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Pancreatic ductal adenocarcinoma (PDAC) is characterized by a tumor
microenvironment (TME) composed of a dense extracellular matrix, cancer-
associated fibroblasts (CAFs), vasculature, neural elements, and immune cell
populations. This complex network promotes tumor proliferation, invasion,
metastasis, and resistance to immunotherapy and chemotherapy. The
microenvironmental characteristics of the various PDAC subtypes are
discussed in this review. And we examines the role of cancer cells in the TME,
highlighting their ability to manipulate stromal components to serve as
collaborators in tumor progression. Furthermore, we explored the formation
mechanism of the immunosuppressive microenvironment in PDAC, paying
attention on Inflammation and intrinsic genetic alterations, the regulatory
effect of metabolic reprogramming, the contribution of CAFs and the role of
immune cells in cancer cell metastasis. This review shows the role of soluble
molecules and exosomes in facilitating PDAC progression and immune evasion
within the microenvironment. In conclusion, we outline the novel therapeutic
strategies that focus on the interaction between cancer cells and their
microenvironment, with the objective of offering new insights for future
precision medical interventions.
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1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is among the most
lethal gastrointestinal malignancies, with an estimated five-year
survival rate of 13% (1). According to the latest cancer statistics,
it is the third leading cause of cancer-related deaths (1). By 2040, it
is projected to rank as the second leading cause of cancer-related
mortality globally (2). The mainstay of treatment for patients with
resectable and borderline resectable PDAC with the goal of
increasing RO resection rates is surgery, supplemented by
standard postoperative chemotherapy regimens. In addition,
perioperative treatment of borderline resectable PDAC is now
being explored (3); however, the asymptomatic onset and rapid
disease progression of PDAC frequently result in late-stage
diagnosis. Consequently, over 80% of patients present with locally
advanced or metastatic stages, precluding them from potentially
curative surgical intervention (4, 5). Even with standard surgical
treatment, the one-year recurrence rate was up to 57.3% (6).
Treatment for recurrent and metastatic PDAC includes
chemotherapy, radiotherapy, and targeted therapy, with
chemotherapy being the primary treatment option. Current first-
line chemotherapy regimens such as FOLFIRINOX (oxaliplatin,
irinotecan, folinic acid, and 5-fluorouracil), AG (albumin-bound
paclitaxel plus gemcitabine), and gemcitabine monotherapy have a
median survival of < 1 year in patients with metastatic PDAC who
receive standard chemotherapy (7, 8). Immunotherapy has achieved
good efficacy in many solid tumors and changed the current pattern
of tumor treatment. However, achieving a breakthrough in PDAC
treatment remains challenging, primarily owing to its unique tumor
microenvironment (TME) (3, 9).

The TME of PDAC comprises a complex interplay of cancer-
associated fibroblasts (CAFs), various immune cell subsets, extracellular
matrix (ECM) components, vasculature, and neural elements (10),
which collectively create a desmoplastic stroma that supports tumor
progression and therapeutic resistance. The cellular composition and
functional states within the TME are highly dynamic and can vary
considerably depending on the genetic and phenotypic characteristics of
the tumor cells, as well as the stage of disease progression (11). The
hallmark features of the PDAC microenvironment include a dense
fibrotic stroma, hypoperfusion, extensive perineural invasion (PNI), and
profound immunosuppression, contributing to a “cold” immune milieu
that impairs immune surveillance and antitumor responses. The
immune-tolerant microenvironment of PDAC is a dynamic
ecosystem primarily influenced by cancer cells that educate various
stromal cells to actively contribute to tumor promotion. A
comprehensive understanding of the PDAC microenvironment’s
composition and the interaction mechanisms among multiple cellular
components will significantly improve treatment strategies. The
microenvironments of various PDAC subtypes differ, resulting in
significant differences in therapy responses (12). Consequently, it is
essential to establish a refined molecular subtyping of PDAC by
integrating features from both the tumor epithelium and stromal
microenvironment. This review focuses on the different subtypes of
PDAC and their microenvironmental properties. We explores the
intricate components of the PDAC-TME and highlights how PDAC
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cells actively reshape their surrounding microenvironment, exacerbating
disease progression and establishing a distinct “cold” TME that
differentiates PDAC from other solid tumors. Additionally, we
examined the function of soluble molecules and exosomes in
intercellular communication, along with novel therapeutic approaches
aimed at the interaction mechanisms between cancer cells and their
microenvironment (Figure 1).

2 PDAC subtypes

PDAC subtypes reveal the molecular characteristics of tumor
cells and their significant association with the tumor
microenvironment, encompassing immune cell infiltration,
stromal components, and signaling pathways. Collisson et al. (12)
initially categorized PDAC into three distinct subtypes: classical
(CLA), quasimesenchymal, and exocrine-like. The CLA subtype
exhibits high expression of adhesion-specific and epithelial genes,
correlating with a favorable prognosis. The quasimesenchymal
subtype exhibited elevated expression of mesenchymal genes and
correlated with the poorest prognosis (12). The Moffit classification
identifies two tumor-specific subtypes: the basal-like (BL) subtype
and the CLA subtype. Furthermore, activated and normal matrix
subtypes were identified based on specific matrix gene expression.
Activated matrix subtypes are characterized by elevated expression
of macrophage-related molecular genes, including Integrin subunit
alpha M, C-C motif chemokine ligand 13(CCL13)and CCL18, as
well as tumor-promoting secretory protein genes such as secreted
protein acidic and rich in cysteine, gelatinase B (MMP9), and
stromal hemolysin 3 (MMP11) (13). Studies indicate that the
epigenetic regulatory factor bromodomain-containing protein 4
enhances the expression of the transcription factor cellular Jun
proto-oncogene, which in turn promotes tumor cells to secrete
CCL2, facilitating macrophage recruitment. The inflammatory
factor tumor necrosis factor-alpha(TNF-a), secreted by
macrophages, can activate cJUN/Activator protein 1(AP1),
leading tumor cells to transition from the CLA subtype to the BL
subtype, which is associated with a poorer prognosis (14). The
intervention with TNF-o resulted in a significant reduction of
CD3", CD4"%, and CD8" T cell infiltration in the tumor
microenvironment, alongside alterations in the tumor
compartments (15). Puleo et al. (16) improved the original Moffit
classification by introducing five subtypes: pure basal like, stroma
activated, desmoplastic, pure classical, and immune classical. The
expression of the Focal Adhesion Kinase(FAK) pathway was
significantly enriched in both the desmoplastic type and the
stroma activated type (16). The effective treatment of PDAC
necessitates the departure from conventional single pathological
classification models. It is essential to develop a multi-classification
system that incorporates the characteristics of tumor epithelium
and microenvironment heterogeneity. These PDAC subtype
classifications enhance the understanding of microenvironment
characteristics and treatment response mechanisms across
different subtypes. Table 1 summarizes the different classifications
of PDAC subtypes and their features.
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Overview diagram of the PDAC microenvironment and its hallmark features. DC cells, dendritic cells; MDSC, myeloid-derived suppressor cells; NK
cells, natural killer cells; TAM, tumor-associated macrophage; TAN, tumor-associated neutrophil; Treg cells, regulatory T cells.

TABLE 1 Different classifications of PDAC subtypes and their features.

Classification name Subtypes

Collisson 2011 classical

Features

High expression of epithelial genes, and associated with favorable prognosis

quasi-mesenchymal

exocrine-like

High expression of mesenchymal genes, and associated with the worst prognosis
Associated with the expression of digestive enzyme-related genes

The best prognosis, unable to benefit from postoperative adjuvant therapy.

Poor prognosis, benefit from postoperative adjuvant therapy

Upregulation of markers such as pancreatic stellate cell and smooth muscle actin

Moffitt 2015 classical
basal
normal
activated
Bailey 2016 pancreatic progenitor

acinar-derived exocrine

Activated inflammatory stromal response, poor prognosis
Associated with the classical subtype

Associated with the exocrine subtype

squamous Inflammatory and hypoxic gene expressions are in an activated state.
immunogenic Upregulation of CTLA-4 and PD-1
Puleo 2018 pure basal-like Predominantly characterized by tumor cell features.

stroma-activated

Sensitive to FAK inhibitors;Low immune cell infiltration with high content of
fibroblasts and endothelial cells.

desmoplastic

pure classical

The highest infiltration of all immune cells, with significant activated
stromal signals.

Low overall cell infiltration rate

immune classical

Predominantly infiltrated by natural killer (NK) cells, T cells, and B cells, with low
levels of activated stroma.
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3 CAFs and tumor cells: heterogeneity
and plasticity

Fibroblasts are crucial in tissue homeostasis, wound healing,
inflammation, fibrosis, and ECM synthesis (17, 18). During
carcinogenesis, repeated accumulation of Kirsten Rat Sarcoma
(KRAS) mutations and Small mother against decapentaplegic 4
(Smad4) deletion can induce transforming growth factor beta
(TGF-B) signaling activation and secretion of interleukin (IL)-33
in the stroma, contributing to the transformation of fibroblasts or
pancreatic intraepithelial neoplasia-associated fibroblasts into CAFs
(19-22). A pivotal event in PDAC initiation is acinar-to-ductal
metaplasia (ADM). This process manifests as a transient, reparative
plasticity during pancreatic inflammation or injury, yet undergoes
irreversible neoplastic progression when occurring in acinar cells
with accumulated KRAS mutations, ultimately evolving into PDAC
(23, 24). Seema et al. (23) identified a novel laminin o5/integrin o4/
activator of transcription 3(STAT3) axis mediated by CAFs,
demonstrating its critical role in facilitating ADM during PDAC
progression. The studies indicate that in the early stages of PDAC, a
reciprocal reprogramming mechanism exists between tumor cells
and CAFs. Tumor cells promote CAF differentiation through
oncogenic signaling (TGF-B/IL-33), while CAFs encourage the
malignant transformation of acinar cells, establishing a self-
reinforcing positive feedback loop. CAF activation involves
multiple downstream signaling pathways such as the sonic
hedgehog (SHH) pathway, Janus kinase/signal transducer(JAK)/
STATS3 and nuclear factor kappa-light-chain-enhancer of activated
B cells(NF-xB)signaling pathways (25). The STAT3 transcription
factor promotes the intrinsic activation of CAFs and serves as a key
mediator in the inflammatory regulation during ADM (25, 26).
Consequently, targeting these pathways (e.g., via STAT3 inhibitors)
represents a promising therapeutic strategy to concurrently
suppress CAF activity and ADM progression. CAFs are the most
abundant cell type in PDAC and a key promoter of the desmoplastic
reaction through excessive ECM deposition, thereby increasing
tissue rigidity. Concurrently, they enhance interstitial fluid
pressure and restrict angiogenesis, limiting tumor growth while
contributing to chemoresistance (27-29). In nutrient-deprived
conditions, CAFs secrete various metabolites that support tumor
cell proliferation (30, 31). For instance, elevated expression of the
glutamatergic presynaptic protein Netrin G1 in CAFs upregulates
glutamate, glutamine, and cytokine expression, sustaining tumor
cell viability through direct cell-cell interactions or activation of the
Netrin G1/Netrin-G-Ligand-1 signaling pathway (30, 31). CAFs can
secrete not only amino acids such as glutamine and glutamate, but
also lactic acid and fat intermediates. Furthermore, recent findings
by Divya et al. (32) revealed that CAF can secrete acetate, which on
one hand provides carbon raw material for energy metabolism of
cancer cells. On the other hand, CAF can remodel histone
acetylation including Histone H3 lysine 9 (H3K9),H3K18,H3K27
through acetyl-coa synthase family enzymes to support the survival
of cancer cells in acidic conditions.

The high heterogeneity in phenotype and function among CAF
subsets, coupled with their diverse cellular origins, profoundly
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influences tumor trajectory and therapeutic response. Resident
quiescent pancreatic stellate cells (PSCs) are conventionally
viewed as the primary source of CAFs in PDAC (33). Lineage
tracing and ablation studies reveal that PSCs contribute minimally
to CAFs in PDAC, with the transformation frequency influenced by
tumor genotype (34). Monocytes, macrophages derived from bone
marrow, mesenchymal stem cells derived from adipose tissue,
endothelial cells, mesothelial cells, and pericytes are among the
CAF precursors in PDAC, according to additional lineage-tracing
investigations into CAF origins (19, 35-39). Notably, CAFs
transformed under different stressors or intratumoral factors may
exhibit functional preferences that impact their roles. Recent
research demonstrates that tumor-intrinsic deficiency of SET
domain containing 2, a histone lysine methyltransferase, drives
transcriptional reprogramming through aberrant H3K27
acetylation deposition and promotes bone morphogenetic protein
2(BMP2) signaling pathway activation. This epigenetic alteration
promotes the differentiation of pancreatic stellate cells (PSCs) and
bone marrow-derived mesenchymal stem cells into a lipid-rich
phenotype. These lipid-enriched CAFs, characterized by co-
expression of ATP-binding cassette subfamily A member 8
(ABCAS) and fibroblast activation protein (FAP) (ABCA8"FAP"),
promote tumor metabolism through ABCA8-mediated lipid
transfer to fuel mitochondrial oxidative phosphorylation
(OXPHOS) (40). The isolation of CAFs presents a considerable
challenge in contemporary research, primarily due to the lack of
specific biomarkers. Research indicates that CAFs in PDAC co-
express various structural proteins, including o-smooth muscle
actin (0-SMA), fibroblast-specific protein 1 (FSP1), also referred
to as S100 calcium-binding protein A4 (S100A4), (FAP), and
platelet-derived growth factor receptor o/f (PDGFRo/B).
Nonetheless, the majority of markers are common across various
cell types. A variety of transcription factors, such as paired related
homeobox 1 (Prrx1), STAT3, and Yes-associated protein 1 (YAP1),
play a crucial role in determining CAF phenotypes. Additionally,
their significant plasticity complicates the definitive identification of
CAFs (19). Three classical subtypes of CAFs have been defined: (1)
myofibroblastic CAFs (myCAFs), marked by high o-
SMAexpression; (2) inflammatory CAFs (iCAFs), characterized
by IL-6 and IL-10 secretion; and (3) antigen-presenting CAFs
(apCAFs), expressing major histocompatibility complex class II
and CD74 (36, 41). Functionally, iCAFs are localized within the
dense stroma distal to tumor cells and exhibit immunosuppressive
and pro-tumorigenic properties. In contrast, myCAFs are typically
involved in suppressing tumor growth and immune responses.
However, recent studies indicate that myCAFs exert context-
dependent effects on PDAC cells. Gianluca et al. (42)
demonstrated that PDAC cells secrete TGF-[3, which activates the
epidermal growth factor receptor pathway in myCAFs, significantly
enhancing the metastatic potential of malignant PDAC cells.
Consistent with these findings, Ge et al. (43) reported that
epidermal growth factor receptor-driven myCAF reprogramming
facilitates epithelial-mesenchymal transition (EMT), correlating
with poor prognosis. Additionally, CAFs promote early PDAC
dissemination through the SRY-Box transcription factor 4-matrix
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metalloproteinase 1 (MMP1) signaling cascade. Ela et al. (44)
discovered that IL-1 and TGF-B can induce mesothelial-to-
apCAFs transdifferentiation, thereby enabling apCAFs to promote
the differentiation and expansion of cluster of differentiation CD4"
T cells into regulatory T cells (Tregs) through antigen-specific
mechanisms, contributing to immune evasion. Single-cell
technologies have facilitated the discovery of various novel CAF
subtypes. Chen et al. (45) utilizing single-cell RNA sequencing
(scRNA-seq) and Weighted Gene Co-expression Network Analysis,
discovered a complement-secreting CAF subpopulation
(csCAFs).This subtype predominantly occupies periductal stromal
regions near malignant ducts in early-stage PDAC, exhibiting
marked complement system activation with elevated expression of
complement factors including complement component 3 (C3), C7,
complement factor B (CFB), CFD, CFH, and CFI, enabling
modulation of immune and inflammatory responses (45). Wang
et al. (46) identified metabolically activated CAFs (meCAFs) in low-
connectivity PDAC tumors, characterized by a hyperactive
metabolic state with overexpression of phospholipase A2 group
ITA (PLA2G2A) and cellular retinoic acid binding protein 2
(CRABP2). Patients harboring this subtype demonstrate increased
metastatic risk but significantly improved response to
immunotherapy. Mizutani et al. (47) reported tumor-suppressive
Meflin-positive CAFs that improve PDAC outcomes. Lineage
tracing confirms Meflin® cells generate o-SMA™ CAFs (47).
Recently, Sun et al. (48) employed scRNA-seq and multiplex
immunohistochemistry to identify fibroblast activation
FAPo'CD144" endothelial-like CAFs (endoCAFs). These
FAP0.'CD144" endoCAFs acquire vasculogenic mimicry(VM)
capabilities to facilitate metastasis while promoting in situ tumor
proliferation and invasion via the CD144-B-catenin-signal
transducer and STAT3 signaling axis, exerting dual pro-
tumorigenic functions (48). Other studies revealed leucine-rich

10.3389/fimmu.2025.1585858

repeat-containing protein 15-positive (LRRC15") myofibroblasts
whose development depends on TGF-Breceptor 2 signaling. These
CAFs correlate with poor response to PD-L1 immune checkpoint
blockade (ICB) (49). Table 2 summarizes representative biomarkers
and functions of heterogeneous CAF subtypes in PDAC.

These newly identified CAF subpopulations reflect the complex
plasticity and dynamic nature of CAFs within the TME. For
example, iCAFs and myCAFs can transdifferentiate under specific
cytokine signals; IL-1 drives iCAF formation, whereas TGF-f3
suppresses IL-1 receptor expression, inducing conversion to
myCAFs (50). In PDAC, CAFs highly express tyrosine kinase
inhibitor 1 (TKI1)molecules, and the presence of TKI1" also
contributes to the conversion of myCAFs to iCAFs (51). Hypoxic
conditions within the dense fibrotic stroma may also promote iCAF
polarization (52). Feldmann (53) identified the Prrxl as a key
regulator of EMT and metastasis, mediating the phenotypic
switching of CAFs between quiescent and activated states, further
underscoring the phenotypic plasticity of CAFs in PDAC.

The formation and polarization of CAF may be involved in the
occurrence and development of PDAC. Targeting CAF to
participate as a crucial molecule in the origin and progression of
PDAC may reshape the microenvironment of PDAC. However, its
high heterogeneity and plasticity result in some challenges in the
precise targeting of CAF. One of the current treatments is to inhibit
the CAF activation pathway, including SHH, JAK/STAT3, and
TGF-B inhibitors. However, SHH pathway inhibition changed the
proportion of myCAF/iCAF fibroblasts in PDAC and increased the
proportion of immunosuppressive iCAF instead (54). FAK
inhibitors can reduce tumor metastasis and reshape ECM (55).
Targeting C-X-C motif chemokine ligand 12 (CXCL12) and CXC
receptor (CXCR4) inhibits iCAF activation and enhances the
immune response in PDAC (56). Additionally, different treatment
methods, such as targeted gene mutation and reprogramming CAF,

TABLE 2 Summarizes representative biomarkers and functions of heterogeneous CAF subtypes in PDAC.

Subtypes Markers Functions
myCAF aSMA, FAP, FSP1, PDGFR-a, Col 1, MYL, TGF- | Produce ECM, activate immune responses, mediate EMT, and release factors that
B1, ACTA2,PDPN modulate angiogenesis and metastasis.

iCAF FAP,IL-6,IL-11, CXCL1/2/12 Mediate immunosuppression and promote tumor growth

apCAF MHCIIL,CD74, FSP1, SAA3 Induce differentiation and expansion of CD4" T cells into Tregs,
antigen presentation

meCAF PLA2G2A,CRABP2 Participate in glycolysis to provide OXPHOS in cancer cells, improving
immunotherapy but worsening prognosis.

LRRCI15"CAF OoSMA,TGF-B,LRRC15 Poor response to immunotherapy

Meflin * CAFs Meflin, aSMA®™

csCAFs C3,C7,CFB,CFD,CFH,CFI

endoCAFs FAPo . CDI144

ABCA8'FAP" CAFs ABCAS8,FAP, PDPN, CXCL14, Lpl

NetG1*CAF aSMA, PDPN, NetG1
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Generate 0.-SMA" CAFs and exert tumor-suppressive functions
May modulate intratumoral immune and inflammatory responses

VM forms vascular-like channels which promote tumor cell metastasis and
paracrine signaling encourages local tumor cell proliferation and invasiveness.

Link to tumor cell lipid metabolism.

Supply amino acids to sustain cancer cells, while evading the cytotoxic effects of
NK cells.
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are gradually carried out in clinical trials. The successful benefits of
the trial also require clear and appropriate drug compatibility and
accurate screening of the target population.

4 ECM and cancer cells: enemies or
friends?

Connective tissue hyperplasia is a characteristic tissue marker of
PDAC. The ECM constitutes the predominant stroma in PDAC,
characterized by an intricate network composed of collagen,
proteoglycans, proteases, growth factors, and chemokines (57).
The relative proportions of ECM components and tumor cells
within PDAC can significantly influence tumor biology. For
example, tumors with excessively reduced collagen content exhibit
shorter overall survival rates (58). Beyond the tumor matrix
composition, the mechanical properties of the ECM also impact
EMT, metabolic changes, invasion, and tumor cell metastasis (59).
A rigid ECM can dampen cGAS immune signaling by activating the
Rho-associated protein kinase-myosin II-F-actin signaling pathway
in tumor cells, subsequently modulating tumor immunogenicity
(60). In addition, cancer cells can sense mechanical stress in the
matrix and enhance the Warburg effect to promote glycolysis-
dependent tumor growth (59). In contrast, softened ECM can
mediate Yes-Associated Protein 1 degradation through the
autophagic lysosomal pathway, leading to cancer cell dormancy
(61). Notably, the ECM is traditionally viewed as a tumor-
promoting entity; however, it may also possess protective
properties that inhibit tumor progression (27). Evidence indicates
that targeting lysyl oxidase-like-2 with specific antibodies reduces
ECM content, accelerates tumor progression, and correlates with
decreased overall survival (62). Chen et al. (63) further elucidated
the protective role of the ECM, noting that fibrocollagen-the most
abundant matrix component in PDAC-comprises approximately
80% of the total ECM. Their study demonstrated that a decrease in
type I collagen content within fibrocollagen upregulated CXCL5 in
cancer cells, leading to the recruitment of myeloid-derived
suppressor cells and inhibition of CD8" T cell activity, ultimately
exacerbating PDAC progression and diminishing overall survival
(63). In the stroma, binding of the non-fibrillar collagen type XV to
discoidin domain receptorl and e-cadherin also reduces PDAC
invasion and metastasis (64).

Proteomic analyses reveal that, although stromal cells produce
approximately 90% of the ECM, a portion is synthesized by cancer
cells themselves (57). Notably, the protective effects of type I
collagen secreted by cancer cells mirror those produced by CAFs.
During PDAC progression, fibrous collagen becomes progressively
enriched and maintains its procollagen C domain.BMP1, which
specifically cleaves procollagen I derived from cancer cells,
facilitates type I collagen deposition and inhibits tumor growth
(65). Conversely, other stromal components secreted by cancer cells
have been implicated in promoting metastatic behavior. For
instance, three stromal proteins—agrin, serine protease inhibitor
B5, and cystatin B-are involved in various stages of metastasis,
including EMT, pseudopodia formation, and extravasation of
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PDAC cells (66). Remarkably, cancer cells may exploit the
mechanical properties of the ECM, enhancing its stiffness and
contributing to a positive feedback loop. Recent investigations by
Pierluigi et al. (67) identified transitional morphobiotype cancer
cells associated with collagen network reorganization, potentially
leading to collagen deposition and increased ECM rigidity. These
findings suggest that cancer cells may modulate the surrounding
ECM through direct and indirect mechanisms.

These findings suggest that tumor cells may regulate the ECM
through direct and indirect mechanisms, and ablation of stromal
deposits alone does not prolong overall patient survival, considering
the dual role of the ECM in cancer progression (68). The current
therapeutic dilemma faced by targeted ECM is mainly due to its
dense nature and the interconnections between specific
components of the microenvironment, which ultimately act as a
drug barrier and immunosuppression. Softening the matrix to alter
its mechanical properties, as well as targeting specific matrix
components to remodel the cancer-suppressive ECM and the use
of nanomaterials in bioengineering will help increase tumor
drug delivery.

5 Vascular endothelial cells and
cancer cells: nutrition support and
metastasis

In 1971, it was first proposed that tumor cells rely on blood
supply to obtain oxygen and nutrients needed for growth, a process
termed tumor angiogenesis (69). This neovascularization is often
structurally and functionally aberrant, resulting in interstitial
hypertension, hypoxia, and acidosis, which create a TME that
facilitates tumor proliferation, invasion, and metastasis (70). The
hypoxia-inducible factor is a key mediator of cellular response to
hypoxia and activates the transcription of pro-angiogenic factors,
including vascular endothelial growth factor (VEGF), PDGFB,
MMP-2, and MMP-9 (71). Tumor cells secrete VEGF to promote
the migration and proliferation of vascular endothelial cells,
enhancing microvascular permeability and ultimately driving
tumor angiogenesis However, recent research suggests that
angiogenesis in PDAC may be independent of VEGF signaling.
For instance, PDAC can promote tumor progression through non-
VEGF-dependent angiogenesis, mediated by the Bicaudal C
Homolog 1/Lipocalin 2 axis, highlighting novel therapeutic targets
for anti-angiogenic strategies.

Additionally, PDAC cell-derived exosomal micro ribonucleic
acids (RNAs) have emerged as key modulators of angiogenesis. For
example, exosomal miR-30b-5p promotes angiogenesis by
downregulating gap junction protein 1 under hypoxic conditions
(72). Similarly, cancer cell-derived exosomal miR-27a has been
shown to regulate angiogenesis by influencing human
microvascular endothelial cell function (73, 74). Beyond classical
angiogenesis, tumor cells can facilitate neovascularization through
non-angiogenic pathways, such as VM (75) and vascular co-option
(76). VM is associated with various signaling pathways, including
Notch signaling (77) and the extracellular signal-regulated kinase 1/
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2/2-MMP-2/9 axis (78). Under hypoxic conditions, hypoxia-
inducible factor-20.(HIF-20) can further promote this
phenomenon (79). These findings indicate that tumor cells can
induce angiogenesis through various mechanisms to achieve
feeding. The non-response of PDAC to anti-angiogenic therapy
may be related to non-angiogenic pathways in PDAC cells.

Cancer-associated neovascularization provides essential
nutrients and oxygen to support tumor growth and establishes
potential routes for metastasis. Before metastasis dissemination
occurs, a decrease in the number of pericytes surrounding
microvessels in pre-metastatic niches leads to the loss of integrity
between endothelial cells and the basement membrane. This results
in the formation of highly permeable, immature blood vessels that
facilitate the intravasation and dissemination of cancer cells to
distant metastatic sites (80).

In summary, tumor cells form cancer neovasculature to provide
access to nutrients and metastasis through a variety of mechanisms.
However, antivascular therapy targeting VEGF has not shown
benefit in previous clinical trials in PDAC (81). This may be due
to the fact that angiogenesis in PDAC involves multiple bypass
activation, which requires anti-angiogenic drugs in combination
with other drugs to cover each signaling pathway. In contrast, the
process of vascular provision of nutrients in PDAC may differ from
other solid tumors and not depend on neoangiogenesis, which
needs to be further understood in conjunction with the mechanisms
of nutrient metabolism in tumor cells. In addition, some therapeutic
directions, such as targeting non-angiogenic pathways may bring
new therapeutic opportunities for PDAC.

6 Nerves and cancer cells: PNI

A genetically engineered mouse model of PDAC has shown that
the nervous system plays a role in all stages of cancer development,
including the precancerous stage (82). PNI is a hallmark feature of
PDAC and is present in 70-100% of cases (83, 84). PNI is associated
with pain, increased tumor aggressiveness, and a higher propensity
for locoregional spread, thereby serving as a key prognostic factor for
tumor recurrence and overall survival (85). PNI indicates a unique
interaction where cancer cells exploit neural structures to facilitate
tumor progression. Cancer cells promote nerve growth and guide
cancer cell migration along neural tracts by secreting nerve growth
factors (NGF), neurotrophic factors, and chemokines (86, 87). A
therapeutic target that inhibits this process has recently emerged.
NGF activates the pro-myosin receptor kinase (Trk), and Lar@NP-
OMVs (which contain Trk inhibitors) directly disrupt neural activity
by inhibiting the neurotrophic factor/Trk signaling pathway and
converting M2-type tumor-associated macrophages (TAMs) to M1-
type and enhancing the efficacy of gemcitabine (88). Vera et al. (89)
employed novel tracing technology Trace-n-Seq and single-cell
transcriptomics to reveal how PDAC cells co-opts the nervous
system. Their study revealed that in PDAC, cancer cells reprogram
neurons, resulting in significant neurite outgrowth and their
conversion into neurofilament subtype sensory neurons. Moreover,
the study established a distinct pancreatic cancer neural gene
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signature by integrating robustly replicated differentially expressed
genes across five key sympathetic and sensory neuronal
subpopulations. This signature persists after tumor resection and
may be associated with tumor proliferation and local recurrence (89).
Moreover, co-opted nerves become pro-tumorigenic allies in PDAC.
Beyond participating in early tumorigenesis (82), sensory nerves
secrete CCL21 and CXCL10, which chemoattract PDAC cells
toward sensory neurons and exacerbate cancer-associated pain
(90). Beyond sensory nerves, the pancreas receives dual innervation
from peripheral motor nerves—specifically the sympathetic and
parasympathetic nervous systems. However, their roles in
pancreatic cancer progression exhibit antagonistic effects.
Sympathetic nerves can release catecholamines that suppress CD8"
T cell activity and promote tumor progression (91). Studies in mouse
models revealed that subdiaphragmatic vagotomy accelerates tumor
progression. Further investigation demonstrated that cholinergic
signaling suppresses tumorigenesis through Mitogen-Activated
Protein Kinas(MAPK)pathway and Phosphoinositide 3-Kinase/
Protein Kinase B (PI3K/AKT)pathways (92). However, another
study revealed that acetylcholine affects cancer cells in a dose-
dependent manner. Excessive acetylcholine suppresses interferon-
gamma (IFNYy) production by CD8" T cells and promotes T cell
differentiation toward the Th2 phenotype (93).Furthermore, in terms
of metabolic reprogramming, nerve cells may provide an alternative
nutrient source to sustain tumor growth. For instance, Robert et al.
(94) found that in a nutrient-deficient PDAC microenvironment,
neuronal axons supply serine, promoting tumor cell proliferation.
Remarkably, this process reflects the neurotrophic recruitment by
cancer cells: serine deprivation induces ribosomal stalling specifically
at two of the six serine codons (TCC and TCT), thereby driving
PDAC cells to selectively translate and secrete NGF, promoting
tumor innervation (94). In turn, neurons secrete glutamate, which
binds to ionotropic glutamate receptors, leading to calcium influx and
activation of the downstream Ca*'/calmodulin-dependent protein
kinase II-ERK/MAPK signaling pathway. Subsequently, this cascade
upregulates hexokinase 2 expression via N°®-methyladenosine
modification, ultimately enhancing tumor glycolysis (95). In
PDAGC, intraneural invasion occurs when cancer cells infiltrate the
endoneurium-the innermost nerve layer, composed predominantly
of axons and Schwann cells (SCs) (96). SCs, critical for PNI, can
promote PDAC cell proliferation by transforming into a non-
myelinating phenotype through c-Jun-mediated reprogramming
(97). This reprogramming pathway is termed the tumor-activated
SC trajectory. SCs exert mechanical forces that facilitate cancer cell
invasion along these neural paths (97). Recently, Tian (98) discovered
a paracrine feedback loop between SCs and tumor cells. Tumor-
derived tissue inhibitor of metalloproteinase 1 (TIMP1) promotes SC
proliferation and migration through the CD63/PI3K/AKT pathway.
In turn, SCs secrete CCL7, which enhances cancer cell migration,
invasion, and TIMPI1 expression through C-C chemokine receptor
(CCR2)/STAT3 signaling. Silencing TIMP1 in vitro and in vivo
disrupted this paracrine signaling (98), suggesting a potential
therapeutic target for inhibiting PNI in PDAC. Autophagy is a
primary degradation and recycling mechanism that delivers various
cellular materials to lysosomes. It and its effector mechanisms are
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increasingly recognized as critical players in cancer development and
advancement (99). Cancer cell-derived NGF induces SC autophagy,
which promotes a nerve repair-like response, thereby enhancing
autophagic activity in tumor cells. Combined inhibition of NGF
and autophagy (e.g., chloroquine/hydroxychloroquine) suppresses
PNI initiation and progression in pancreatic cancer (100).

In PDAC, CAFs serve as the most prominent interaction
partners of neurons. In vitro co-culture and neuron-conditioned
medium experiments demonstrate that neurons directly enhance
CAF proliferation (by 30-50%) via secreted soluble factors IL6.
RNA-seq reveals that neurons activate MYC target genes and G2/M
checkpoint pathways in CAFs, promoting a tumorigenic phenotype
(89). Recent research has revealed that PDPN"PDGFRo." CAFs
release specific long non-coding RNAs (IncRNAs) via extracellular
vesicles. These IncRNAs mediate 5-methylcytosine modification of
tumor cell RNA, thereby stabilizing mRNA expression of PNI-
related genes and significantly enhancing cancer cell neurotropism
(101). Furthermore, this specific IncRNA promotes TNEF-a.
secretion by tumor cells, which activates PDPN*PDGFRa." CAFs
through the NF-xB pathway, forming a feedforward loop that
amplifies neural invasion (101). In Li et al’s study, researchers
isolated PNI-associated CAFs and uncovered their critical role in
tumor metabolic reprogramming. These CAFs secrete lactate that
induces histone H3K18 lactylation, thereby activating transcription
of neural invasion-related genes, ultimately driving PNI in
PDAC (102).

Collectively, these studies suggest that PNI is a dynamic,
bidirectional interaction between nerves and cancer cells, forming
a specialized microenvironment that facilitates aggressive tumor
behavior and metastasis. High neural infiltration in PDAC
correlates with increased pain and heightened metastatic
potential, underscoring the need to further elucidate the
mechanisms of neural regulation in cancer. A clear understanding
of the mechanisms of cancer cell-neuronal cell interactions and the
causal associations of various pathways will bring breakthroughs
needed to achieve precision-targeted PDAC therapy.

7 Multidimensional regulation of the
tumor immunosuppressive
microenvironment

7.1 Intrinsic genetic mutations and
inflammation

Genetic mutations are critical drivers of PDAC tumorigenesis
and significantly influence the immune landscape. The most
commonly mutated gene in PDAC, include KRAS), Tumor
Protein 53(TP53), SMAD4, and Cyclin-Dependent Kinase Inhibitor
2A (103). Recent evidence indicates that oncogenic mutations can
remodel the TME. The majority of pancreatic intraepithelial
neoplasia(PanIN)lesions carry oncogenic KRAS mutations that
drive pancreatic tumorigenesis (104). In early-stage PanIN,

G12D

Kras mediates upregulation of granulocyte-macrophage

colony-stimulating factor(GM-CSF), stimulating expansion of
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Gr1"CD11b"myeloid-derived suppressor cells(MDSCs)while
reducing CD8" T cell infiltration (105). Liu et al. (104) identified
a pivotal accelerator for KRAS-mutant PanIN progression to
PDAC: peroxisome proliferator-activated receptor-d (PPARS),
which is upregulated in both human and murine PanIN. Under
high-fat diet stimulation, PPARS activation prompts KRAS®'?""
bearing PanIN to secrete CCL2. Via the CCL2/CCR2 axis, this
chemokine recruits immunosuppressive macrophages and MDSCs
into the pancreas, thereby accelerated PDAC development (104).
Moreover, recruited M2-polarized macrophages can release the
inflammatory cytokine IL-1PB, facilitating early inflammatory
reprogramming in PDAC and so accelerating the onset of
pancreatic cancer (106). Chronic pancreatitis is a known risk
factor for PDAC development, and repeated inflammatory insults
in murine models accelerate tumor initiation and metastatic spread.
Inactivation of the STAT3, a central inflammatory mediator, can
prevent the progression of PanIN to PDAC (26, 107, 108). A
positive feedback loop between tumor cells and IL-1B-expressing
TAMs further exacerbates the persistence of inflammation. Tumor
cell-derived prostaglandin E2 (PGE2) and tumor necrosis factor
induce TAMs to secrete IL-1B, which in turn enhances PGE2
production and tumor necrosis factor in cancer cells, perpetuating
a pro-inflammatory state. Disruption of the PGE2-IL-1f axis has
been shown to reprogram TAMs towards an anti-tumorigenic
phenotype, thereby attenuating tumor growth (106). PDAC cell-
derived debris can activate M2-polarized TAMs to secrete IL-1[3
through the Toll-like receptor 4/IL-1R domain-containing adaptor-
inducing IFN-f and NF-«xB signaling pathways (109). He et al.
(110) showed that gene mutations affect the conversion of immune-
activated cells into immunosuppressive cells. Similarly, Kras®'*P
mutations upregulate IL-10 and TGF-f, promoting the conversion
of CD4"CD25™T cells into immunosuppressive Tregs (110). Not

G12D G12Vimutation has

only the Kras mutation, but also the Kras
been found to correlate with elevated levels of Tregs in the
circulation (111). The KRAS “’? mutation, the predominant
variant within the KRAS gene family (103), constitutes a viable
therapeutic target deserving investigation. Furthermore, inhibiting
KRAS*?P mutant protein with MRTX1133 has been shown to
reverse early PDAC lesions, reduce tumor burden, and promote
CD8" T cell-mediated cytotoxicity by inducing FAS expression,
which increases CD8" T cells in tumors and reprograms CAFs
(112). These findings highlight the complex role of oncogenic
mutations in shaping the PDAC immune microenvironment.
Mutations in the tumor suppressor gene TP53 are observed in
80% of PDAC, with the majority being missense mutations
associated with allelic loss (103, 113). TP53 mutation induces loss
of the tumor suppressor ETS homologous factor (EHF, epithelium-
specific ETS transcription factor) and activates the CXCL1-CXCR2
axis, thereby promoting recruitment of immunosuppressive
CXCR2" neutrophils. In preclinical studies, the combination of
nitrofurantoin (a pharmacological agent restoring EHF expression)
with anti-PD-1 antibody and gemcitabine (GEM) markedly
suppressed tumor growth, demonstrating significant translational
therapeutic potential (113). Furthermore, compared to tumors
harboring KRAS®'*® mutation alone, the co-mutation of TP53
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and KRAS®'?? induces an immunosuppressive tumor
microenvironment characterized by a reduced T helper 1(Th1)/
Th2 cell ratio, elevated Treg infiltration, and an increased Treg-to-
tumor-specific CD4" T cell ratio, collectively contributing to
significantly poorer survival rates (114).

7.2 Epigenetics and Metabolic
Reprogramming

Cancer cells predominantly rely on glycolysis for ATP
generation, even under aerobic conditions—a metabolic
reprogramming termed the Warburg effect (115). This adaptive
mechanism of cancer cells leads to higher rates of glucose
metabolism and lactate production, resulting in lactate
accumulation and providing an acidic environment for cancer cell
proliferation and immune escape (116). Hexokinase 1/2 (HK1/2)
and lactate dehydrogenase A (LDHA), both associated with lactate
synthesis, are overexpressed in neoplastic cells. Lactate generated
during metabolism can serve as a substrate for histone modification,
facilitating histone lactoacylation to modulate LDHA (115, 117).
Nucleolar and spindle-associated protein 1 (NUSAPI1), a
microtubule-binding oncoprotein, forms a transcriptional
complex with cellular Myelocytomatosis viral oncogene homolog
(c-Myc) and HIF-1lo on the LDHA promoter, amplifying its
expression. Notably, lactate stabilizes NUSAP1 via lysine
lactylation, creating a self-reinforcing loop that drives glycolytic
flux and further elevates NUSAP1 levels (118). H3K4 and H3K18
undergo lactoylation (H3K4la/H3K18la), enhancing transcription
of TTK protein kinase (TTK) and BUBI1 mitotic checkpoint serine/
threonine kinase B (BUB1B). TTK activates LDHA, increasing
lactate production and further promoting histone lactoylation,
thereby establishing a glycolysis-H3K18la-TTK/BUBIB
feedforward loop. This self-reinforcing mechanism amplifies the
tumor’s lactic acid-rich microenvironment (117). Cancer cells
critically depend on amino acid metabolism for nutrient
acquisition. Among these, glutamine—the most abundant non-
essential amino acid in circulation—plays a central role. Its
carbon backbone fuels the tricarboxylic acid (TCA) cycle as an
anaplerotic substrate, while its nitrogen moiety supports
biosynthesis of amino acids, hexosamines, and nucleotides,
sustaining proliferation and metabolic reprogramming (119).
Cancer cells can remodel glutamine metabolism to maintain
reduction-oxidation reaction homeostasis through non-classical
pathways (120). Experimental evidence indicates that acute
glutamine restriction suppresses tumor cell proliferation, whereas
chronic depletion induces adaptive metabolic reprogramming to
sustain survival (121). To sustain proliferation under glutamine
deprivation, cancer cells upregulate glutamine ammonia ligase
(GLUL, also known as glutamine synthetase) through c-Myc-
driven transcriptional activation and epigenetic modulation.
Furthermore, GLUL can alternatively utilize o-ketoglutarate and
ammonium as precursors for glutamine synthesis, maintaining
metabolic flexibility (122). Moreover, glutamine deprivation
enhances trimethylation of H3K4, upregulates key ferroptosis
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inhibitors including solute carrier family 7 member 11 and
glutathione peroxidase 4, thereby suppressing lipid peroxidation
(LPO) and ultimately conferring ferroptosis resistance in cancer
cells (121). Beyond glucose and glutamine metabolism, cancer cells
also exhibit dysregulated lipid metabolism to sustain membrane
biosynthesis, energy storage, and signaling for diverse cellular
activities (123). Cancer cells upregulate key lipogenic enzymes—
acetyl-CoA carboxylase, ATP-citrate lyase, and sterol O-
acyltransferase 1—to promote cholesterol and lipid biosynthesis.
Leveraging fatty acids as metabolic substrates, they sustain redox
balance and fuel proliferation and metastatic progression (123).
Previous studies have found that in PDAC, the intermediate
products of glutamine involved in the tricarboxylic acid cycle can
be used by fatty acid synthase (FASN) to generate fatty acids, and c-
Myc, in cooperation with KRAS and HIF1A, can induce the
expression of related enzymes (124). Additional studies suggest
that the histone lysine (K)-specific methyltransferase 2, a modulator
of metabolic gene expression, contributes to the transcriptional
regulation of FASN (125). In addition, c-Myc can upregulate
ELOVL fatty acid elongase 6, a c-MYC-regulated fatty acid
elongase, to drive lipid synthesis (124). Notably, cancer cells fuel
their rapid proliferation by depriving the microenvironment of
nutrients such as glucose, amino acids, and lipids. This creates a
metabolic niche characterized by high lactate levels and nutrient
depletion, which can be reinforced through epigenetic
modifications and intrinsic mutations. This process establishes a
self-reinforcing metabolic loop that supports cancer progression.
Taken together, the metabolic characteristics of the
immunosuppressive microenvironment in PDAC include elevated
lactate concentrations, hypoxia, and a deficiency of metabolic
substrates. The buildup of high lactate levels results in a reduction
in both the quantity and functionality of antigen-presenting
dendritic cells (DCs) (126). Furthermore, the differentiation and
maturation of DCs can be inhibited by IL-6 and granulocyte-colony
stimulating factor (G-CSF) released by cancer cells (127). Lactate
suppresses nuclear factor of activated T cells (NFAT) in both T cells
and NK cells, thereby reducing IFN-y production and weakening
antitumor immunosurveillance. Additionally, high lactate levels
impair glucose transporter 10 (GLUTI10), a key mediator of
glucose uptake in CD8+ T cells. This metabolic disruption affects
the PI3K-mechanistic target of rapamycin (mTOR) signaling axis,
ultimately diminishing CD8" T cell proliferation and antitumor
function (128). Krol et al. (129) revealed that lactate promotes
histone lactylation in Th17 cells, suppresses IL-17A expression, and
drives their transdifferentiation into forkhead box P3 (Foxp3)-
expressing Treg cells (129). Treg cells can enhance
monocarboxylate transporter 1 (MCT1) expression, promoting
lactate uptake and its subsequent conversion to
phosphoenolpyruvate (PEP) through gluconeogenesis. PEP then
enters glycolysis in a reversed flux, replenishing metabolic
intermediates to support tumor cell proliferation (130). Lactate
induces nuclear translocation of NFAT1, thereby upregulating PD-
1 expression in Treg cells (131). Moreover, lactate upregulates the
deubiquitinase ubiquitin-specific peptidase 39, facilitating CTLA-4
RNA splicing and ultimately enhancing CTLA-4 expression in Treg
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cells (132).The upregulation of these immune checkpoint molecules
further suppresses immune responses. Under nutrient-deprived
conditions, Treg cells undergo metabolic reprogramming by
elevating fatty acid metabolism-related genes while suppressing
glucose metabolism-associated genes to promote survival.
Mechanistically, FOXP3 enhances fatty acid uptake in Tregs by
transcriptionally upregulating the oxidized lipid scavenger receptor
CD36 (133). In CD8" T cells, elevated CD36 expression promotes
excessive uptake of oxidized low-density lipoprotein, inducing LPO
and p38 kinase activation, ultimately compromising T-cell
functionality (134).

Metabolic changes in the microenvironment also recruit
immunosuppressive cells and influence macrophage phenotypes.
Macrophages can uptake lactate through MCT1-4 mediated by
HiF-1a, which induces macrophages to secrete VEGF and Arginase
1 (Argl)and differentiate into M2-like phenotype (135). Sun et al.
(136) demonstrated that Kla of the non-histone protein o-
endosulfine promotes STAT3 activation, triggering tumor cells to
release CCL2. This chemokine recruits M2 macrophages, facilitating
an immunosuppressive tumor microenvironment (136).
Macrophages display elevated aryl hydrocarbon receptor (AhR)
activity. Under inflammatory conditions, microenvironmental NO
upregulates the transcription factor RUNT-related transcription
factor 3 (RUNX3). RUNX3 binds to the indoleamine 2,3-
dioxygenase 1 promoter, inducing its expression and catalyzing
tryptophan breakdown into kynurenine (Kyn). Kyn then activates
AhR, driving tumor progression and M2 macrophage polarization
(137, 138). A recent study demonstrated that IL-4 drives the
accumulation of 25-hydroxycholesterol (25HC) in the
microenvironment, promoting M2 macrophage polarization.
Lysosomal 25HC competitively binds the G protein-coupled
receptor GPR155, suppressing mechanistic mTOR complex 1
activation. This suppression triggers STAT3 phosphorylation,
elevating the production of M2-associated mediators—including
Argl and IL-10—and ultimately reprograms macrophage
function (139).

7.3 Cancer cells, CAFs, and the tumor
immunosuppressive microenvironment

In PDAC, the immunosuppressive tumor microenvironment is
centrally orchestrated by CAFs enables active recruitment and
polarization of immunosuppressive myeloid populations—
including MDSCs and M2-polarized TAMs. Concurrently,
physical barriers and metabolic barriers are established to inhibit
effector CD8" T-cell trafficking. This CAF-dominated
immunosuppressive niche consequently promotes tumor
progression and systemic immune evasion. We next delineate the
tripartite interplay among CAFs, carcinoma cells, and tumor-
infiltrating immune cells, focusing on their integrated signaling
networks within TME. iCAF subset serves as a critical molecular
orchestrator of the immunosuppressive tumor microenvironment.
iCAF activation is driven by IL-lo, IL-1B, TNF and STAT3
signaling pathways originating from neoplastic cells. As
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previously noted, IL-1B plays a role in the inflammatory
interaction between cancer cells and macrophages (106, 140, 141).
iCAFs and carcinoma cells cooperatively secrete chemokines and
cytokines—including CCL2, CXCL1, IL-6, and GM-CSF to recruit
circulating monocytes. These monocytes subsequently differentiate
into TAMs and MDSCs within the tumor microenvironment (142-
144). Numerous studies have established the role of tumor
sialylation in immune regulation. A pivotal investigation by Kelly
et al. (145) revealed that CAFs likewise generate sialic acids that
engage immunosuppressive receptors Siglec-7, -9, -10, and -15
(sialic acid-binding immunoglobulin-type lectins). This
interaction drives monocyte differentiation into CD163"CD206"
macrophages and impedes T cell proliferation. Notably, the
sialyltransferase ST3 [-galactoside o.-2,3-sialyltransferase 4, EC
2.4.99.4(ST3GAL4) was found to be overexpressed in CAFs.
ST3GAL4 further contributes to synthesizing Siglec-9 ligands on
PDAC cells, correlating with reduced survival in multivariate
analysis. TAMs reciprocally influence CAFs, enhancing
desmoplastic stroma formation. The seminal study by Lee et al.
(146) demonstrated that macrophages express Oncostatin M
(OSM), which engages the OSM receptor on CAFs. This ligand-
receptor interaction potently induces overexpression of
inflammatory genes characteristic of the iCAF phenotype and
enriches protumoral pathways, including: KRAS signaling,IL-6/
JAK/STAT3 signaling, PI3K/mTOR pathway and EMT (146).
neutrophil extracellular traps induces dormant cancer cells to
enter a proliferative state and increases the risk of lung metastasis
(147). amyloid B protein secreted by CAFs binds to the CD11b
receptor on neutrophils, driving their activation and facilitating the
formation of this transition (148). CAFs drive pathological
accumulation of ECM components. Matrix mechanical properties
play dual roles in macrophage polarization: low matrix stiffness
drives macrophages toward an M1 phenotype, whereas medium
stiffness favors the transition to an M2 phenotype, highlighting the
complexity of ECM mechanics in shaping the immune
landscape (149).

CAFs can subvert antitumor immunity by hijacking T cell
functions. Preclinical models have shown that CAFs secrete
CXCL12, forming a protective coating around cancer cells, which
identify T cells expressing CXCR4, repels T cells and prevents their
infiltration into tumor tissues (150). In addition, dense matrix
environment can substantially exacerbate T-cell exhaustion and
impair antitumor immunity (151, 152). As previously described, the
apCAF subset can induce CD4" T cell differentiation into Tregs.
However, emerging evidence indicates that apCAFs exhibit
paradoxical functions beyond immunosuppression. Through
integrative analysis of >14 million cells across 10 cancer types
including PDAC on seven spatial transcriptomic and proteomic
platforms, Liu et al. (153) revealed spatial heterogeneity among
CAFs: apCAF-like subpopulations predominantly localize near
tertiary lymphoid structures. These apCAFs highly express
CXCLI12 and CCL19 to sustain lymphocyte homing, correlating
with favorable prognosis. Conversely, CAFs adjacent to tumor nests
expressing TGF-B1, actin alpha 2 and IL-8 are enveloped by cellular
microdomains richly populated with exhausted T cells and Tregs
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(153). This subset likely mediates immunosuppression via the
TSP1-CD47 axis, generating dense stromal barriers that impede
plasma cell infiltration (153).These findings demonstrate spatially
stratified CAF functionalities in shaping PDAC immune
landscapes. Furthermore, recent studies indicate that senescent
CAF subpopulations restrict CD8" T cell abundance and effector
function. Combinatorial therapy with ICI and ABT-199 (Bcl-2
inhibitor) reshapes the TME, potentially reinvigorating antitumor
immunity (154).

CAFs regulate immune cells through both direct and indirect
mechanisms by modulating stromal components. Sensory neurons
upregulate calcitonin gene-related peptide (CGRP) expression via NGF
derived from CAFs. Upon binding to the receptor activity-modifying
protein 1 on CAFs, CGRP suppresses IL-15 secretion, impairing NK
cell antitumor function (155). Additionally, tumor-derived SHH
engages PTCHI1 on CAFs, activating GLI1-mediated transcriptional
repression of anti-angiogenic factors thrombospondin-2 and TIMP2,
thereby promoting neovascularization (156). In addition, macrophages
can also promote neovascularization. Yang et al. (157) demonstrated a
positive correlation between M2 macrophages and microvessel density
in PDAC tissues. Exosomes produced by M2 macrophages contain
miR-155-5p and miR-221-5p, which are transferred to endothelial cells
and stimulate angiogenesis by selectively targeting and downregulating
the transcription factor, E2 Factor 2.

7.4 Immunosuppression in cancer
metastasis

PDAC is inherently a low-immunogenic tumor, which allows
for immune evasion and metastasis through multiple routes,
including hematogenous, lymphatic, and perineural pathways.
The process of metastasis depends on the intrinsic characteristics
of the primary tumor and the formation of a supportive
premetastatic niche at distant sites (158). The liver is the most
common site of PDAC metastasis, followed by the peritoneum and
lungs (159). In murine models, the formation of a pre-metastatic
niche in the liver is not solely due to anatomical proximity.
However, it involves hepatocyte-mediated activation of the
STATS3 pathway through IL-6 signaling, leading to serum amyloid
A production and facilitating PDAC cell colonization (160).

Distinct metastatic sites exhibit unique microenvironmental
characteristics. For example, lung metastases are marked by an
increased infiltration of immune cells, including CD4" T and CD8"
T cells, Tregs, dendritic cells, and macrophages. In contrast, liver
metastases demonstrate low T cell infiltration, which may be linked
to immunosuppressive pathways such as LAG3-FGL1 and secrete
chemokine CXCL12-CXCR4 signaling (161). Recent studies have
shown that PDAC cells can secrete mesothelin, which activates
macrophages to produce VEGFa and S100A9. SI00A9 enhances
neutrophil recruitment and the formation of neutrophil
extracellular traps, thereby promoting PDAC cell migration to the
lungs (162).

Interactions between tumor cells and macrophages are critical to
establish metastatic lesions. Modulating macrophage polarization
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represents a promising therapeutic strategy for mitigating metastasis.
Stacy et al. (163) found that Kupffer cells, the resident macrophages of
the liver, are potential targets for immunomodulation. Activation of
Kupfter cells with B-glucan polarizes them towards an antigen-
presenting phenotype, enhancing CD8" T cell activation and
rendering liver metastatic PDAC mice sensitive to anti-Programmed
cell Death-1 therapy. This provides a new approach for
immunotherapy to overcome immune tolerance in patients with
advanced PDAC (163).

In summary, the interplay between cancer cells and immune
cells is established early during tumorigenesis and persists through
metastatic dissemination. Understanding the dynamic changes in
the TME throughout PDAC progression is essential to identify
novel therapeutic targets. In previous studies, neither single-agent
immune checkpoint inhibitors nor dual-antibodies failed to achieve
clinical benefit in PDAC (164). The current direction of
immunotherapy for PDAC is to activate immunity and improve
immunogenicity, such as CD40 activators, vaccines, CAR-T and
TCR-T targeting specific antigens, and ADC drugs, and inhibit the
recruitment of immunosuppressive cells, such as CXCR2 inhibitors
and CSFIR inhibitors. Considering the mechanism of action
between cancer cells and immune cells, we cannot limit ourselves
to only a single-agent for immunization. We need to expand the
direction of drug combination therapy. Clinical trials of multiple
immune single-agent and combination therapies are underway.

8 Soluble pattern recognition
receptors

Soluble Pattern Recognition Receptors (sPRRs) represent a
category of non-transmembrane immune recognition molecules
found in extracellular fluids, including plasma, tissue fluid, and
mucosal secretions. These receptors initiate and regulate innate
immune responses by detecting conserved pathogen- or damage-
associated molecular patterns. Surfactant protein D (SP-D) fine-
tunes cytokine and chemokine production at mucosal surfaces
during infection, allergic reactions, and inflammatory processes.
Research indicates that the recombinant fragment of human SP-D
(rthSP-D) can promote the upregulation of Fas, a pro-apoptotic
marker in PDAC, subsequently initiating the caspase cascade to
induce cell death (165). Furthermore, rthSP-D can inhibit the EMT
in pancreatic cancer by reducing TGF-f3 expression in PDAC and
downregulating mesenchymal markers including Vimentin, Zebl,
and Snail (166). Not all soluble molecules contribute to anti-tumor
immunity; some may have opposing effects. Yang et al. (167)
conducted exome sequencing and RNA sequencing on primary
tumors and paired liver metastases resected synchronously. Their
findings indicate that tumors at the primary site can “educate” M2-
type macrophages to secrete the pro-metastatic factor C1q, which
plays a role in the formation of metastatic niches (167). Research
indicates that tumor cells exhibit overexpression of globular Clq
receptor, facilitating its binding to the globular head of plasma Clgq.
This interaction inhibits C1q from binding to immune complexes
and initiating complement activation, thus promoting tumor
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immune evasion (168). Malassezia is significantly enriched in
cancer tissues compared to normal tissues, and bacterial dysbiosis
has also been linked to the carcinogenic process of PDAC. The
glycan in the fungal wall binds to mannose-binding lectin in the C-
type lectin superfamily, activating the complement cascade and
accelerating the progression of cancer (169).

9 Exosomes and the
microenvironment: signaling
mediators

Exosomes are nanoscale (50-150 nm) extracellular vesicles
(EVs)generated through inward budding of endosomal
membranes, forming intraluminal vesicles within multivesicular
endosomes (MVEs)—key intermediates in the endosomal
trafficking pathway. They are released upon MVE-plasma
membrane fusion and transport a diverse cargo of proteins,
nucleic acids, and lipids. In various cancers, exosomes facilitate
intercellular crosstalk and play crucial roles in immunomodulation
(170, 171). Exosomes serve as bidirectional “instructive messengers”
between cancer cells and microenvironmental components. They
mediate immune evasion and facilitate crosstalk among tumor cells,
stromal cells, and immune cells. Multiple studies demonstrate that
cancer cell-derived exosomes carry coding RNAs, proteins, and
metabolites that suppress immune responses and promote tumor-
promoting phenotypes. These exosomes are enriched with diverse
immunosuppressive molecules (including PD-L1, FasL, TRAIL, and
CTLA-4), major histocompatibility complexes (MHC-I/II),
immunoregulatory cytokines (IL-10, TGF- and PGE2), and
ectoenzymes involved in the adenosine pathway (CD39 and
CD73). These components collectively activate or suppress
immune cells within the TME (172, 173). For example, a study by
Zhou et al. (173) revealed that cancer cell-derived exosomal
microRNA-203 downregulates TLR4 in immature DCs and
associated cytokines —-TNFo. and IL-12. Furthermore, tumor-
derived exosomal heat shock protein 72 enhances MDSC
expansion by activating STAT3 via TLR2/MyD88-dependent
autocrine IL-6 production, reinforcing an immunosuppressive
tumor microenvironment TME. Additionally, exosomes modulate
macrophage polarization under oxidative stress. Specifically,
exosomally delivered KRAS®'*" triggers STAT3 signaling in
macrophages through the receptor for advanced glycation end
products, upregulating fatty acid oxidation associated factors and
driving M2-like macrophage polarization (174). Notably, Wang
et al. (175) revealed that PDAC-derived small EV-carried
microRNA-301a-3p promotes M2 macrophage polarization via
the phosphatase and TENsin homolog (PTEN)/PI3Ky axis,
dependent on HIF-1o. or HIF-2a0 under hypoxia (175). Studies
demonstrate that tumor-derived EVs are pivotal in modulating the
tumor TME to facilitate metastatic niche formation. Exosomal
CD44 engages integrin o6Pf4 on hepatocytes, triggering
downstream cascades (e.g., c-Src/Ras pathways) to enhance
migration. Additionally, it activates MMP-9—promoting ECM
degradation—and remodels the ECM via hyaluronic acid binding.
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These interactions collectively drive cancer cell colonization and
liver premetastatic niche formation (176). CD44v6 is an exosome-
derived biomarker of pancreatic cancer-initiating cells and cancer
stem cells, contributing to tumor motility and invasiveness.
Separately, complement component 1q binding protein (C1QBP),
a Clq receptor, critically regulates inflammatory responses. A study
by Xie et al. (177) revealed that the exosomal CD44v6/C1QBP
complex is internalized by hepatic stellate cells (HSCs), activating
the insulin-like growth factor-1 signaling pathway to induce a
fibrotic microenvironment that facilitates liver metastasis.
Additionally, exosomal tRF-Glu-CTC-0005 activates HSCs by
binding WDR1 mRNA, blocking its degradation and upregulating
WDRI protein—an actin depolymerization regulator—to drive
liver metastasis (178).

Notably, multiple stromal constituents within the
microenvironment secrete exosomes that mediate tumor invasion,
immune evasion, and chemoresistance. Non-coding RNAs in PSC
derived exosomes serve as critical mediators driving PDAC
progression. Cao et al. (179) identified exosomal tRF-19-PNR8YPJZ
from PSCs, which, upon transfer to PDAC cells, activates the Wnt/f-
catenin pathway by binding and stabilizing AXIN2—a critical regulator
of B-catenin turnover—thereby enhancing tumor proliferation and
migration (179). Furthermore, exosomal miR-5703 from PSCs binds
to CKLF-like MARVEL transmembrane domain-containing 4 in PDAC
cells, inducing G2/M arrest while simultaneously promoting
proliferation via p2l-activated kinase 4-mediated activation of the
PI3K/Akt pathway (180). Additionally, PSC-derived exosomes loaded
with IncRNA UCAL, secreted protein acidic and rich in cysteine,
CXCLI12, and immunosuppressive molecules drive GEM resistance in
PDAC (181, 182). CAF-secreted miRNAs further contribute to PDAC
chemoresistance. For instance, exosomal miR-3173-5p inhibits GEM-
induced ferroptosis by blocking acyl-CoA synthetase long-chain family
member 4 (a key ferroptosis regulator via fatty acid metabolism
activation). Strikingly, these findings oppose the traditional view of
intrinsic CAF resistance to GEM, suggesting instead that PDAC
chemoresistance arises from cooperative CAF-cancer cell crosstalk
(183).Furthermore, exosomal microRNA-92a promotes
chemoresistance by inducing degradation of phosphatase and tensin
homolog mRNA(a key tumor suppressor) (184). Yao et al. (185)
revealed that tumor-derived exosomal IncRNA RP11-161H23.5
interacts with a CCR4-NOT deadenylase complex subunit to
attenuate HLA-A expression. This mechanism impairs CD8" T-cell
function by diminishing IFN-y, TNF-, and granzyme B production,
thereby promoting immune escape and conferring immunotherapy
resistance. Exosomes derived from M2-polarized macrophages play a
critical role in promoting tumor progression. Ubiquitination critically
regulates tumorigenesis by modulating cell survival, proliferation, and
differentiation (186). Recent studies show that M2 macrophage-derived
exosomal miR-193b-3p promotes tumor proliferation, migration,
invasion, and glutamine uptake by suppressing tripartite motif-
containing protein 6 (an E3 ligase) and stabilizing c-Myc via impaired
ubiquitination (187). M2 macrophage-derived exosomal miR-501-3p
promotes PDAC progression by activating TGF-} signaling and
suppressing transforming growth factor beta receptor 3, a tumor
suppressor (188).
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10 Treatment

Given the intricate crosstalk between PDAC cells and the tumor
microenvironment TME, therapeutic strategies must target both cancer
cells and their tumor-supporting stroma, either by disrupting
protumorigenic interactions or through combination approaches.
Notably, combination therapies synergistically disrupt PDAC-TME
crosstalk, remodel the immunosuppressive microenvironment, and
potentiate immunotherapy response. However, a critical challenge
lies in the precise identification of actionable targets within the TME,
given its complexity and heterogeneity (Figure 2).

With the integration of single-cell and multi-omics technologies
in the analysis of the pancreatic cancer microenvironment, novel
therapeutic strategies targeting the most prominent stromal
component, CAFs, have been proposed. Current strategies include
inhibiting key signaling pathways such as the CXCL12-CXCR4 axis
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(150), suppression of FAK (189), and blockade of the JAK-STAT
pathway. In addition, ECM degradation through targeting CAF-
mediated ECM deposition has shown promise (190-192). Emerging
approaches, such as MesoFAP CAR-T cell therapy (193), autophagy
inhibition (194), and CAF reprogramming, have also been explored.
The modulation of ECM properties through normalization,
remodeling, or stromal softening (195) has yielded promising
results in preclinical models, and several of these approaches are
progressing to early-stage clinical trials. Key strategies targeting
pancreatic cancer’s immunosuppressive TME include: (1) BTK
inhibitors to suppress regulatory B cells (196, 197), and CC2R
and GSF-1R inhibitors targeting Immunosuppressive cells (198).
Activating the innate immunity includes CD40 agonists that
enhance antigen presentation, CAR-T cells targeting cancer cell-
specific antigens (such as CEA CAR-T), and bispecific T-cell
engager antibody therapies (199), Cancer vaccines (such as those
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FIGURE 2

Interaction network between pancreatic cancer cells and microenvironment. Schematic representation of the complex interactions within the PDAC
and TME. CAF Heterogeneity: PDAC cells secrete TGF-B inducing CAF differentiation. Hypoxia/IL-1 drive iCAFs; TGF-B forms myCAFs, differentially
regulating progression. ECM Duality: Cancer/CAF-derived ECM supports growth yet impedes treatment via physical barriers. Angiogenesis:Pro-
angiogenic factors from PDAC drive neovascularization, fueling growth/metastasis. Perineural Invasion: TME nerves secrete tryptophan/CCL7
stimulating proliferation; PDAC cells secrete NGF enabling neural invasion.Immunosuppression: PDAC recruits TAMs/MDSCs via CSF1/CCL2/IL-10,
establishing immune-evasive microenvironments. CAR-T, chimeric antigen receptor T-cell; FAK, focal adhesion kinase; MDSC, myeloid-
derivedsuppressorcell; M1, M1-Polarized Macrophages; M2, M2-Polarized Macrophages; VEGF, vascular endothelial growth factor.
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targeting immune checkpoints CD47, CD73 and Claudin 18.2/
CLDN18.2) and antibody-drug conjugate drugs. As described
above regarding the immunosuppressive microenvironment,
preclinical studies have shown promising results from combining
KRAS mutations with immunotherapy. And currently, relevant
Phase I clinical trials are ongoing for recruitment. In addition,
targeting epigenetics and metabolism in combination with
immunotherapy will also be a therapeutic strategy worthy of
exploration in clinical trials.

Biochemical technologies have emerged as critical adjuncts in
cancer therapy. For instance, liposomal nanoparticle delivery systems
exhibit enhanced cellular permeability and improved bioavailability,
thereby optimizing therapeutic efficacy and reducing off-target effects
(200). For example, a polymer micelle-based nanomedicine (named M-
CPA/PTX) for co-delivery of SHH inhibitor and paclitaxel has
significantly prolonged the survival of mice (201). vaccines targeting
immune checkpoints (CD47, CD73) and Claudin 18.2 (CLDN18.2)
Similarly, vascular-targeted photodynamic therapy (202) is being
investigated as a promising strategy for selective tumor ablation.
However, caution must be exercised when translating preclinical
findings into clinical applications, as TME complexities differ
significantly between murine models and humans. Consequently,
therapies targeting a single molecular pathway may fail to capture
the multifaceted nature of TME. Moreover, traditional clinical trial
designs, which often rely on broad patient stratification, may not
adequately account for the heterogeneity of patient responses. Instead,
precision oncology approaches, such as umbrella trials (203)-which
stratify patients based on predictive biomarkers and other risk factors—
may be more conducive to the current precise combination therapy.
Tables 3, 4 summarize completed and ongoing clinical trials exploring
combination therapies targeting neoplastic cells and their
microenvironmental components.

11 Conclusion and future directions

The PDAC microenvironment exhibits distinct characteristics,
such as low immunogenicity, desmoplastic stroma, hypovascularity,
and an immunosuppressive landscape, collectively contributing to its
therapeutic resistance. These unique TME features distinguish PDAC
from other solid malignancies, thereby complicating treatment
efficacy and limiting therapeutic response. Thus, elucidating the
complex interplay between tumor cells and their surrounding
stroma is crucial for devising more effective therapeutic strategies.

Recent advancements, including multi-omics profiling and
single-cell sequencing, have significantly enhanced our
understanding of the intricate cellular and molecular interactions
within the PDAC microenvironment. These state-of-the-art
techniques have facilitated the identification of key cellular
subpopulations, signaling pathways, and stromal components that
regulate tumor progression and treatment resistance, leading to the
identification of novel therapeutic targets and facilitating the
development of precision medicine approaches.

In this review, we comprehensively delineate the latest progress in
understanding how tumor cells manipulate and exploit the TME to
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TABLE 3 Some clinical trials targeting tumor cells and components of the TME in PDAC.
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TABLE 3 Continued

Therapeutic Patient population Targeting Targeting Preclinical rationale Significant
mechanism cancer tissue microenvironment result
and the mOS
shorten
NCT02545504 Phase I Advanced AG NA GS-5745 |ECM PFS 7.8 months
pancreatic adenocarcinoma (MMP9) TReshaping the matrix PFS is 7.8 months; 16
JEMT (205, 206) PRs (n=36)
NCT01088815 Phase IT Patients with previously AG NA Vismodegib |ECM No improved efficacy
untreated metastatic (The Hedgehog 1myCAFstiCAFs (29,
pancreatic adenocarcinoma signaling pathway) 54)|myCAFstiCAFs (29, 54)
NCT02117479 Phase III Metastatic PDAC after Capecitabine NA Ruxolitinib (JAK-STAT) JiCAFs No improved survival
disease progression tmyCAFs (207, 208)
Targeting blood NCT00088894 Phase III Advanced PDAC Gemcitabine NA Bevacizumab | Angiogenesistvascular No OS or
vessels normalization (71, PFES improved
and tumor elements 81)| Angiogenesistvascular
normalization (71, 81)
NCT02581215 Phase II Advanced PDAC mFOLFIRINOX NA Ramucirumab | Angiogenesis No OS or
tvascular normalization (209, 210) PFS improved
NCT05493995 Phase 1T Metastatic PDAC AG Penpulimab Anlotinib (TKI inhibitor) |Multiple pro-angiogenetic signaling =~ ORR is 50% (33/66);
pathways (211, 212) mOS is 13.7 months
ChiCTR2000030659 = Phase II Patients with PDAC liver S-1 Sintilimab Anlotinib |Multiple pro-angiogenetic The ORR was 10.5%
metastasis who have received signaling pathways (95% CI 0.4-25.7%)
first-line treatment in the evaluable
population
Targeting immune NCT02436668 Phase IIT Metastatic AG NA Ibrutinib (BTK inhibitor) 1CD1dhiCD5 “Breg No OS or
suppressive cells and pancreatic adenocarcinoma |PanIN growth PFS improved
tumor elements M1 (196, 197)
NCT02562898 Phase Ib Patients with NA NA Ibrutinib 1CD1dhiCD5 *Breg In the circulation and
advanced PDAC |PanIN growth TME, T cells,
™1 monocytes and
DCs increased
NCT02732938 Phase Ib Metastatic PDAC AG NA PF-04136309 (CCR2) tReprogramming of TAM No efficiency
Tincreased T-cell infiltration (198)
NCT02880371 Phase Ib/11 Advanced Solid Tumors NA Pembrolizumab =~ ARRY-382 (GSF-1R) M2 1/27 patients had a
T™M1 PR lasting 2.4 months
1T cell infiltration (213)
NCT01413022 Phase Ib FOLFIRINOX NA PF-04136309 (CCR2)

(Continued)
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TABLE 3 Continued

Therapeutic

mechanism

Patient population

Patients with borderline
resectable and locally
advanced PDAC

Targeting
cancer tissue

Targeting
microenvironment

Preclinical rationale

M2
T™1
1T cell infiltration (213)

Significant
result

Of 33 patients, 16
(49%) achieved ORR
after repeat imaging.

metastatic PDAC

1CDS8™T cells

Vaccine NCT02451982 Phase II Resectable Cyclophosphamide Nivolumab GVAX 1GM-CSF; tadaptive and innate mOS is 35.55 months
pancreatic adenocarcinoma Urelumab (anti- immunity (144);
CD137 agonist) tactive T cell (214, 215)
NCT02243371 Phase IT b Previously treated Cyclophosphamide Nivolumab GVAX (include 1GM-CSF; tadaptive and innate Not meet its primary
metastatic PDAC cyclophosphamide) immunity (144) efficacy endpoint
CRS-207 (mesothelin)

NCT04161755 Phase 1 Postoperative PDAC NA NA Cevumeran (mRNA) 1T cell immune (216) 8/16 patients had a
longer median
recurrence-
free survival

NCT02854072 Phase 111 Previously untreated patients = Gemcitabine/capecitabine NA GV1001 (hTERT) 1Specific T-cell responses; 1 Long- mOS is 11.3 months;

with PDAChaving high term T-cell memory (217) TTP is 7.3 months
serum eotaxin levels
Targeting CD40 NCT03214250 Phase II Metastatic PDAC AG Nivolumab Sotigalimab 1DC activity No difference from
1CD8" Tcells (218, 219) historical 1-year
OS (35%)
NCT04888312 phase Ib/II  Previously untreated mFOLFIRINOX NA Mitazalimab 1DC activity ORR is 40.4%, mOS

is 14.3 months

CR, complete remission; ORR, overall remission rate; PFS, progression-free survival; OS, overall survival; DCR, disease control rate; RFS, recurrence free survival; TTP, time to progression; mFOLFIRINOX, modified oxaliplatin, irinotecan, fluorouracil, and calcium

folinate; PR, partial remission; S-1, Tegafur; 1, denotes upregulation or increase;|, denotes downregulation or decrease.
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TABLE 4 The ongoing new direction clinical trials targeting tumor cells and components of the TME in PDAC.

1D Phase Patient population Type of Therapy
NCT05827796 | phase Advanced pancreatic cancer IN10018(FAK inhibitor) plus KN046(the anti-PD-L1/CTLA-4
Ib/1I bispecific antibody) plus AG
NCT05355298 = Phase Unresectable or metastatic pancreatic cancer. AMP945(FAK inhibitor) plus AG
Ib/Ila
NCT06182072 = Phase Previously untreated metastatic PDAC ProAgio(anti- ovB3 integrin cytotoxin) plus AG
1/Ib
NCT05077800 | Phase II = Previously untreated metastatic PDAC FOLFIRINOX plus 9-ING-41(glycogen synthase kinase-3 beta
inhibitor)and losartan(TGF-f inhibitor)
NCT06141031 | Phase Borderline resectable pancreatic cancer Radiotherapy plus TTI-101 (inhibitor of STAT3)
/11
NCT04803851 | Phasel/ Advanced pancreatic cancer Anlotinib(TKI inhibitor) plus AK105(anti-PD-1 antibody)
11
NCT05481476 | Phase II = Locally advanced or metastatic pancreatic cancer Surufatinib plus Sintilimab plus AG
NCT05481463 | Phase II |~ Advanced pancreatic cancer Surufatinib plus TAS-102
NCT05919238 | Phase I Locally advanced unresectable PDAC Padeliporfin VTP
NCT06119217 | Phase Metastatic pancreatic adenocarcinoma TTX-030 (a anti-CD39 antibody) plus Budigalimab
I plus AG
NCT04524702 | Phase I~ Advanced pancreatic cancer Paricalcitol(vitamin D receptor agonists) plus Hydroxychloroquine
(autophagic flux inhibitor) plus
AG
NCT04669197 | Phase II = Untreated resectable, borderline resectable and locally advanced AG plus Cisplatin plus Hydroxychlororoquine
adenocarcinoma of the pancreas
NCT05482893 | Phase Unresectable or metastatic gastric adenocarcinoma, gastroesophageal PT886(anti-claudin18.2/anti-CD47 bispecific antibody)plus
1/2 junction adenocarcinoma and PDAC chemotherapy/pembrolizumab
NCT04940286 = Phase II = Resectable/Borderline Resectable primary pancreatic cancer AG plus Durvalumab plus Oleclumab9(an anti-CD73 antibody)
NCT05431270 | Phase I Locally advanced or metastatic solid tumors PT199 (an Anti-CD73 antibody) plus PD-1 Inhibitor
NCT06496373 = Phase I Postoperative PDAC XP-004 personalized mRNA tumor vaccine plus PD-1 inhibitor
NCT05916261 | Phase I Advanced pancreatic cancer Personalized tumor vaccines mRNA-0217/S001 plus Pabolizumab
NCT05721846 | Phase I Refractory pancreatic cancer Nivolumab plus Ipilimumab plus TGFB-15 peptide vaccine plus
Stereotactic body Radiotherapy
NCT06205849 = Phase I Locally advanced pancreas cancer Intra-tumoral mitazalimab plus Irreversible electroporation
NCT05438667 | Phase I Advanced pancreatic cancer KRAS mutant antigen specific TCR-T cells
NCT05779917 | Phase I advanced pancreatic cancer Mesothelin/GPC3/GUCY2C-CAR-T Cells

sustain their growth and evade immune surveillance. Given the
interplay between various cellular and acellular components within
the PDAC stroma, a multifaceted therapeutic approach targeting the
network of TME interactions is essential to overcome the limitations
of monotherapies. We speculate that a deeper understanding of the
unique PDAC microenvironmental dynamics will enable the rational
design of combination therapies that can disrupt these
protumorigenic interactions. By integrating these insights into
clinical practice, we can develop precision-based treatment
strategies tailored to the specific TME profiles of patients with
PDAC, improving therapeutic outcomes and mitigating resistance.
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