated in the stroma and play pivotal roles in the oncogenic initiation and progression
by binding to their cognate G-protein-coupled receptors (GPCRs) in cell-autonomous and
non-autonomous manners [5].

Another hallmark of PC is the abundant expression and accumulation of sugar-rich high
molecular weight proteins called mucins that mark the onset of epithelial metaplasia

[6]. Mucins are multi-domain molecules that are either tethered to the cell membrane
(transmembrane mucins like MUC1, MUC4, MUC16) or remain loosely attached to the
glycocalyx as a polymeric and multimeric gel (secreted mucins like MUC5AC, MUCS).
Other than MUC1, most of these mucins are de novo expressed by the malignant epithelium
while remaining absent from the normal pancreatic ductal cells. The mucin family members
have been long studied in the context of PC initiation, progression, and metastasis [6].
However, their contributions towards shaping the tumor microenvironment have recently
started to be acknowledged in the field [7]. Mucins are studded with sugar-moieties or
glycans like sialic acid residues, by virtue of which the cancer cells can directly interact
with the oligosaccharides or protein structures (selectins and siglecs) on immune cells,
thereby influencing their recruitment, differentiation, functional manifestations in terms

of chemokine synthesis in the tumor, establishing a pro-tumorigenic immune milieu [8].
Mucins have also been speculated to scaffold various small molecular-weight proteins like
Trefoil factors (TFFs) and cytokines, which not only promote wound healing but can be
beneficial for the cancer cells for immune evasion and immune suppression [8].

The epithelial mucins, inflammatory mediators like cytokines/chemokines, and the TME,
including the CAFs, immune cells, tumor-associated endothelial cells, extracellular matrix

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganguly et al.

Page 3

(ECM) proteins, have been shown to mediate profound effects on tumor development,
therapeutic response, and clinical outcome. Not many studies have investigated the

mutual co-dependencies of these arms in PC pathogenesis. Despite the presence of cancer-
associated antigens (or neo-antigens) and several inflammatory immune cell types in the
tumor epithelia, the pancreatic tumor microenvironment remains immunosuppressive, which
may be due to restricted infiltration of anti-tumor T-cells (CD8+ T cells) in conjunction with
the unrestrained infiltration and recruitment of suppressive immune cells like regulatory T-
lymphocytes (Tregs), myeloid-derived suppressor cells (MDSCs), and M2 macrophages [2].
Understanding the soluble molecules that drive cellular interaction in the TME, resulting in
creating a well-known immunosuppressive microenvironment, will be critical for improving
treatment responsiveness and overall outcome in PC patients.

This review summarizes the phenotypic and functional correlation of mucins and mucin-
associated proteins with chemokines expression in the pancreatic tumors, elaborates the
contribution of mucinome in driving chemokines-associated immune suppression in the PC-
TME, and emphasizes the need to comprehensively understand their biological significance
in the context of PC pathogenesis.

2. Mucosal chemokines in PC immune modulation

CXCL17:

The multifaceted interactions of tumor cells with TME through CXC chemokines are key
to tumor growth, immune evasion, and therapeutic resistance. The continuous accumulation
of differential chemokines secreted in the TME result in the temporal switch from the
proinflammatory, anti-tumorigenic microenvironment to pro-tumorigenic immune escape in
PC. Out of all these chemokines, four chemokines, including CXCL14, CXCL17, CCL25,
and CCL28, play a vital role in mucosal immunity because of their homeostatic expression
patterns in the mucosal tissues and therefore are referred to as mucosal chemokines [9]. In
this section, we focus mainly on CXCL17, CCL25, and CCL28 because they have been
studied in the context of the inflammatory microenvironment in pancreatic cancer. We have
discussed the contribution of CXCL14 in relation to CAFs-mediated immune modulation in
Section 3.

CXCL17 is a mucosal chemokine restricted to epithelium of different organs, macrophages,
plasma cells, and endothelial cells of blood vessels and plays an important role in

immune homeostasis and anti-tumor immune response. This chemokine is also known

as DMC because of its chemoattractant property for immature DCs and monocytes. In

the context of cancer progression, this chemokine has been shown to be upregulated in
several cancer cell lines, including breast, colorectal, HCC, endometrium, and PC [10]. The
downregulation of CXCL17 and ICAM-2 has been shown to induce immune surveillance
during the transition from Intraductal Papillary Mucinous Adenoma (IPMA\) to Intraductal
Papillary Mucinous Adenocarcinoma (IPMC) stages of PC neoplasia. Conversely, they
were involved in eliciting anti-tumor immune response during the early stage of IPMNs

by expediating the infiltration and accumulation of CD8* T cells and recruitment of
immature myeloid DCs in the tumor [11]. Chemokine-induced downregulation of DC

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganguly et al.

CCL25:

Page 4

infiltration is one of the immune evasion strategies in different tumors [12, 13]. Since
CXCL17 is a homeostatic chemokine restricted to mucosal tissues, and mucin expression
progressively increases with disease progression, the sequestration of CXCL17 in the
accumulated mucins might be responsible for decreased DC infiltration and immune
tolerance. Interestingly, our CIBERSORT analysis from TCGA data of PC patients clearly
demonstrates a significant decrease in CD8" T cells in patients with high expression of
MUC1, MUC4, MUC5AC, and MUC16 (Figure 1). In fact, increased expressions of airway
mucin MUC5B and concordant levels of CXCL17 chemokine have been reported in patients
with idiopathic pulmonary fibrosis (IPF), a lethal lung disease [14]. A recent study showed
the overexpression of CXCL17 in different human cancer cell lines, including pancreatic,
colon, and lung cancer. Also, the authors demonstrated the recruitment and accumulation

of CD11b*Gr-1*F4/80"immature myeloid cells in the subcutaneous tumors of CXCL17
positive cell lines in immunodeficient mice, which in turn increased tumorigenesis and
vasculature [15]. Likewise, in another investigation, myeloid-derived cells were found to
accumulate in human PC. The authors implied its association with CXCL17 expression and
pro-tumorigenic immune environment, thereby suggesting the crucial role of CXCL17 in
pancreatic cancer. The Gpr35/CXCRS8 has been recently identified as a receptor of CXCL17
[16] and is present on neutrophils, macrophages, and dendritic cells [17]. Therefore, it

is quite possible that CXCL17 secretion from a reporter (tdTomato) gene-positive acinar
metaplastic cells of the mouse pancreas recruit these immune cells and reshape the

immune milieu of TME from an early neoplastic stage. Besides, authors in this study

also demonstrated the role of other chemokines, including csf3-csfr3, cxcr2-cxcl1/2/5, ccl8,
in mediating immune cells recruitment and activation of immune-suppressive signaling in
the early stage of cancer development. An increased tumor-infiltrating Siglec F-positive
neutrophil population was found in the RNAseq cluster of the tumors, which may contribute
to the immunosuppressive environment. Though the mechanistic rationale remains unclear,
further studies will be required to assess the contribution of mucin-chemokine axis mediated
mechanism of immune evasion in PC.

CCL25 is the second mucosal chemokine identified as thymus-expressed chemokine
(TECK) [18] and is expressed in the intestine in adults [19]. The receptor for this chemokine
is CCR9, which is expressed on immature thymocytes, T cells trafficked to the intestine,

and IgA-producing plasma cells. The CCL25/CCR9 mediated signaling has been associated
with gemcitabine resistance and enhanced proliferation and invasion in PC lines via PI3K-
dependent activation of p-catenin [20]. Although CCR9/CCL25 is associated with immune
surveillance and mucosal immunity under normal physiological conditions, it has not been
explored yet in the immune milieu of pancreatic tumors [21, 22]. CCL25/CCR9 axis has
been implicated in the metastasis of different cancers, including melanoma, NSCLC, breast,
colon, and hepatocellular carcinoma [23-25]. Pancreatic cancer cells and PanIN lesions
demonstrated overexpression of chemokine receptor CCR9, and PC cell proliferation was
enhanced upon activation of the CCR9/CCL25 axis [26]. Importantly, CCR9 has recently
been identified as an immunosuppressive molecule from the RNAI screens [27]. The authors
elaborated the CCR9 relevance in immune suppression using different tumor models.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganguly et al.

CcCLz2s:

Page 5

Of note, HLA-matched-tumor infiltrating lymphocytes (TILs) from PC patients displayed
augmented killing of CCR9 knockdown PANC-1 cells compared to control cells.

Further investigation into the mechanism of tumor-associated CCR9-specific T cell response
revealed that enhanced STAT signaling in T cells by CCR9 knockdown relates with
improved effector T cell function and increased T-helper-1 (TH-1) mediated cytokine
secretion. However, authors cued the existence of an unknown independent ligand of CCR9
on these T cells as inhibition of its cognate ligand CCL25 using siRNA, or monoclonal
antibody did not alter the CCR9 mediated T cell functions in MCF7 breast cancer cells.
These findings can be easily extrapolated to comprehend the significance of this axis in

PC tumor immune evasion. In fact, the secretion of CCL25 from the pancreatic stellate
cells (PSCs) suggests both autocrine and paracrine activation of CCR9 [28]. Hence, the
recruitment of immunoregulatory T cells via the CCR9-CCL25 axis in paracrine fashion in
the TME may promote immune suppression resulting in PC progression.

CCL28 was the first identified mucosa-associated epithelial chemokine (MEC) and
recognized as a ligand for epithelial chemokine receptors CCR10 and CCR3 in the mucosal
tissues as exocrine glands, colon, and trachea and also found in acinar epithelial cells and
human saliva [29]. The involvement of CCL28 in mucosal immunity and liver inflammation
is associated with the recruitment of CCR10 expressing Tyeq cells. As shown in a recent
study, the high levels of CCL28 in the hypoxic TME stimulate the recruitment of FOXP3*
Treg cells through the CCL28-CCR210 axis, which in turn induces immune tolerance

and promotes tumorigenesis [30]. Interestingly, MUC1 overexpression has been shown to
promote and sustain a hypoxic PC-TME [31], and our CIBERSORT [32] analysis (Figure
1) suggests a significant increase in Tregs in MUC1-high tumors, further supporting the
speculation that upregulation of mucins in conjunction with mucosal chemokines lead to
higher infiltration of immunosuppressive T cells. Together, these studies emphasize the
need for investigating the in-depth mechanisms of mucosal chemokines-mediated immune
evasion associated with PC progression.

3. Interplay of mucins and chemokines in driving CAF-mediated immune

heterogeneity

PC cells are embedded in an ocean of scar tissue that mirrors “a wound that never heals”
and is termed as desmoplasia or fibrotic stroma. The non-malignant cellular components,
namely CAFs, immune cells, endothelial cells, and fibrotic tissue, constitute up to 90%

of the bulk tumor volume. The tissue-resident pancreatic stellate cells were considered

as the main cellular origin of CAFs, until recently, several groups, including ours, have
observed that the CAFs originate mostly from the mesenchymal stromal cells recruited to
the tumor bed from the adipose tissue and bone marrow. Unlike cutaneous wound healing,
fibroblasts in tumors remain constitutively activated, releasing growth factors, chemokines,
and ECM components, which eventually results in the vicious cycle of inflamed fibrotic
parenchyma development. Apart from cancer cell-directed pro-tumorigenic functions, CAFs
contribute towards the cancer-immune escape by promoting the development of a hypoxic
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immunosuppressive microenvironment. Over the last decade, several groups have tried to
target the stroma or CAFs per se, leading to unfavorable outcomes with enhanced tumor
aggressiveness and decreased survival. Hence, extensive efforts are underway in delineating
the heterogeneity in CAFs and their differential pathological interplay with the immune
cells and cancer cells in the malignant milieu. As explained before, mucins have been
extensively studied in terms of cancer cell-autonomous functions; however, their paracrine
and juxtacrine implications on the other cell types in the TME are unexplored. In this
section, we have compiled the literature on the mutual dependence of CAF-heterogeneity
and immune-modulation in the TME. Alongside, we have utilized PC patient data from
TCGA to derive correlative associations between different mucins, chemokines, and the
nature of the immune milieu in the pancreatic tumors.

3.1 CAFs-mediated chemokine regulation and immune modulation in PC:

There are different subpopulations of CAFs with diverse spatial distribution in the tumor
stroma and distinct functions. Myofibroblastic CAFs (myCAFs) express high levels of
a-SMA, responsible for TGF-p- associated matrix stiffness and are generally localized in
juxtracrine position to the tumor cells, whereas inflammatory CAFs (iCAFs) is positioned
more distantly from the malignant cells and represent the major source of CAF secretome
[33]. In the context of immune-modulation, effector T cells infiltrating the tumor not only
need to tease through the dense fibrotic barrier but also overcome the suppressive CAF
secretome. Activated CAFs release suppressive chemokines like CCL2, CCL25, CXCL1,
CXCL12, IL-6 that can directly or indirectly hamper immune surveillance through the
modulation of antigen-presenting cells and impede T-cell effector functions [34]. A recent
study showed that CAFs release IL-6 that induced the maturation of MDSCs and M2
macrophages via STAT3 activation, which in turn suppressed T-cell proliferation. Further,
iCAF-derived leukemia inhibitory factor (LIF) has also been identified as a major promoter
of immune suppression in the PC TME that correlated with tumor progression [35].
Together, these studies suggest that targeting the CAF heterogeneity may reverse the
suppression of anti-tumor T-cell activity and improve the efficacy of immunotherapy.

Pancreatic CAFs abundantly express TGF-, a pleiotropic cytokine, and major
immunosuppression. It has been extensively associated with tumor cell growth, extracellular
matrix deposition, suppression of T cell recruitment, and abrogation of the cytotoxic effector
functions of tumor-infiltrating T cells [36]. Several recent studies identified that tumors
bearing a high population of TGF-B—expressing CAFs are associated with poor response

to immunotherapies, and inhibition of the same leads to increased T cell infiltration. A
recent literature review compressively described the heterogeneous CAFs as the crucial
drivers of immunosuppression in solid tumors, including PC [37]. Interestingly, TGF-B
transcriptionally activates the expression of a-SMA in the CAF-precursor cells and activates
pancreatic CAFs [38]. Our recent unpublished work on secreted mucin, MUCS5AC, for the
first time, indicates the role of mucin in CAF heterogeneity by modulation of inflamed
adipose tissue-derived mesenchymal stem cells (manuscript under review). Briefly, we
observed that MUCS5AC-high patient tumors exhibit a higher population of a-SMA+ CAFs
with concurrent upregulation of CXCL5 expression. Furthermore, in our CIBERSORT
analysis, high MUC5AC expression was associated with low CD8+ T cells, suggesting a
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suppressive phenotype. Hence, the mutual codependence of mucin-chemokine interplay on
CAF heterogeneity should be extensively studied, leading to the better elucidation of the
immune-phenotype in the tumors.

3.2 Mucin and mucin-associated proteins in chemokine regulation and immune
modulation in PC:

Envisioning the association of mucins with differential chemokines during immune
modulation in PC TME and owing to the dearth of literature supporting the same, we
investigated the expressional correlation of CXC chemokines and the abundantly expressed
mucins and mucin-associated proteins TFFs from the PC patients’ transcriptome available in
TCGA. We observed a strong positive correlation of the CXCL1,2,5,8, the cognate ligands
for CXCR2, with most transmembrane and secreted mucins and TFFs (Figure 2). The
CXCR2 ligands have been extensively studied in PC immune modulation. It was shown

that Cxcl5 is highly overexpressed by the PC cells and is regulated by oncogenic Kras and
NF-xB activation [39]. Steele et al. showed that the CXCR2 axis is important in immune
modulation of pancreatic cancer and that inhibition of CXCR2 reduces metastasis and
improves chemotherapy and immunotherapy response [40]. Furthermore, CXCR2 inhibition
by genetic ablation prevented neutrophil accumulation in pancreatic tumors and ledtoa T
cell-dependent suppression of tumor growth. In the absence of neutrophils, activated and
functional T cells infiltrated pancreatic tumors that are otherwise devoid of effector T cells.
Thus, the CXCR2-ligand axis helps establish an immunosuppressive microenvironment in
PC, highlighting the potential utility of targeting this axis as a novel therapy for this

deadly disease. Interestingly, the CIBERSORT analysis from TCGA data of PC patients’
transcriptome suggested a potential role of mucins and TFFs including MUC1, MUCA4,

and MUCS5AC in suppressing CD8+ T cells and T-follicular helper cells infiltration in

the patient tumors (Figure 1), supporting the speculation that mucins may participate in
immune suppression via chemokines. Mucins, being highly glycosylated bulky molecules,
can participate in immune evasion of tumor cells by occluding the receptors of activated
immune cells. Other than the multi-domain protein backbone, mucins are studded with sugar
moieties (glycans) and small interacting partners like galectins. Mucins can employ these
unique biologically reactive components to participate in immune modulation, and it has
been discussed in detail in Section 4. Recent unpublished work from our group has shown
that secreted mucins can scaffold and enrich chemokines (especially CXCR2 ligands in

PC) by virtue of their sialic acid residues. This phenomenon of micro-enrichment of the
chemokines is a non-random and organ-specific process. To our understanding, secreted gel-
forming mucins allow the local accumulation of chemokines near the chemokine receptors
of cancer cells as well as immune cells, which in turn promote tumor aggressiveness and
immune suppression.

Next, in our correlation analysis, there was a differential pattern of correlation of CXCLS9,
10,11,12, with MUC1 and MUCS5AC, compared to that with MUC4 and MUC16. While
these ligands were negatively correlated with MUC1, MUC5AC, and TFFs, they showed a
moderate positive correlation with MUC4 and MUC16. Several chemokines like CXCLS9,
CXCL10, and CXCL11, CXCL13 have been shown to inhibit angiogenesis and limit
tumor progression by recruiting innate and adaptive immune cells like NK cells and CD8
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T cells in different malignancies [41]. However, upon priming in the tumor milieu and
interaction with mucin-associated glycans, the immune-surveillance phenotype eventually
shifts towards immune escape. CXCL12/ CXCR4 axis has also been reported to promote
PC invasiveness, stromal modulation, recruitment of endothelial cells, and bone-marrow-
derived CAF-precursor cells [42]. A recent study in PC suggested that iCAFs are the
primary source of CXCL12 in pancreatic tumors and blocking the CXCL12/CXCR4 axis
led to the infiltration of anti-tumor T-cells resulting in retarded tumor growth [43]. Hence,
understanding the variety of glycans on different mucins along the course of the disease
progression and establishing a comprehensive correlation between the mucins, CAF subtype,
and chemokine profile of the tumors may help delineate the immune landscape and
determine immunotherapy response in the PC patients.

In addition to mucins, Trefoil factors (TFFs) family peptides (TFF1, TFF2, and TFF3)

also play a crucial role in immune modulation and disease progression in the PC-TME

[44]. TFF2 secretion from the myeloid and lymphoid cells elicit a range of inflammatory
reaction and immune cell recruitment [45]. In terms of their activity by chemokine-mediated
signaling pathways, TFF2 has been shown to bind CXCR4 on epithelial cancer cells and
lymphocytes and elicit various functions such as cell migration and T-cell survival. However,
this engagement has not been validated in immune cell recruitment. Nevertheless, congruent
expression profiles of TFF2 and chemokine receptors CXCR4 and CXCRY7 in lymphoid
tissues, including spleen, bone marrow, lymph node, and thymus, and their involvement

in monocyte migration suggest a possible chemotactic interaction. Further evidence comes
from the attenuating effect of TFF2 on CXCR4-CXCL12-mediated chemotaxis [46]. In fact,
the dysregulated immune response by macrophages and lymphocytes in TFF2 deficient mice
might explain the critical role of the TFF-CXCR4 axis. TFFs’ involvement in enhancing
TNF-a mediated IL-6, and 1L-8 secretion from bronchial epithelial cells has been explained
by their binding to TNFa-induced CXCR4 [47]. Furthermore, lower infiltration of CD8 T
cells and higher abundance of Tregs in high TFF1,2,3 -expressing tumors (Figure 1) further
support the immuno-suppressive function of TFFs in the mucosal neoplasia. However, in-
depth studies are warranted to understand the role of TFFs in chemokine-mediated immune
cell modulation in the PC-TME.

Furthermore, we found a strong correlation of mucins and TFFs with mucosal chemokine
CXCL14 and CXCL17 (Figure 2), supporting the literature explained in Section 2. Studies
on CXCL14 have shown paradoxical effects across multiple malignancies and under /in vitro
and /n vivo contexts. While overexpression of CXCL14 enhanced immune surveillance and
decreased tumor growth in squamous carcinoma, CXCL14 synthesized by the CAFs was
shown to enhance tumorigenesis, stromal maturation, and neovascularization [48, 49]. A
strong positive correlation of CXCL14 with the MUCs and TFFs provides a strong rationale
for exploring the role of CXCL14 in mediating CD8 T cell response. Indeed, MUC1 and
MUCS5AC high pancreatic tumors showed significantly high CD8 T cell infiltration (Figure
1). Discussion on mucosal chemokines and their pivotal roles in TME-modulation have been
detailed in Section 2.
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4. Mucin-associated glycans in immune modulation in PC TME

The aberrant and deregulated glycosylation is the hallmark of cancer progression, and these
overexpressed altered glycans are used by tumor cells for immune evasion through binding
to inhibitory receptors on immune cells. A variety of altered glycosylation alterations have
been observed in PC patients, which include sialyl Lewis” (present in CA19-9, a widely
used biomarker in pancreatic cancer), sialyl lewisX, hypersialylation, increased truncated
O-glycans (Tn and STn), proteoglycans, galectins, and fucosylated N-glycans [50]. These
aberrantly expressed glycans and glycan-binding proteins present in the glycocalyx are the
first points of contact between the immune cells and their targets, so it is obvious that

they are involved in different biological processes of the cancer cell, including signaling,
cell-matrix interactions, metastasis, angiogenesis, and immune modulation [51]. In this
section, we have elaborated the role of glycans on mucins and mucin-associated proteins in
driving an interplay between cancer cells, chemokines, and TME immune milieu in PC.

4.1 Regulation of mucin glycome by the inflamed tissue parenchyma:

The cytokines and chemokines released from the various cells of the TME are exploited by
the tumor cells for evading the anti-tumor immune response. Several studies demonstrate
the increased levels of cytokines in pancreatic cancer cell lines [52]. Indeed, enhanced
levels of cytokines including IL-8, I1L-10, 11-12, IL-18, and TGF in the sera of

PC patients correlated with their poor prognosis [53]. However, there is not much

clarity on the mechanism of chemokine/cytokine-induced alterations in tumor-associated
glycans and vice-versa. Numerous studies have demonstrated that cytokines upregulate
glycosyltransferases, resulting in altered glycan levels in various malignancies. Sialylated
(SA) and lewis-type (SLeX and SleY) glycan levels were increased by IL-1 stimulation

in PC cell lines while IL-6 and TNFa treatments resulted in augmented expressions of
SLeX and LeY [54]. In contrast, another recent study showed that the proinflammatory
cytokines IL-6 and CXC family chemokine IL-8 (CXCLS8) increased sialic acid (SA)
content on RAW7 macrophages while no changes in SA expression was seen on tumor
cells [55]. Nonetheless, IL-6 and IL-8 mediated enhancement in the levels of SLeX, and
sulfated SLeX in the mucins, especially MUC4 of human bronchial tissues of cystic fibrosis
patients, substantiate the association of mucins with modulated glycosylation patterns in
PC [56]). A very important aspect to consider here is that the chemokine/cytokine and

their receptor network are quite promiscuous. Therefore, predicting their correlation with
differential expression patterns of target antigens and prognosis in patients is quite difficult.
A better understanding of the effect of a chemokine on both tumor cells and immune cells
is required for extrapolating these findings with the clinical outcome in PC patients. The
transcriptional co-regulation of proinflammatory cytokines, as well as mucins like MUC2,
MUC4, and MUC5AC by NF-kB in airway pathologies and solid malignancies, hint towards
their involvement in inflammation associated with tumor aggressiveness [6, 57]. These
inflammatory cytokines, including IL-1pB, IL-6, and TNF-a, increase the levels of tumor-
associated sialylated glycans SLe(X), Le(y), SLe(a), and a.2,6-sialic acid through increased
expression of sialyltransferases and fructosyltransferases involved in glycan synthesis [54].
A high level of glycosylation in the tandem repeats in the extracellular domains of
transmembrane mucins facilitate their interaction with chemokine receptors present in the
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glycocalyx. A wide variety of oligosaccharide structures with different types of glycans
(composition) are attached to the mucins and provide them the cell-specific function. For
instance, there is enormous variability in the glycosylation of MUC1 and MUC16 in the
breast and pancreatic tissues [58]. Besides, different types of sugar molecules, such as
sialyl-Lewis a, sialyl-Lewis c, sialyl-lewis X, and sialyl-Tn, have been shown to be present
on MUC1 of pancreatic and colon cancer cell lines [59]. In fact, carbohydrate structures
sLea and sLex on a soluble form of tumor-associated MUC1 may bind to P-selectins of
endothelial cells and help leucocyte recruitment. Alternatively, the soluble form of MUC1
with these carbohydrates may mimic selectins and evade leucocyte trafficking, which might
explain the immune evasion by mucins in cancer. In a nutshell, these studies highlight the
importance of inflammatory tissue parenchyma in modulating the sialylation and O-glycan
profile in PC tumors, which in turn are thought to induce immune escape through binding to
lectin receptors on various immune cells and induce tolerance in TAMs, tumor-resident DCs,
and cytotoxic NK cells [60].

4.2 Role of mucin-associated glycans in immune modulation:

There have been several studies to understand the mechanistic insights on glycan-mediated
immune suppression in cancer. The aberrantly expressed sialylated glycans and glycan-
binding proteins such as galectins and siglecs present on cancer cells are involved in immune
modulation via engaging inhibitory receptors present on different immune cells such as
T-cells, B-cells, monocytes, and NK cells [61]. There is a lot of diversity in the expression of
these siglec receptors on different subsets of immune cells, as exemplified by the expression
of siglec-7 on all human NK cells and restricted expression of siglec-9 on a specific subset
of NK cells but the wider expression on myeloid cells [62, 63]. Binding of DCs to sialylated
antigens induced immune tolerance by promoting IL-10 secretion and Treg induction [64].
This variation in the binding and expression of siglecs on immune cell subsets may dictate
their function. Apart from this, there is a high level of heterogeneity in the degree of
sialylation in different cancers and within a specific cancer type, as exemplified by different
lung cancer patients displaying variability in hyper sialylation of ligands of siglec-7 and
siglec-9 [65]. There is a need for extensive research on how these differences impact cancer
progression and enhanced sialylation contributes to immune evasion in PC. A recent study
in PC showed increased sialic acid (sialylation) content from PC tumor cells bound to
siglec-7 and siglec-9 on myeloid cells [66]. Specifically, in PC, siglec-9 engagement induced
switching of myeloid cells towards TAM phenotype and thus resulted in immunosuppression
through increased PD-L1 expression and 1L-10 production [66]. Indeed, hyper sialyation in
the TME is associated with poor clinical outcomes in PC patients. In line with this, previous
studies have shown the interaction of a cancer-specific truncated, sialylated Olinked glycan
(STn) isoform of MUC1 with siglec-9 present on myeloid cells [67] and siglec-7 [68]. The
released chemokines CXCL5, CCI2, CCI3, CXCL1, CXCL8 might facilitate the immune
cell recruitment and immune modulation in the TME as seen by the recruitment of TAMs
expressing CD206, CD163, IDO, and PD-L1. Similarly, the cleaved soluble form of MUC16
binds to siglec-9 on human NK cells and T-cells, thereby resulting in the suppression of their
functional activation [69]. Taken together, the above-mentioned studies establish a direct link
between mucin-associated sialylation and immune modulation in PC. Therefore, exploiting
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the immunomodulatory properties of tumor-associated sialylated moieties of mucins should
be considered as an amenable approach for targeting PC.

4.3 Role of glycan-binding proteins in immune modulation in PC TME:

Galectins comprise a versatile family of glycan-binding proteins that play crucial roles

in immunoregulation. These proteins modulate the function of various cytokines and
chemokines as they are simultaneously upregulated under inflammatory conditions. In
cancer, galectins help tumor cells escape from T-cell-mediated immune response. Currently,
several studies have highlighted the formation of heterodimers of different chemokine

and galectins with functional relevance, as evident from Galectin-3 (Gal-3)-CXCL12

pair in chronic inflammation [70]. Besides, the results also indicate the promiscuity in

the binding of various chemokines with different galectins. However, there is limited
understanding on whether these chemokines could regulate the galectin functions. The
enhanced levels of Gal-3 in early-stage pancreatic tumors, though not associated with
advanced disease, and increased expression of Gal-1 in CAFs and ECM components suggest
their differential role in cancer onset, metastasis, and desmoplasia, respectively [71]. Since
Gall is known to induce apoptosis in activated T-cells, it is quite possible that Gal-1

could help PC tumors to escape the immune response. Its expression in the CAFs might
help in the remodeling of stroma and thereby modulate the immune microenvironment.
Stromal derived Gal-1 induced apoptosis of T-cells in a paracrine manner and favored

Th2 cytokine versus Thl response substantiating the observations that Gal-1 contributes to
pancreatic tumor immune escape [72, 73]. Furthermore, chemokine antibody-array analysis
of Gal-1 treated PSCs revealed significantly higher secretion of chemokine CXCL12 via
NF-kB activation, which was reversed by galectin knockdown [74]. These findings provide
novel insight into the mechanism of galectin-mediated modulation of TME and disease
progression through chemokines. In contrast to previous studies showing Gal-3’s implication
in the early stages of PC, a recent study demonstrated the Gal-3 mediated secretion of
chemokines IL-8, CXCL-1, CCI2, and IL-6, GM-CSF from PSCs via integrin signaling
[75] and PC progression. In fact, the authors showed the involvement of the NF-kB
pathway in Gal-3 mediated CXCL8 production. The above-mentioned studies describe the
regulation of immune modulation through galectin-chemokine interactions. However, there
are unanswered questions that need to be addressed in the context of galectins-chemokine
interactions. For example, how these interactions regulate immune cell differentiation and
maturation, and what factors are driving the pairing of these galectins and chemokines in the
cancer microenvironment. In addition, the role of these interactions in other cell types like
endothelial cells and platelets is yet elusive, which might be crucial in tumor-immune cell
crosstalk and immune modulation in the TME.

Mucins, the primary architect of the cancer glycocalyx, have so far been extensively studied
in driving cancer cell-autonomous signaling; however, their biophysical and rheological
properties in reshaping the composition and functional properties of the glycocalyx remain
unexplored in PC. Our group and others have shown the crucial contribution of mucin-
galectin interaction is driving PC pathogenesis [76]. It has been shown that transmembrane
mucins like MUC1, MUC4, and MUC16 interact with Gal-3 in a glycocalyx-mediated
fashion [77, 78]. Such interactions participate in barrier function on the normal epithelium
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(gastric mucosa) while promoting cell signaling and invasiveness in malignant settings.
Furthermore, a recent study has shown that inflammatory cytokine IL-17 leads to MUC5AC
and Gal-3 interactions in the airway epithelium during asthma [79]. Overall, from these
studies, it is tempting to speculate that the polymeric gel of secreted mucins and extended
sugar-rich extracellular domains of membrane-tethered mucins may bring the galectins and
chemokines in close biological proximity to facilitate their interactions via a glycocalyx-
mediated mechanism which further leads to immune modulation as explained in the previous
sections.

Apart from mucins and galectins, proteoglycans also form an important layer of
glycocalyx, and participate in many cellular functions such as proliferation, cell adhesion,
inflammation, tumorigenesis, and interaction with pathogens. Chemokines interact with
glycosaminoglycans (GAGSs) of proteoglycans and form a chemokine micro-gradient that
directs the cell migration in the context of immune cell trafficking, immune surveillance,
and immune cell maturation. Particularly in cancer, the modulation of these gradients due
to the reshuffling of glycocalyx has been shown to result in immune cell recruitment.

For instance, telomeric protein the telomeric repeat binding factor 2 (TRF2) mediated
synthesis of heparin sulfate proteoglycans (HSPG) gene led to reshaping the glycocalyx in
cancer conditions, which triggered the recruitment and activation of MDSCs via the TLR2/
MyD88/1L-6/JAK1/2 axis as well as NK and T-cell inhibition and thereby induction of
immunosuppressive TME [80]. Thus, glycocalyx reshuffling by proteoglycans in the cancer
cells directly links to the MDSC recruitment in the TME.

5. Conclusions and Perspectives

The complex desmoplastic stroma is a hallmark of PC that distinguishes it from other

solid malignancies. The PC TME is not merely an amalgamation of various cell types
surrounded by the stiff matrix; rather, it facilitates the dynamic crosstalk between malignant
and non-malignant compartments like CAFs, immune cells, and endothelial cells. Such
diverse interactions are mediated by soluble chemotactic molecules like chemokines, and
cancer cell-associated glycocalyx or mucinome, which cumulatively led to the disease
aggressiveness, immunometabolic landscape of the tumor, and responses to chemotherapy
and immunotherapy. The field of co-regulation of mucins and chemokine has not been
explored much in the context of heterogeneity in CAFs or diversity of the immune milieu
of pancreatic TME. Nevertheless, various studies in other solid malignancies and benign
pathologies suggest that mucins and mucin-associated proteins like TFFs, and galectins
might modulate the immune landscape in PC via mucin and chemokine crosstalk. The
specific expression patterns of mucosal chemokines enable immune homeostasis in the
mucosal tissues. However, the intricate mechanisms responsible for switching their role in
defense functions to pathogenic ones in the cancer are elusive. Though several studies show
their implications in tumor progression and metastasis, extensive efforts are required to
characterize their contribution to immune cells recruitment and immune modulation.

The ability of mucins to sequester or scaffold the chemokines may explain an enhanced
micro-accumulation of these chemokines near the chemokine receptors to promote immune
tolerance or the ability of mucins to occlude the chemokine receptors on cancer cells to
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facilitate immune escape. In these aspects, the glycan moieties on the mucins play pivotal
roles in mediating direct or indirect routes towards immune suppression. The bioinformatics
analysis from PC patients’ transcriptome suggested a differential correlation of each mucin
with different chemokines. However, overexpression of each of these mucins was associated
with an immunosuppressive tumor milieu. An interesting yet elusive aspect that deserves
attention is the mutually exclusive and complementary correlative patterns between the
mucin family members and chemokines. For example, MUC1 and MUC5AC were strongly
correlated with the mucosal chemokine CXCL17, whereas MUC4 showed a weak-positive
correlation and MUC16 exhibited a negative correlation. On the other hand, MUC1, TFFs,
and MUCS5AC exhibited strong negative correlations with CXCL9, 10,11,12, and 13, which
were positively correlated with MUC16. From these observations, it is tempting to speculate
the few possibilities: 1) mucins may have partially compensatory mechanisms, but they
definitely form unique functional clusters with other family members. Hence, studying the
mucins as a family and not a single molecule may be crucial in understanding their role in
disease pathology; 2) mucins may have a temporal shift in abundance, glycan composition,
and hence in the corresponding interactions as the tumor glycocalyx matures along with

the disease progression. Hence, studying the stage-specific contribution of mucin-chemokine
axis will be beneficial in understanding the immune landscape; and 3) mucins and associated
chemokines may have co-regulatory circuits from the advent of metaplasia to oncogenesis
and distant dissemination. This may explain why MUC1 and MUC5AC exhibited similar
patterns of correlation with chemokines and associations with immune infiltration. Since
MUC1 is expressed by the normal ductal epithelial cells and MUC5AC is expressed

de novo at early PanIN stages (and cells undergoing acinar-to ductal metaplasia in the
murine pancreas), they may be strongly correlated with the mucosal chemokine CXCL17,
which is also abundantly expressed in the normal gastric mucosa and CXCR?2 ligands like
CXCL5, which is also expressed in the malignant pancreas from an early stage. On the
other hand, MUC 16 starts expressing later in the oncogenic cascade, and its expression

on the malignant cells amplifies as the disease progresses towards a poorly differentiated
and invasive phenotype. This may justify its negative association with the early expressed
chemokines and strong positive association with the chemokines implicated in cellular
chemotaxis and trafficking, like CXCLs 9, 10, 12.

Although, there is better clarity on the contribution of glycans in immune regulation by
inducing tolerance associated with cancer progression. However, the TME modulation by
crosstalk between mucin-associated glycans and chemokine cascade is a relatively new field
and needs an in-depth understanding of alterations observed in mucin glycans in various
malignancies, including PC. Mucins possess a vast variety of O-linked glycans, which are
aberrantly expressed in PC. The alterations in their composition may have differential
potential to engage immune inhibitory receptors such as siglecs and thereby induce

immune tolerance. Besides, limited attempts have been made to explore the chemokine-
mediated regulation of mucin glycome in inflamed and transformed pancreatic parenchyma.
Nevertheless, elucidating the mechanisms involved in mucin glycome-chemokine interplay
will help address the pathological challenges in PC, early disease detection by identifying
novel biomarkers and amenable targets for developing better immune modulation strategies
in PC.
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The perpetual abundance of mucins in the pancreatic tumors from an early stage of
oncogenesis and their unique physicochemical nature and rheological properties warrant

the need for investigating the mucin-chemokine axis during the co-evolving events of
oncogenesis, stromagenesis, and immunoediting. With the recent advances in single-cell
RNA sequencing, spatial transcriptomics, lineage tracing experiments, TME-directed murine
models, the definite source and pathological significance of each of these chemokines should
be studied. Further, mucins being abundantly present in the patient sera, serving as potential
biomarkers, the critical association of mucin-chemokine interplay can be extrapolated from
peripheral circulation to the primary tumor that may lead to a better understanding of
intra-tumoral immune milieu and help in patient stratification for immunotherapies.
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Figure 1:
Pancreatic cancer (PC) TCGA dataset was subjected to a CIBERSORTXx deconvolution to

assess the relative abundance of various immune cell types. CIBERSORT or “Cell-type
Identification by Estimating Relative Subsets of RNA transcripts”, is a computational
method to quantify the relative fractions of 22 immune-related cell-types based on a 547
genesignature containing specific gene expression profile for the various immune cell
types. Boxplots represent the relative abundance of various immune cell types, including
Tregs: CD8* T cells, macrophages (M0), and T-follicular cells as a function of expression
(high or low) of different mucins and mucin associated trefoil factors (TFFs) within the
dataset. The high expression represents the top 25t percentile of expression of a particular
mucin or trefoil factor and is shown by the red color box, whereas the low expression
represents the bottom 25t percentile as shown in blue color. To keep this article focused,
we have illustrated only the cell types with a significant expressional difference among the
high and low groups; and elaborated their significance in the text.. Higher expression of
the mucins and TFFs mostly correlated with lower infiltration of cytotoxic CD8*T cells
and higher infiltration of suppressive Tyegs and macrophages, suggesting an association

of immunosuppression with mucin expression in human PC. Statistical comparisons were
carried out using the non-parametric Mann-Whitney-U test. *** p-value<0.05
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Figure 2:

Correlation plot representing spearman correlations between transcriptomic expression of
mucins, trefoil factors, and CXC chemokines in pancreatic cancer (PC)- TCGA patient
data. Darker and bigger circles represent stronger correlations, with blue color representing
positive and red representing negative correlations.
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Figure 3:
Schematic representation demonstrating the co-evolving mechanisms of immune

suppression in PC-TME. Immunosuppression is mediated by two exclusive yet inter-
dependent mechanisms, which includes: (A) Immune evasion by cancer cells; cancer
glycocalyx comprising of the mucins and mucin-associated molecules like galectins
sequester the chemokines enhancing its local enrichment near the chemokine receptor

on immune cells and result in Treg recruitment, mucin-glycans directly interact with

the inhibitory siglecs of T cells and NK cells leading to their impaired function,

or chemokines released into the TME by sialic acid residues of glycans decrease

DC infiltration. Cumulatively, these phenomena result in an immunosuppressive TME.
Additionally, certain mucins like MUC5AC can induce TRAILmediated apoptosis of tumor-
infiltrating neutrophils, which further contribute to the immune escape, and (B) CAFs-
mediated alterations in immune cell phenotype; CAFs secretome is a rich reservoir

of immunosuppressive chemokines like IL-6, LIF, TGF-B, CCL25, CXCL12, CXCLS,
which promote the maturation of M2 macrophages, recruitment of MDSCs, and infiltration
of Tregs in the tumor milieu, leading to the development of tumor-promoting, immune-
suppressive TME. Although no study has yet suggested a direct link between aberrant mucin
expression/ glycosylation and TME development, to our understanding, these two events co-
evolve and rely on soluble factors like chemokines to fine-tune the mutual co-dependence.
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