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Abstract

Pancreatic ductal adenocarcinoma (PDAC) has a poor prognosis owing to its desmoplastic stroma. Therefore, therapeutic strate-
gies targeting this tumor stroma should be developed. In this study, we describe the heterogeneity of cancer-associated fibroblasts
(CAFs) and their diverse roles in the progression, immune evasion, and resistance to treatment of PDAC. We subclassified the
spatial distribution and functional activity of CAFs to highlight their effects on prognosis and drug delivery. Extracellular matrix
components such as collagen and hyaluronan are described for their roles in tumor behavior and treatment outcomes, implying
their potential as therapeutic targets. We also discussed the roles of extracellular matrix (ECM) including matrix metalloprotein-
ases and tissue inhibitors in PDAC progression. Finally, we explored the role of the adaptive and innate immune systems in
shaping the PDAC microenvironment and potential therapeutic strategies, with a focus on immune cell subsets, cytokines, and
immunosuppressive mechanisms. These insights provide a comprehensive understanding of PDAC and pave the way for the
development of prognostic markers and therapeutic interventions.
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INTRODUCTION dynamic interaction between tumor cells and the surrounding
stroma forms a self-reinforcing loop. On one hand, the stroma

Pancreatic ductal adenocarcinoma (PDAC) is the most can protect tumor cells by blocking the access of therapeu-
common form of pancreatic cancer and accounts for ap- tic agents and immune cells (Provenzano et al., 2012). Con-
proximately 85% of all pancreatic cancers (Ryan et al., 2014). versely, signals from tumor cells can induce stromal cells to
Arising from the pancreatic ductal cells, this aggressive malig- secrete growth factors and cytokines, thus further supporting
nancy is often characterized by a late-stage diagnosis and re- tumor growth and survival (Feig et al., 2013). These complex
sistance to conventional therapies (Vincent et al., 2011). The tumor—stroma interactions have therapeutic implications be-
molecular and cellular basis and clinical significance of PDAC cause they affect drug delivery, modify the immune response,
have made it a subject of considerable research interest (Mai- and influence the overall patient prognosis (Neesse et al.,
tra and Hruban, 2008). 2019) (Fig. 1).

One of the distinguishing features of PDAC is a pronounced Recent studies have sought to decipher the molecular pro-
desmoplastic response characterized by an extensive fibrotic file of the stroma to reveal specific signatures that correlate
stroma that exceeds the tumor cell volume (Whatcott et al., with patient survival (Bailey et al., 2016). Identifying stromal
2015). This dense stromal component, which is composed pri- biomarkers, such as specific collagen isoforms, matrix me-
marily of cancer-associated fibroblasts (CAFs), immune cells, talloproteinases (MMPs), and cytokine profiles, can provide
and a complex network of extracellular matrix (ECM), does not deeper insights into disease aggressiveness and metastatic
simply serve as a passive scaffold but actively participates in potential (Jiang et al., 2017). Furthermore, spatial interactions
tumor progression and metastasis (Ohlund et al., 2014). The between tumor cells and stromal components, including the
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Fig. 1. The influence of cancer-associated fibroblasts (CAFs) on the principal hallmarks of PDAC. Through dynamic interactions with the
tumor stroma microenvironment, CAFs assimilate physiological roles that fundamentally influence the principal hallmarks of PDAC.

proximity and organization of fibroblasts and immune cells,
have been found to be the key determinants of disease pro-
gression; these spatial patterns provide clues to the activity of
the immune system against tumors and can predict resistance
or sensitivity to specific therapeutic interventions (Biffi et al.,
2019).

In this study, we explore the intricate tapestry of the stroma
and how individual elements influence the prognosis of PDAC
to elucidate potential pathways for the development of inno-
vative therapeutic strategies and sophisticated prognostic as-
sessments.

CANCER-ASSOCIATED FIBROBLASTS (CAFS)

Origin of cancer-associated fibroblasts (CAFs) in PDAC

CAFs are a major component of the characteristic desmo-
plastic response in PDAC and play a multifaceted role in tu-
mor progression, immune evasion, treatment resistance, and
metastasis. In general, the term “CAFs” refers to fibroblasts
in the tumor microenvironment (TME) of solid cancers. These
cells are characterized by their spindle-like morphology and
functional activation, which distinguishes them from the dor-
mant fibroblasts commonly found in healthy tissues (Zhang et
al., 2022). Pancreatic stellate cells (PSCs) were considered to
be the primary progenitors of CAFs in PDAC; however, recent
studies have shown that PSC-derived CAFs represent only
a fraction of the total CAF population (Helms et al., 2022). In
addition, other cell types within the TME, including bone mar-
row—derived macrophages, endothelial cells, adipocytes, and
perivascular cells, have been identified as potential sources
of CAFs that are recruited and transformed at the tumor site
(Huang et al., 2020; Sunami et al., 2020).
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Activated factors of cancer-associated fibroblasts (CAFs) in PDAC

CAFs are activated fibroblasts characterized by the expres-
sion of specific markers such as alpha-smooth muscle actin
(a-SMA), fibroblast activation protein (FAP), and platelet-de-
rived growth factor receptors (PDGFRa/f) (Han et al., 2020).
Once activated, CAFs secrete a variety of factors including
growth factors, chemokines, and cytokines, which contribute
to the creation of a pro-tumorigenic microenvironment. One
of the primary mechanisms through which CAFs drive PDAC
proliferation is through the modulation of ECM components
(Joshi et al., 2021). CAFs remodel the ECM, increasing its
stiffness and altering its composition, which in turn promotes
cancer cell proliferation. This remodeling is facilitated by the
secretion of matrix metalloproteinases (MMPs) and the depo-
sition of fibrous proteins such as collagen and fibronectin, cre-
ating a physical scaffold that supports tumor growth (Belhabib
et al., 2021). In addition, CAFs secrete several growth factors,
including fibroblast growth factor (FGF), vascular endothelial
growth factor (VEGF), and transforming growth factor-beta
(TGF-B), which directly stimulate cancer cell proliferation and
support angiogenesis (Feng et al., 2022). In particular, TGF-3
signaling is a key pathway through which CAFs induce epithe-
lial-to-mesenchymal transition (EMT) in cancer cells, a critical
process for metastasis (Baulida, 2017). EMT facilitates the
detachment of cancer cells from the primary tumor mass, en-
hancing their ability to migrate and become invasive, thereby
promoting metastasis.

CAFs also contribute to the immunosuppressive tumor
microenvironment observed in PDAC by secreting cytokines
such as interleukin-6 (IL-6) and interleukin-10 (IL-10), which
can inhibit the function of immune cells and further facilitate
tumor growth and metastasis (Morgan et al., 2023). CAFs sig-
nificantly influence the pancreatic cancer progression through
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Fig. 2. Heterogeneity of cancer-associated fibroblast (CAFs) and ECM remodeling in PDAC. Pancreatic stellate cells (PSCs) and other res-
ident tissue fibroblasts are the primary progenitors of CAFs in PDAC, and mesothelial cells, adipocytes and bone marrow-derived macro-
phages transform into CAFs. Epithelial and endothelial cells are also identified as potential sources of CAFs that are recruited and trans-
formed in the tumor microenvironment. Based on the subtype of CAFs, they generally include myofibroblast CAFs, inflammatory CAFs and
antigen-presenting CAFs. The ECM of PDAC is particularly dense and contributes to its desmoplastic response. It's composed of collagen,

proteoglycans, laminin, and fibronectin, etc.

Table 1. The key markers of different subtypes of CAFs in PDAC

CAF
subtype

CAF markers References

myCAF a-SMA™" Murray et al., 2022
PDGFR (CD147) Rhim et al., 2014; Shin et al., 2014

TGF-B1 Rhim et al., 2014; Shin et al., 2014

Col 1 Ozdemir et al., 2014
iCAF FAP McAndrews et al., 2022

IL-6 Elyada et al., 2019

LIF Shi et al., 2019

CXCL1 Ohlund et al., 2017; Biffi et al., 2019
apCAF MHC Class Il Elyada et al., 2019

CD74 Elyada et al., 2019

their role in ECM remodeling, secretion of growth factors and
cytokines, and contribution to an immunosuppressive micro-
environment (Wright et al., 2023). Understanding the intricate
signaling networks between CAFs and cancer cells offers
promising opportunities for the development of targeted thera-
pies aimed at disrupting these interactions and thereby inhibit-
ing PDAC progression and metastasis (Fig. 1).

Classification of cancer-associated fibroblasts (CAFs)

CAFs are heterogeneous and can be subclassified into
multiple populations on the basis of their functions and mark-
ers. Recent advances in genetically engineered mouse mod-
els of PDAC and the application of single-cell ribonucleic acid
sequencing have revealed the broad diversity of CAFs and
demonstrated that CAFs in PDAC exert context-dependent
functions that include both tumor-promoting and tumor-sup-
pressive effects (Garcia et al., 2020; Boyd et al., 2022). The
subtypes of CAFs commonly include myofibroblast CAFs (my-
CAFs), inflammatory CAFs (iCAFs), and antigen-presenting
CAFs (apCAFs). In the current study, we focus on these three

main types of CAFs (Fig. 2, Table 1).

Myofibroblast cancer-associated fibroblasts (myCAFs)

Ohlund et al. (2017) discovered that CAFs in PDAC exhibit
myCAF or iCAF phenotypes. myCAFs are located in close
proximity to tumor cells, express high levels of alpha-smooth
muscle actin (a-SMA), and are stimulated by transforming
growth factor. Interfering with the normal differentiation of
PSCs into a-SMA* myofibroblasts can result in a shift in acti-
vation to iCAFs, which can promote pancreatic tumor invasion
(Murray et al., 2022). The selective depletion of a-SMA* myo-
fibroblasts in mice at the early and late stages of PDAC re-
sulted in aggressive tumors with significantly reduced stiffness
of the tumor tissue because of decreased collagen | (Col )
content and myCAF-induced ECM remodeling, thus leading to
the decreased survival of the animals (Ozdemir et al., 2014).
Myofibroblast-depleted tumors were sensitive to anti-CTLA4
immunotherapy, thus opening a potential therapeutic avenue;
however, the genetic ablation of sonic hedgehog signaling in
mouse PDAC remarkably reduced a-SMA* matrix content, in-
creased vascularity, and resulted in aggressive tumors with
increased metastatic potential (Rhim et al., 2014; Shin et al.,
2014). Although this demonstrates the tumor-suppressive ef-
fects via the critical protective role of myofibroblasts and my-
CAF-secreting collagen/ECM in PDAC, the clinical application
of non-selective matrix depletion strategies in PDAC requires
caution.

Inflammatory cancer-associated fibroblasts (iCAFs)

iCAFs are located at a significant distance from malignant
cells and express a-SMA at low levels but produce inflamma-
tory cytokines, including interleukin (IL) 6 and CXCL1 (Ohlund
et al., 2017; Biffi et al., 2019; Elyada et al., 2019). IL-6 plays
a critical role in the formation of the tumor immune microenvi-
ronment and is an inflammatory cytokine secreted by iCAFs in
response to paracrine signaling from the malignant epithelium,
which promotes the invasion and colonization of pancreatic
cancer cells (Nagathihalli et al., 2016; Ohlund et al., 2017).

www.biomolther.org
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However, the removal of IL-6 from a-SMA* CAFs improves the
efficacy of gemcitabine and acts synergistically with immune
checkpoint blockade (McAndrews et al., 2022). Leukemia in-
hibitory factor (LIF), which is another key paracrine mediator, is
released by iCAFs and promotes tumor progression in mouse
and human PDAC tissues (Shi et al., 2019). Targeting LIF with
gene ablation or neutralizing antibodies can improve the ef-
ficacy of chemotherapy and prevent engraftment in pancreatic
xenograft models (Wang et al., 2019). In addition, PDGFRa
has been proposed as a surface marker of iCAF that inhibits
myCAF differentiation (Djurec et al., 2018). Collectively, tar-
geting iCAF offers a potential therapeutic avenue because it
can reduce their tumor-promoting activity while promoting the
tumor-suppressive properties of myCAFs.

Antigen-presenting cancer-associated fibroblasts (apCAFs)

Tubeson et al. identified a third CAF subtype in PDAC called
apCAFs, which express the MHC-II gene and CD74 (Elyada
et al., 2019). apCAFs induce T cell receptor binding to CD4*
T cells but lack costimulatory molecules for T cell proliferation
(Elyada et al., 2019; Huang et al., 2022). Their abundance
is negatively correlated with the CD8*/regulatory T cell (Treg)
ratio in human PDAC, thus suggesting an immunosuppres-
sive function. apCAFs are presumably derived from mesothe-
lial cells and exhibit an overlapping gene expression signature
(Huang et al., 2022). Targeting mesothelin may inhibit its con-
version to apCAFs, reduce Tregs, and increase the number of
cytotoxic T cells (Huang et al., 2022), thus making it a potential
therapeutic strategy.

EXTRACELLULAR MATRIX (ECM) PROTEINS

The ECM of PDAC is particularly dense and contributes to
its desmoplastic nature (Fig. 2). It is composed of collagen,
proteoglycans, laminin, and fibronectin and provides structural
integrity and biochemical cues for cell function (Table 2). The
altered composition and cross-linking of the ECM can modu-
late tumor cell behavior, promote metastasis, and interfere
with drug delivery (Provenzano et al., 2012). Particularly, the
composition of the ECM and its interactions with cancer cells
can affect the prognosis of patients with these malignancies.

Collagen

Collagen is a major component of ECM and plays an impor-
tant role in PDAC progression The accumulation of collagen
within the tumor environment is directly linked to increased
tumor invasiveness. Furthermore, this enhanced deposition
of collagen can impact treatment efficacy and contribute to
drug resistance due to its barrier properties (Ohlund et al.,
2013; Drifka et al., 2016). Several studies have highlighted
that Col | remodeling may serve as a prognostic marker in
patients with PDAC. PDAC cells produce a unique oncogenic
Col | homotrimeric variant that differs from the heterotrimeric
form found in normal cells and promotes cancer cell prolifera-
tion and immunosuppression (Chen et al., 2022). The Col |
homotrimer influences the tumor immune microenvironment
by altering the tumor-associated microbiome while repelling
T cells and recruiting bone marrow—derived suppressor cells.
In nutrient-limited environments, PDAC cells utilize amino ac-
ids, particularly proline, from the degradation of ECM proteins,
such as Col | and 1V, to support TCA cycle metabolism. The

https://doi.org/10.4062/biomolther.2024.029

uptake of collagen triggers the extracellular signal-regulated
kinase 1/2 signaling pathway, which contributes to the survival
of cancer cells under nutritional stress conditions (Olivares et
al., 2017). In terms of targeted therapy to ECM collagen, some
researchers have utilized liposomes loaded with collagenase
(called “collagosomes”) to degrade collagen in pancreatic tu-
mor stroma. The targeted delivery of proteolytic enzymes can
enhance tumor therapy with minimal damage to healthy tissue
(Zinger et al., 2019). This ECM remodeling appears to disrupt
signal transduction between cancer cells and CAFs, thus po-
tentially inhibiting PDAC progression (Nakajima et al., 2022).

Hyaluronan (HA)

HA is another ECM molecule that is significantly upregu-
lated in PDAC. High concentrations of HA can elevate tumor
stromal pressure, which can interfere with drug delivery and
affect treatment outcomes (Provenzano et al., 2012; Cheng
et al., 2016; Kudo et al., 2017). In PDAC, stromal HA accu-
mulation is an independent prognostic factor of poor survival
and is associated with poor immune response, as indicated
by reduced T cell infiltration in the TME (Tahkola et al., 2021).
The role of HA is complex: it potentially acts as both a physical
barrier and a signaling molecule that influences the immune
response. An HA-rich environment can also promote tumor-
associated macrophage infiltration and differentiation into a
pro-tumor phenotype (Yang et al., 2023). Patients with high
HA levels had significantly shorter survival. There were sig-
nificant differences in HA levels between primary pancreatic
tumors and metastatic sites, particularly in the liver. These
variations in HA levels suggest that the treatment may need to
be site-specific, thus raising concerns regarding the role of HA
in different TMEs (Placencio-Hickok et al., 2022).

Matrix metalloproteinases (MMPs)

MMPs, which are enzymes that degrade the ECM, and
its tissue inhibitors (TIMPs) have also been investigated for
their roles in PDAC. This imbalance can alter ECM dynam-
ics, thus potentially driving tumor progression and affecting
patient prognosis (Slapak et al., 2020). MMPs, which are also
known as matrix metallopeptidases, are calcium-dependent
zinc-containing endopeptidases. MMPs are highly expressed
in PDAC tissues compared with surrounding non-cancerous
tissues (Zhai et al., 2016; Zhang et al., 2020). MMPs are key
drivers of tumor growth, invasion and metastasis during pan-
creatic cancer progression (Kessenbrock et al., 2010). Ac-
cording to this notion, changes in MMP expression levels are
often considered surrogate markers of pancreatic cancer pro-
gression and/or treatment response. Indeed, reduced MMP
levels upon treatment (either pharmacological or genetic abla-
tion) are considered proof of the antitumorigenic potential of
this mediator (Slapak et al., 2020).

The tissue inhibitors of metalloproteinases (TIMPs)

An imbalance between TIMPs and MMPs can compromise
the structural integrity of ECM in PDAC, thereby influencing tu-
mor dynamics and behavior (Roy and Walsh, 2014; Schoeps
et al., 2021; Tian et al., 2022). In particular, TIMP1 may be a
biomarker for early intervention and a novel therapeutic tar-
get for the inhibition of liver metastasis in patients with PDAC.
Precancerous or inflammatory lesions in the pancreas release
TIMP1 into the blood to activate hepatic stellate cells in the
liver, thus creating a “premetastatic niche” in which the liver is
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highly vulnerable to cancer cells. This metastatic niche can be
prevented or reversed by targeting TIMP1 interactions or relat-
ed signaling pathways (Grinwald et al., 2016). Furthermore,
TIMP1 expression was found to be higher in gemcitabine-
resistant PDAC cells. Its knockdown sensitizes cancer cells
to gemcitabine by reducing cell proliferation and promoting
apoptosis (Tan et al., 2021). Monocyte-like cells, particularly
those secreting TIMP2, can significantly reduce the formation
of invasive podia in PDAC cells, thereby reducing their inva-
siveness and metastatic potential. Furthermore, manipulating
the TME to increase TIMP2-secreting monocytes may be a
promising therapeutic strategy (Benzing et al., 2019).

Fibronectin

Fibronectin expression is significantly higher in the micro-
environment of PDAC than in normal pancreatic tissue and
is associated with aggressive tumor features such as larger
size, advanced tumor stage, and worse disease outcomes
(Xu et al., 2023). Although fibronectin is associated with EMT
and has been proposed as a biomarker for EMT, its prognostic
value in PDAC remains inconclusive. The role of fibronectin in
tumor biology appears to be complex and context dependent,
with different effects observed in different cancer types (Hu
et al., 2019). Fibronectin fragments produced by pancreatic
trypsin act to inhibit PDAC by disrupting the functional con-
nections between B1 integrin, focal adhesion kinase, and fi-
broblast growth factor receptor. This inhibition reduces PDAC
cell adhesion, proliferation, and tumor growth (Resovi et al.,
2023). Additionally, near-infrared fluorescence (NIRF) and
magnetic resonance (MR) imaging demonstrated higher FN
levels in PDAC from obese mice. Obesity was associated with
accelerated PDAC growth, increased metastasis, and reduced
response to gemcitabine chemotherapy. The decreased effi-
cacy of chemotherapy in obese PDAC mice was attributed to
impaired drug delivery, potentially linked to elevated FN levels
in the ECM (Xu et al., 2023).

Laminin

Laminins are a family of high-molecular-weight glycopro-
teins that primarily accumulate in the ECM of neuroretinal,
skeletal, or epithelial cells. The expression levels of lami-
nins, including laminin-5 gamma-2 (LAMC?2), are increased
in PDAC at both the messenger ribonucleic acid and protein
levels (Kirtonia et al., 2022; Sari et al., 2023). High expres-
sion and levels of LAMC2 are associated with advanced path-
ological stages and poor survival outcomes. Its knockdown
reduces the self-renewal, migration, invasion, tumorigenicity,
and chemoresistance of PDAC cells. LAMC2-positive cells ex-
hibit EMT properties and enhanced metastatic potential (Cave
et al., 2022). Mechanistically, LAMC2 was found to interact
with EGFR, activating downstream signaling pathways like
EGFR-ERK1/2 and AKT/mTOR/P70S6K/P85S6K, thereby
contributing to tumorigenesis and metastasis (Kirtonia et al.,
2022). Its expression was also predictive of the response to
gemcitabine-based therapy. The downregulation of LAMC2
increases gemcitabine sensitivity, induces apoptosis, and im-
pairs the invasion and migration of PDAC cells. It also contrib-
utes to regulate EMT activation and adenosine triphosphate—
binding cassette transporter expression (Okada et al., 2021).
These studies suggest that laminins are potential therapeutic
targets for controlling the invasive and metastatic aspects of
PDAC (Huang and Chen, 2021).

IMMUNE CELLS AND CYTOKINES

PDAC stroma is infiltrated by a variety of immune cells.
Some immune cells, such as M2 macrophages and T regula-
tory cells, promote tumor progression and immune evasion,
whereas others, such as cytotoxic T cells and NK cells, coun-
teract tumor growth (Fig. 3). However, an immunosuppres-
sive microenvironment often limits their activity (Beatty et al.,
2021).

Cancer cells

Collagens
HA
MMPs
TIMPs

CD8™ T cell H -
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Fig. 3. Cancer-associated fibroblasts (CAFs) interact with immune cells. CAFs secrete ECM components and contribute to the fibrotic tu-
mor microenvironment. Cancer cytokines such as TGF-f, IL-1B and CXCL13 play a critical role in the activation of CAFs. Once activated,
CAFs promote cancer cell growth by releasing factors that support tumor development. PDAC has dysfunctional T cells with decreased lev-
els of CD3", CD4" and NK cells and increased levels of regulatory T cells. In addition to recruiting and regulating immunosuppressive cells,

CAFs also interfere with the anti-tumor functions of CD8" T cells.
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INNATE IMMUNE SYSTEM

Macrophages

Macrophages are a major component of pancreatic TME,
and an increase in macrophages is associated with poor pa-
tient survival (Poh and Ernst, 2021). Macrophages are broadly
categorized into the M1 and M2 subtypes. M1 macrophages
show increased expression of inducible nitric oxide synthase,
whereas M2 macrophages express high levels of CD204,
CD206, ARG1, and CD163 (Singh et al., 2014; Wang et al.,
2015). These subtypes play distinct roles in tumor progres-
sion, with proinflammatory M1 macrophages inhibiting tumor
growth, and M2 macrophages contributing to tumor progres-
sion by inhibiting T cell-mediated antitumor immune activity
(Beatty et al., 2015). Tumor-associated macrophages (TAMs)
release cytokines (e.g., TGF- and PGE2) and chemokines
(e.g., CCL7 and CCL2) that promote T cell exhaustion and
contribute to the creation of a self-sustaining microenviron-
ment conducive to tumor growth (Kalinski, 2012). TAMs in-
hibit antitumor responses by expressing inhibitory receptors
such as PDL1/PDL2 and CD80/CD86, which bind to PD1 and
CTLA4 on the surface of CD8 T cells, thus preventing the re-
cruitment and activation of cytotoxic effector cells. TAMs also
promote the accumulation of Tregs in tumors. Recent strate-
gies to target TAMs in PDAC include macrophage depletion,
macrophage recruitment inhibition, and macrophage repro-
gramming, and several agents are currently under clinical
evaluation.

Natural killer (NK) cells

The proportion of NK cells is lower in tumor tissues than
in blood, thus indicating that NK cell migration into the tumor
is inhibited. Notably, NK cells from patients with PDAC show
altered cytokine production, with decreased levels of inter-
feron gamma, IL-6, and IL-2 but increased production of IL-
10, thus suggesting a regulatory phenotype (Marcon et al.,
2020). The mechanisms that inhibit the growth of pancreatic
cancer mainly include the upregulation of multiple receptors
and ligands and the promotion of the release of NK cell-as-
sociated cytokines. The secretion of cytokines, stimulation of
immune drugs, and other methods to enhance the activity of
NK cells are novel strategies for enhancing the tumor-killing
effect of NK cells. In the future, additional NK cell-related im-
munotherapies will be applied for the treatment of pancreatic
cancer (Peng et al., 2021).

Adaptive immune system

PDAC tumors are considered nonimmunogenic or cold,
have a low mutational burden and low infiltration of CD8* cy-
totoxic lymphocytes (T cells) localized along the invasive edge
of the tumor border in the surrounding fibrotic tissue, and of-
ten exhibit an exhausted phenotype (Goulart et al., 2021). Pa-
tients with PDAC exhibit dysfunctional T cells with decreased
levels of CD3, CD4, and NK cells and increased Treg cells
(Xing et al., 2022). Tumor-infiltrating lymphocytes, particularly
Tregs, and their interactions with dendritic cells (DCs) play an
important role in tumorigenesis and response to antitumor im-
munotherapy. In PDAC, Tregs can inhibit the antitumor activity
of CD8" T cells, thereby undermining the effectiveness of im-
munotherapy. DCs recognize tumor cell antigens and present
them to T cells to influence immune responses. A low number
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of tumor-infiltrating DCs in PDAC is associated with immune
evasion. DCs can induce the differentiation of cytotoxic CD8*
T cells while potentially suppressing Treg formation or func-
tion. In addition, the TME with increased DC concentrations
can promote T cell differentiation and suppress Tregs, thereby
promoting antitumor immune responses (Pu et al., 2018a,
2018b). Recently, a new metric called the infiltrative immune
response, which combines CD8* T cell infiltration with the
presence of FoxP3" Tregs, was developed to provide better
survival risk stratification (Yi et al., 2018).

Cytokines

Cytokines promote PDAC initiation, progression, metasta-
sis, and the distant colonization of malignant cells via their
receptors. These signaling mediators secreted by TAMs and
CAFs, combined with oncogenic KRAS mutations, initiate
ductal metaplasia in progenitors, thus resulting in the appear-
ance of early preneoplastic lesions (Bhatia et al., 2022). The
proinflammatory cytokine IL-13 has two roles. It cooperates
with mutant KRAS to stimulate the proliferation of pancreatic
epithelial cells and upregulates CXCL13 to attract B cells to
the TME. The accumulation of B cells in the pancreas, particu-
larly immunosuppressive subpopulations such as regulatory B
cells and PD-L1* B cells, plays an important role in promoting
tumorigenesis by suppressing CD8* T cell activity (Takahashi
et al., 2021). One of the major factors that limit the efficacy of
immune checkpoint inhibition in PDAC is the overexpression
of TGF-B, which promotes immune tolerance. Although TGF-3
pathway inhibitors have shown partial efficacy, their combina-
tion with PD-1/PD-L1 inhibitors has demonstrated potential to
enhance antitumor immune responses (Principe et al., 2019).
Studies have shown that TGF-f signaling can inhibit the ac-
tivation and function of T-lymphocytes which is an important
component of the antitumor immune response. TGF-f can in-
hibit T cell cytotoxicity by upregulating molecules such as Fas
ligand and Granzyme B, which are essential for T cell-mediat-
ed tumor cell death. Additionally, TGF-$ can induce anergy in
T cells, thus making them less responsive to activation signals
(Pu et al., 2018a, 2018b).

CONCLUSIONS

PDAC is a highly aggressive and challenging cancer with
a poor prognosis. The characteristic complex TME and dense
desmoplastic response of PDAC contribute to its tumorigenic-
ity and tumor progression. CAFs are important components of
the PDAC TME and contribute to tumor progression and dis-
semination. In this review, we discuss the functional heteroge-
neity of CAFs, the stromal ECM, and the immune responses.
The functional status of CAFs as myofibroblasts or inflamma-
tory cells may depend on their differentiation status or may
simply be a dynamic process in response to environmental
changes. The targeting of CAFs, ECM, and desmoplasticity is
currently under consideration. Targeting CAFs and ECM-rich
desmoplasia may still be attractive options for PDAC treat-
ment; nevertheless, more research is needed to further char-
acterize CAFs. Conclusively, a better understanding of the
interaction between different types of CAFs and the stromal
ECM may help guide new treatment paradigms and improve
the prognosis of patients with PDAC.
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