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Abstract
Pancreatic ductal adenocarcinoma (PDAC) remains one of the most treatment-refractory
malignancies,  with  limited  and  often  transient  benefit  from  chemotherapy,  targeted
therapy,  immunotherapy,  and  radiotherapy.  Therapeutic  resistance  is  increasingly
recognized  as  an  ecosystem-level  process  arising  from  reciprocal  interactions  between
malignant  cells  and  the  tumor  microenvironment  (TME).  Dense  extracellular  matrix,
cancer-associated  fibroblasts  (CAFs),  pancreatic  stellate  cells  (PSCs),  dysfunctional
vasculature,  immunosuppressive  myeloid  and  lymphoid  populations,  hypoxic  niches,
metabolic  networks,  microbiota,  extracellular  vesicles  (EVs),  and  neural  components
collectively  restrict  drug  delivery  and  promote  adaptive  survival,  immune  escape,
stemness, and treatment-induced evolution. This review integrates these processes into a
PDAC resistance  ecosystem framework.  We discuss  how stromal  remodeling,  hypoxia-
driven adaptation, metabolic-immune crosstalk, extracellular communication, cancer stem
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cell plasticity, and TME-regulated autophagy and ferroptosis contribute to resistance across therapeutic modalities.
We  further  evaluate  emerging  strategies  involving  stromal  reprogramming,  myeloid  and  immune  remodeling,
metabolic intervention, hypoxia targeting, and regulated cell-death sensitization. Particular emphasis is placed on the
limited clinical translation of indiscriminate stromal depletion and single-target approaches. Finally, we propose that
spatial multi-omics, longitudinal biomarker profiling, and adaptive combination therapy will be required to identify
dominant resistance programs and guide patient-specific intervention in PDAC.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and lethal solid malignancies,

largely because of late diagnosis, early metastatic dissemination, and profound therapeutic resistance
[1-3]

.

Although surgical resection remains the only potentially curative treatment, more than 80% of patients

present with locally advanced or metastatic disease, leaving systemic therapy as the principal treatment

option for most patients
[4]

. Chemotherapy remains the backbone of treatment, but the benefits of current

regimens, including gemcitabine plus nab-paclitaxel and FOLFIRINOX, are substantially limited by intrinsic

and acquired resistance
[5,6]

. Molecularly targeted and immune-based therapies have expanded therapeutic

opportunities in selected settings; however, durable responses remain uncommon in unselected PDAC,

highlighting the need to understand resistance mechanisms beyond tumor-cell-intrinsic alterations
[7,8]

.

Accumulating evidence indicates that therapeutic resistance in PDAC cannot be explained solely by tumor-

cell-intrinsic alterations. The uniquely desmoplastic, hypovascular, hypoxic, and immunosuppressive tumor

microenvironment (TME) actively regulates therapeutic response through interconnected physical, cellular,

metabolic, and signaling mechanisms
[9-12]

. Dense extracellular matrix (ECM) deposition and stromal

remodeling compress tumor vasculature and restrict drug delivery; cancer-associated fibroblast (CAF)-

derived signals activate pro-survival pathways; hypoxia and metabolic competition promote adaptive

survival; and immunosuppressive myeloid and lymphoid populations constrain antitumor immunity
[13-16]

.

Importantly, these mechanisms do not operate independently but interact dynamically with malignant cells

and can be further reshaped by therapeutic pressure, thereby generating both intrinsic and adaptive

resistance.

Although stromal, immune, hypoxic, and metabolic mechanisms of PDAC resistance have been extensively

studied, they are often considered as separate processes. Recent single-cell and spatial profiling studies have

instead revealed spatially organized and functionally interconnected stromal, immune, and metabolic niches,

indicating that therapeutic resistance emerges from coordinated interactions among multiple tumor and

microenvironmental compartments
[15,17-19]

. Moreover, therapeutic pressure can remodel these interactions,

promoting adaptive signaling, metabolic rewiring, immune escape, and the selection of resistant cellular

states
[20-23]

. We therefore use the term “PDAC resistance ecosystem” to describe a dynamic and spatially

organized network in which tumor-intrinsic programs and TME-derived physical, cellular, metabolic, and

signaling mechanisms interact and evolve under therapeutic pressure. This framework extends beyond

cataloguing individual resistance mechanisms by emphasizing their interdependence, spatial organization,

and treatment-induced evolution.

Scope of the review

Several recent reviews have summarized the PDAC TME, chemotherapy resistance, or emerging TME-

targeted therapies
[24,25]

. In contrast, the present review focuses on the TME as a dynamic therapeutic
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resistance ecosystem, emphasizing reciprocal interactions among stromal, immune, metabolic, hypoxic,

neural, microbial, and extracellular vesicle (EV)-associated components and their differential contributions

across therapeutic modalities. We further integrate mechanistic evidence with clinical translation and

propose an ecosystem-oriented framework for biomarker-guided combination therapy.

Literature search strategy

A literature search was conducted using PubMed and Web of Science to identify relevant studies on TME-

mediated therapeutic resistance in PDAC. Search terms included combinations of “pancreatic ductal

adenocarcinoma” or “pancreatic cancer” with “tumor microenvironment”, “therapeutic resistance”,

“chemoresistance”, “radiotherapy resistance”, “immunotherapy resistance”, “cancer-associated fibroblasts”,

“extracellular matrix”, “immune suppression”, “hypoxia”, “metabolism”, “microbiome”, and “neural

signaling”. Priority was given to peer-reviewed original studies, clinical trials, and high-quality reviews

relevant to the mechanisms and therapeutic implications discussed herein, with emphasis on recent

publications. Studies were excluded when they were not directly relevant to PDAC therapeutic resistance or

lacked sufficient mechanistic or clinical relevance. Reference lists of key articles were also screened to identify

additional pertinent studies.

THE PDAC TME AS A THERAPEUTIC RESISTANCE ECOSYSTEM
The TME in PDAC is among the most complex and treatment-refractory microenvironments of all solid

malignancies [Figure 1]. Stromal components generate a highly desmoplastic, hypovascular, hypoxic, and

immunosuppressive ecosystem that profoundly influences tumor progression, metastatic dissemination, and

therapeutic resistance
[9 ,26-29]

. The PDAC microenvironment consists of both cellular and acellular

components. Through extensive bidirectional interactions, these components establish a dynamic ecosystem

that promotes tumor survival and treatment resistance
[13,26,27]

.

Desmoplastic stroma and ECM

The ECM represents one of the most distinctive features of PDAC and is primarily composed of collagen,

fibronectin, laminin, hyaluronic acid (HA), proteoglycans, and matricellular proteins
[28-31]

. The excessive

deposition of ECM components creates a dense fibrotic network that serves as a primary barrier to drug

delivery and infiltration of cytotoxic CD8
+
 T cells

[9,32]
. This desmoplastic stroma increases interstitial fluid

pressure, compresses intratumoral blood vessels, and reduces vascular perfusion, thereby limiting drug

penetration into tumor tissues
[28,33]

. Consequently, vascular compression and impaired perfusion reduce

intratumoral drug exposure, limiting the cytotoxic efficacy of gemcitabine and other systemically

administered agents
[33]

. Furthermore, ECM components such as HA and fibronectin may directly bind

therapeutic agents, further restricting their diffusion and cellular uptake
[34]

.

Beyond its role as a physical barrier, ECM components actively participate in tumor progression through

integrin-mediated signaling pathways. Interactions between ECM proteins and tumor cells activate focal

adhesion kinase (FAK), phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB), and mitogen-activated

protein kinase (MAPK) signaling cascades, promoting anti-apoptotic signaling, epithelial-mesenchymal

transition (EMT), stemness maintenance, and therapeutic resistance
[35]

.

CAF/pancreatic stellate cell-mediated paracrine and metabolic resistance

Pancreatic stellate cells (PSCs) are the principal producers of ECM within the PDAC microenvironment and

are considered central mediators of pancreatic fibrosis
[28,36]

. Under physiological conditions, PSCs remain in a

quiescent state characterized by vitamin A-containing lipid droplets. However, during tumor development,

PSCs become activated by inflammatory cytokines, oxidative stress, hypoxia, and tumor-derived growth

factors, subsequently differentiating into myofibroblast-like cells
[36]

. Activated PSCs secrete large amounts of
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Figure 1. TME in PDAC and its contribution to therapeutic resistance. The PDAC TME comprises malignant cells embedded within a dense
and dynamically interacting stromal, immune, vascular, and ECM network. CAFs and PSCs remodel the ECM and provide paracrine and
mechanotransductive signals, whereas excessive ECM deposition and abnormal, compressed vasculature impair tumor perfusion and drug
penetration. TAMs, MDSCs, and Tregs contribute to an immunosuppressive milieu that limits effective antitumor immunity. EVs,
microbiota, cytokines, and metabolites further mediate intercellular communication and modulate therapeutic response. Together with
oncogenic signaling, metabolic reprogramming, and cellular plasticity in PDAC cells, these interconnected components establish a
protective niche that promotes therapeutic resistance. TME: Tumor microenvironment; PDAC: pancreatic ductal adenocarcinoma; ECM:
extracellular matrix; CAFs: cancer-associated fibroblasts; PSCs: pancreatic stellate cells; TAMs: tumor-associated macrophages; MDSCs:
myeloid-derived suppressor cells; Tergs: regulatory T cells; EVs: extracellular vesicles; IL-6: interleukin-6; TGF-β: transforming growth
factor-β; CXCL12: C-X-C motif chemokine ligand 12; FAK: focal adhesion kinase; KRAS: Kirsten rat sarcoma viral oncogene homolog; IL-1β:
interleukin-1 beta; IL-10: interleukin-10; ARG1: arginase 1; iNOS: inducible nitric oxide synthase; ROS: reactive oxygen species; miRNAs:
microRNAs.

collagen, fibronectin, and HA, thereby contributing to desmoplasia and increased tissue stiffness
[28]

. In

addition to matrix production, PSCs release a variety of cytokines and growth factors, including

transforming growth factor-β (TGF-β), hepatocyte growth factor (HGF), vascular endothelial growth factor

(VEGF), and interleukin-6 (IL-6), which stimulate tumor proliferation, angiogenesis, invasion, and

therapeutic resistance
[11,28]

.

CAFs are among the most abundant stromal cell populations in PDAC and have emerged as key regulators

of therapeutic resistance
[20,26,37,38]

. Recent advances in single-cell sequencing have revealed remarkable CAF

heterogeneity, overturning the traditional view that CAFs represent a homogeneous population
[39,40]

. Several

major CAF subtypes have been identified, including myofibroblastic CAFs (myCAFs), inflammatory CAFs

(iCAFs), and antigen-presenting CAFs (apCAFs)
[26,37,38]

. MyCAFs are characterized by high alpha-smooth

muscle actin (α-SMA) expression and are primarily involved in ECM deposition and tissue remodeling. In
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contrast, iCAFs secrete large quantities of inflammatory mediators such as IL-6, C-X-C motif chemokine

ligand 12 (CXCL12), and leukemia inhibitory factor (LIF), thereby promoting tumor growth and immune

suppression
[20,37]

. ApCAFs express major histocompatibility complex class II (MHC-II) molecules and may

participate in antigen presentation and immune modulation
[26]

. LRRC15-positive CAFs represent a TGF-β-

dependent myofibroblastic population associated with stromal remodeling, immune exclusion, and poor

response to immune checkpoint blockade. In addition, metabolically reprogrammed CAFs can support

tumor survival by supplying lactate, amino acids, and lipid metabolites, thereby linking stromal

heterogeneity to metabolic adaptation and therapeutic resistance
[38,41-43]

. Thus, CAF-targeted therapy should

be guided by functional state and spatial localization rather than total CAF abundance. CAF populations

exhibit substantial plasticity. Under the influence of TGF-β, IL-1, and Janus kinase (JAK)/signal transducer

and activator of transcription (STAT) signaling pathways, transitions between iCAF and myCAF phenotypes

can occur dynamically during tumor progression
[37,38]

.

CAFs and PSCs are major stromal regulators of chemoresistance in PDAC. Through paracrine signaling,

EV-mediated communication, and metabolic coupling, these cells actively reprogram tumor behavior and

promote survival under therapeutic stress
[28,36,44]

. Activated CAFs and PSCs secrete a broad spectrum of

cytokines, chemokines, and growth factors, including IL-6, HGF, TGF-β, CXCL12, and VEGF
[11,12,45]

. Among

these mediators, IL-6 is a particularly important driver of chemoresistance. Activation of the

IL-6/JAK/STAT3 signaling axis enhances the expression of adenosine triphosphate (ATP)-binding cassette

(ABC) transporters, including ATP-binding cassette subfamily B member 1 (ABCB1) and ATP-binding

cassette subfamily G member 2 (ABCG2), while simultaneously promoting anti-apoptotic signaling and

tumor cell survival
[46,47]

. HGF/cellular mesenchymal–epithelial transition factor (c-MET), TGF-β, and

CXCL12-C-X-C motif chemokine receptor 4 (CXCR4) signaling further activate PI3K/PKB, MAPK, EMT,

stemness, and cell adhesion programs, reducing chemotherapy sensitivity
[11,48,49]

.

Immunosuppressive cellular network

PDAC is widely regarded as an immunologically “cold” tumor characterized by limited infiltration of

cytotoxic immune cells and extensive accumulation of immunosuppressive populations
[22,50-52]

. The PDAC

immune microenvironment is dominated by myeloid-derived suppressor cells (MDSCs), M2-polarized

tumor-associated macrophages (TAMs), and regulatory T cells (Tregs), which establish a self-reinforcing

immunosuppressive network
[53,54]

.

TAMs are key components of the PDAC resistance ecosystem because they integrate inflammatory,

metabolic, and treatment-induced signals and translate these cues into tumor-supportive responses
[55]

. TAMs

can promote chemoresistance through both soluble mediators and metabolic crosstalk. For example,

macrophage-derived cytidine deaminase has been shown to reduce gemcitabine-induced apoptosis, whereas

macrophage-released deoxycytidine can directly compete with gemcitabine for cellular uptake and

metabolism, thereby decreasing its cytotoxic activity
[56]

. In addition, macrophages that engulf chemotherapy-

induced apoptotic tumor cells can release 14-3-3ζ, activating AXL receptor tyrosine kinase (AXL)/PKB-

dependent survival signaling in PDAC cells and promoting resistance to gemcitabine and nab-paclitaxel
[57]

.

These observations indicate that chemotherapy can paradoxically reinforce a macrophage-dependent

survival niche rather than simply eliminating tumor cells. TAMs may also contribute to immune checkpoint

resistance by sustaining an immunosuppressive myeloid niche and limiting effective CD8
+
 T-cell infiltration

and function. Importantly, TAM-targeted strategies may therefore need to focus on reprogramming

macrophage states rather than indiscriminate depletion
[58,59]

.

Although immune suppression is traditionally associated with resistance to immunotherapy, recent

mechanistic studies suggest that immunosuppressive cells also contribute significantly to chemotherapy

resistance
[22,27,60]

. MDSCs produce arginase, inducible nitric oxide synthase, and reactive oxygen species,
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thereby depleting essential nutrients required for effective immune responses and simultaneously promoting

tumor cell survival
[53,61]

. TAMs predominantly exhibit an M2 phenotype and secrete IL-10 and TGF-β, which

enhance EMT, stemness, and resistance to apoptosis
[62]

. Moreover, Tregs suppress immune surveillance and

facilitate the survival of resistant tumor clones during chemotherapy exposure. Together, these

immunosuppressive populations create a protective niche that enables tumor cells to withstand cytotoxic

treatment and promotes disease recurrence
[52]

.

Hypoxia and tumor acidosis

Severe hypoxia is a hallmark of PDAC and results primarily from extensive stromal accumulation, vascular

compression, and inadequate perfusion
[63-65]

. Persistent activation of hypoxia-inducible factor 1α (HIF-1α)

induces a broad transcriptional program that supports tumor survival under therapeutic stress
[66]

. Hypoxia

may alter the expression of drug-metabolizing enzymes and nucleotide-metabolism pathways, thereby

modifying drug exposure and sensitivity. However, the relative contribution of these mechanisms in clinical

PDAC remains incompletely defined
[67]

. In parallel, HIF-1α activates developmental pathways including

Notch and Wnt signaling, leading to increased expression of stemness-associated transcription factors such

as SRY-box transcription factor 2 (SOX2) and octamer-binding transcription factor 4 (OCT4)
[68,69]

. Cancer

stem-like cells generated under hypoxic conditions exhibit enhanced DNA repair capacity, resistance to

apoptosis, and reduced sensitivity to chemotherapy
[69]

. Moreover, hypoxia-induced VEGF expression

promotes the formation of structurally abnormal blood vessels that further impair drug delivery and

exacerbate therapeutic resistance
[45]

.

Hypoxia is closely coupled to extracellular acidosis in PDAC. Abnormal vascular perfusion, high glycolytic

activity, and increased lactate production collectively contribute to the accumulation of protons and other

acidic metabolites within the tumor interstitium. Acidosis can influence therapeutic response through both

pharmacological and biological mechanisms. Low extracellular pH may impair the intracellular

accumulation of weak-base chemotherapeutic agents through ion trapping and can induce adaptive

programs involving drug efflux, autophagy, stress responses, and reduced apoptotic susceptibility
[70]

. In

PDAC models, adaptation to an acidic extracellular environment has been shown to increase survival and

reduce sensitivity to gemcitabine and erlotinib, providing direct evidence that acidosis can contribute to

treatment resistance in pancreatic cancer
[71]

.

Tumor acidosis also interacts with immune and metabolic components of the TME. Acidic conditions can

impair T-cell and natural killer-cell function while favoring a metabolically adapted tumor phenotype.

Conversely, increased glycolytic activity and lactate production can further exacerbate extracellular

acidification, generating a positive feedback loop between metabolic reprogramming, hypoxia, immune

dysfunction, and therapeutic resistance
[72]

. Thus, hypoxia and acidosis should be considered interconnected

physicochemical features of the PDAC resistance ecosystem rather than independent stress conditions.

Metabolic reprogramming and metabolic-immune crosstalk

Metabolic reprogramming represents a hallmark of PDAC and is increasingly recognized as a major

contributor to therapeutic resistance
[73-75]

. Unlike normal tissues, the PDAC microenvironment is

characterized by severe nutrient deprivation, glucose scarcity, excessive lactate accumulation, amino acid

imbalance, and dysregulated lipid metabolism. These metabolic alterations arise from the combined effects of

rapid tumor growth, inadequate vascularization, and extensive stromal remodeling
[74,75]

. Importantly, tumor

cells and stromal cells establish a metabolically cooperative ecosystem that supports survival under hostile

conditions. One of the most extensively studied mechanisms is the reverse Warburg effect, in which CAFs

undergo glycolytic reprogramming and produce large quantities of lactate. Lactate is subsequently exported

through monocarboxylate transporter 4 (MCT4) and imported into PDAC cells via monocarboxylate

transporter 1 (MCT1), where it fuels oxidative phosphorylation and ATP production
[74,76,77]

.
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In addition to lactate metabolism, glutamine utilization plays a central role in PDAC progression. Tumor

cells exhibit remarkable metabolic plasticity and exploit alternative glutamine metabolic pathways to sustain

biosynthesis and redox homeostasis under nutrient-limited conditions
[75,78]

. Kirsten rat sarcoma viral

oncogene homolog (KRAS)-driven glutamine utilization promotes nicotinamide adenine dinucleotide

phosphate (NADPH) production and protects tumor cells from oxidative damage induced by chemotherapy.

Disruption of glutamine metabolism has therefore emerged as a potential strategy for sensitizing PDAC cells

to treatment
[74,75]

.

Furthermore, aberrant lipid metabolism supports membrane synthesis, energy storage, and antioxidant

defense mechanisms, thereby enhancing resistance to chemotherapy and targeted therapy
[79,80]

. Increased

fatty acid synthesis, lipid uptake, and β-oxidation provide both structural components for membrane

biogenesis and alternative energy sources during metabolic stress. Lipid metabolic adaptation has also been

linked to stemness maintenance, metastatic dissemination, and resistance to apoptosis. Several studies have

demonstrated that inhibition of fatty acid metabolism can enhance chemosensitivity and suppress tumor

progression in preclinical PDAC models
[77,78]

.

EV-mediated intercellular communication

EVs are membrane-enclosed vesicles released by tumor and stromal cells that mediate intercellular

communication within the PDAC microenvironment. EVs can transport biologically active cargo, including

proteins, lipids, metabolites, and nucleic acids, to recipient cells and thereby modify their phenotypes
[81]

. In

PDAC, such EV-mediated communication can transmit resistance-associated signals between malignant,

stromal, and immune compartments of the TME
[82-85]

.

Importantly , macrophage-derived EVs represent a specif ic mechanism l inking the immune

microenvironment to chemoresistance. Macrophage-derived exosomes have been shown to transfer miR-365

to PDAC cells, increasing the intracellular nucleotide pool and cytidine deaminase expression and thereby

reducing gemcitabine sensitivity
[82]

. Macrophage-derived EVs can also decrease PDAC sensitivity to

gemcitabine; proteomic analyses identified chitinase 3-like 1 and fibronectin as abundant EV cargo proteins,

and functional experiments linked these proteins to extracellular signal-regulated kinase (ERK)-dependent

gemcitabine resistance
[83]

. These findings provide direct evidence that EV-mediated communication between

immune cells and tumor cells can contribute to therapeutic resistance.

EVs also mediate bidirectional communication between tumor and stromal cells. CAF-derived EV-packaged

circBIRC6 has been shown to promote platinum resistance in pancreatic cancer through modulation of

SUMOylation
[84]

. Conversely, EV-packaged Linc-ZNF25-1 derived from pancreatic cancer cells promotes

asparagine uptake by PSCs, enhancing PSC activation and ECM formation and thereby contributing to

gemcitabine resistance
[85]

. Collectively, these findings indicate that EV-mediated signaling can promote

therapeutic resistance through mechanisms determined by both the cellular origin of EVs and their specific

molecular cargo. EVs may therefore represent potential biomarkers for treatment monitoring and resistance

prediction, as well as potential therapeutic targets. Strategies to interfere with EV biogenesis, release, uptake,

or defined resistance-associated cargo warrant further investigation. However, EV heterogeneity and

methodological variability in isolation and characterization remain important barriers to clinical

translation
[86]

.

Neural and microbial components of the resistance ecosystem

The contribution of microbiota to PDAC biology has emerged as a rapidly evolving research field. Recent

mechanistic studies have identified distinct intratumoral microbial communities within pancreatic tumors

and demonstrated their involvement in tumor progression, immune regulation, and therapeutic
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resistance
[87,88]

. Certain bacterial species, particularly Gammaproteobacteria, express bacterial cytidine

deaminase capable of metabolizing gemcitabine into inactive metabolites, thereby directly promoting

chemoresistance
[87]

. Microbial dysbiosis may additionally modulate immune cell differentiation and alter

responses to immunotherapy
[88,89]

.

Another emerging component of the PDAC microenvironment is the neuroimmune niche. Perineural

invasion (PNI) is a pathological hallmark of PDAC and is strongly associated with disease progression and

poor prognosis
[50]

. Neural fibers within the TME release neurotransmitters, including catecholamines and

norepinephrine, which interact with adrenergic receptors expressed on macrophages, CAFs, and tumor

cells
[50]

. This signaling facilitates M2 macrophage polarization, enhances secretion of IL-6 and VEGF, and

facilitates establishment of an immunosuppressive niche
[50,90,91]

. As a result, neuroimmune interactions not

only promote tumor invasion and metastasis but also contribute to resistance against chemotherapy, targeted

therapy, and immune-mediated tumor elimination.

Spatial heterogeneity

A growing body of evidence indicates that the PDAC microenvironment exhibits remarkable spatial

heterogeneity, which plays a critical role in determining therapeutic response and disease progression
[17,26,92-94]

.

Traditional bulk sequencing approaches have provided valuable molecular information; however, they fail to

capture the spatial organization of distinct cellular populations within tumors
[95]

. Recent advances in single-

cell RNA sequencing have revealed previously unrecognized heterogeneity among CAFs, immune cells, and

malignant epithelial cells
[26,38]

. These studies have identified multiple CAF subpopulations, including

myCAFs, iCAFs, apCAFs, and additional transitional states, highlighting the complexity of stromal

regulation in PDAC
[26,37,38]

. The emergence of spatial transcriptomics and spatial proteomics has further

transformed our understanding of PDAC biology. These technologies have demonstrated that CAF-rich

regions frequently form physical barriers that exclude cytotoxic T cells from direct contact with tumor cells,

thereby contributing to resistance to immune checkpoint inhibitors (ICIs)
[17]

. Likewise, hypoxic regions are

often enriched with immunosuppressive macrophages, Tregs, and metabolically adapted tumor cells,

creating specialized niches that promote therapeutic resistance
[17,63]

. Spatial multi-omics analyses have

revealed that treatment-resistant tumors are characterized not only by specific molecular alterations but also

by distinct spatial architectures involving stromal, immune, and metabolic compartments
[15,17]

.

KEY HALLMARKS OF TME-MEDIATED THERAPEUTIC RESISTANCE
Beyond constitutive stromal, immune, hypoxic, and metabolic barriers, the PDAC microenvironment

promotes adaptive cellular states that enable tumor persistence under therapeutic pressure. Five

interconnected hallmarks are particularly relevant: cancer stem cell (CSC) plasticity, stress-adaptive

autophagy, ferroptosis evasion, metabolic-immune crosstalk, and therapy-induced TME remodeling. These

processes connect microenvironmental stress with tumor-cell adaptation and contribute to both intrinsic

and acquired therapeutic resistance.

CSC plasticity

CSCs represent a phenotypically plastic tumor-cell state characterized by self-renewal, tumor-initiating

capacity, and enhanced tolerance to therapeutic stress
[96-98]

. In PDAC, CSC-enriched populations contribute

to tumor propagation, metastatic dissemination, and treatment resistance. Importantly, stemness is not

necessarily a fixed cellular identity but can be dynamically regulated by tumor-intrinsic programs and

microenvironmental cues
[20,68,99]

.

The TME provides selective conditions that favor CSC persistence and plasticity. Hypoxia, nutrient

limitation, stromal signaling, and inflammatory mediators can reinforce stem-like and epithelial-

mesenchymal programs, generating protective niches in which residual tumor cells survive therapeutic stress.
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These interactions link microenvironmental adaptation to tumor repopulation and acquired resistance
[75,100]

.

Metabolic heterogeneity further contributes to CSC adaptation. Pancreatic CSCs are preferentially dependent

on oxidative phosphorylation and display limited metabolic plasticity; however, metabolically flexible

resistant clones can emerge under mitochondrial stress through alterations in the MYC proto-oncogene,

bHLH transcription factor (MYC)/peroxisome proliferator-activated receptor gamma coactivator 1-alpha

(PGC-1α) balance
[100]

. This adaptive metabolic heterogeneity may permit a subset of CSCs to survive

metabolic or therapeutic perturbation and contribute to tumor recurrence.

Stress adaptation and autophagy

Autophagy is a major stress-adaptive program that enables PDAC cells to survive hypoxia, nutrient

deprivation, and therapeutic stress
[101,102]

. In hypoxic and nutrient-poor conditions, autophagic flux supports

cellular homeostasis by recycling intracellular components and maintaining metabolic substrates. Notably,

pancreat ic tumor-init iat ing cel ls exhibit enhanced autophagy under hypoxic stress , l inking

microenvironmental deprivation to the survival of stem-like, therapy-resistant populations
[103]

.

Autophagy also operates within stromal compartments. PSCs use autophagy to release alanine, which can be

taken up by PDAC cells and used to support central carbon metabolism under nutrient-limited

conditions
[104]

. This metabolic exchange illustrates how stromal autophagy can support tumor-cell fitness

within the nutrient-poor PDAC microenvironment.

Therapeutic stress can further induce protective autophagy. In Rat sarcoma viral oncogene homolog (RAS)-

driven cancers, inhibition of the RAF family of serine/threonine protein kinases (RAF)-mitogen-activated

protein kinase kinase (MEK)-ERK pathway induces autophagic flux that promotes tumor-cell survival,

providing a mechanistic basis for combining MAPK-pathway inhibition with autophagy blockade
[105]

.

Autophagy has also been associated with the maintenance of stem-like states, further linking stress

adaptation with CSC persistence
[106]

.

Collectively, these findings identify autophagy as a context-dependent survival mechanism connecting

microenvironmental stress with therapeutic adaptation. Although autophagy inhibition has shown

preclinical activity, its clinical benefit in unselected PDAC remains unproven.

Ferroptosis evasion

Ferroptosis is an iron-dependent form of regulated cell death driven by uncontrolled lipid peroxidation and

failure of antioxidant defenses
[107,108]

. Suppression of ferroptotic stress represents an important survival

mechanism in PDAC, in which oncogenic and metabolic programs generate substantial oxidative stress.

PDAC exhibits a marked dependence on extracellular cysteine for ferroptosis suppression. Cystine import

through system Xc
-
, mediated by the SLC7A11/SLC3A2 transporter complex, supplies cysteine for the

synthesis of glutathione and coenzyme A, thereby limiting lipid peroxidation. Genetic deletion of SLC7A11

or systemic cystine depletion induced tumor-selective ferroptosis and suppressed PDAC growth in

genetically engineered mouse models
[109]

.

The relationship between ferroptosis and the PDAC microenvironment is bidirectional. Microenvironmental

conditions can influence nutrient availability, redox balance, and lipid metabolism, thereby altering

ferroptosis sensitivity; conversely, ferroptotic damage can remodel inflammatory signaling within pancreatic

tumors
[110-112]

. Thus, ferroptosis should be considered within the broader metabolic and inflammatory context

of the PDAC resistance ecosystem rather than as an exclusively tumor-cell-intrinsic process.
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These dependencies provide a rationale for ferroptosis-sensitizing strategies; however, current evidence in

PDAC remains predominantly preclinical, and the therapeutic window and context dependence of

ferroptosis induction require further investigation.

Metabolic-immune crosstalk

Metabolic reprogramming in PDAC affects therapeutic response not only by sustaining tumor-cell survival

but a lso by reshaping anti tumor immunity. Competit ion for nutrients and accumulat ion of

immunomodulatory metabolites create reciprocal interactions among malignant, stromal, and immune cells,

linking metabolic adaptation to immune dysfunction and therapeutic resistance. Lactate and adenosine

provide particularly well-defined examples of this metabolic-immune crosstalk in PDAC
[23,113]

.

Lactate provides a direct mechanistic link between tumor metabolism and immune suppression. Recent

PDAC-specific evidence shows that increased glycolytic lactate promotes K63 lactylation of endosulfine-α
(ENSA), sustaining SRC-STAT3 signaling and C-C motif chemokine ligand 2 (CCL2) production in tumor

cells. CCL2 promotes TAM recruitment, while lactate also reprograms macrophages toward an

immunosuppressive state. Disrupting lactate production or the ENSA-STAT3-CCL2 axis restored sensitivity

to immune checkpoint blockade in preclinical PDAC models
[114]

.

The CD73-adenosine axis represents another PDAC-specific metabolic-immune pathway. CD73-mediated

adenosine production promotes immunosuppression through both myeloid and lymphoid compartments. In

PDAC models, CD73 has been linked to granulocyte-macrophage colony-stimulating factor (GM-CSF)-

dependent accumulation of MDSCs and impaired T-cell activity, while tumor-cell-autonomous adenosine

receptor signaling can activate p38-STAT1-CCL5 signaling and promote regulatory T-cell recruitment
[115,116]

.

Additional metabolic processes, including tryptophan catabolism and competition for glutamine and other

nutrients, may further constrain antitumor immunity, although their direct contribution to therapeutic

resistance in PDAC is less well defined
[78,79,117]

. Collectively, these findings demonstrate that metabolic

adaptation and immune suppression are mechanistically coupled rather than parallel features of the PDAC

TME. Lactate-driven macrophage remodeling and CD73-dependent adenosine signaling provide direct

examples in which metabolic alterations generate immunosuppressive cellular states and reduce sensitivity to

antitumor immunity, supporting mechanism-guided metabolic-immunotherapeutic combinations.

Therapy-induced evolution of the TME

The PDAC resistance ecosystem is dynamically remodeled by treatment. Chemotherapy, radiotherapy,

targeted therapy, and immunotherapy not only select resistant tumor-cell states but can also alter stromal

composition, immune-cell recruitment, metabolic dependencies, and intercellular signaling. These

treatment-induced changes generate new selective pressures and protective niches that support residual

disease and acquired resistance
[18,47,118,119]

.

KRAS-pathway inhibition provides a representative example of therapy-induced ecosystem adaptation.

Although KRAS inhibition suppresses tumor-cell signaling, residual PDAC cells can engage compensatory

MAPK and bypass pathways, while the surrounding stroma undergoes functional remodeling that can limit

durable response. Preclinical studies further indicate that stromal reprogramming can restore sensitivity to

RAS-MAPK inhibition and enhance responses to cytotoxic and immune therapies
[120]

.

These observations support a co-evolutionary model of acquired resistance in which therapy simultaneously

selects tumor-cell states and reshapes the surrounding microenvironment. CSC plasticity, autophagy,

ferroptosis evasion, metabolic-immune crosstalk, and stromal or immune remodeling should therefore not
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Figure 2. Key TME drivers and mechanisms of therapeutic resistance in PDAC. Major components and stressors within the PDAC TME
promote distinct but interconnected resistance phenotypes. Dense ECM deposition and stromal remodeling increase matrix stiffness,
compress tumor vasculature, and impair drug penetration, thereby limiting chemotherapy delivery. CAF-derived cytokine signaling
activates prosurvival and stemness-associated pathways, including IL-6/JAK/STAT3 and TGF-β signaling, which contribute to
chemoresistance. Hypoxia and extracellular acidosis promote HIF-1α-dependent adaptation, glycolytic/lactate accumulation, and survival
under low-pH conditions. Metabolic–immune crosstalk involving lactate, adenosine, and other immunosuppressive metabolites
contributes to myeloid and T-cell dysfunction and immune escape. Therapy-induced stress can also promote CSC plasticity, survival, and
tumor repopulation, whereas adaptive MAPK signaling, metabolic rewiring, and stromal remodeling can facilitate acquired resistance to
targeted therapy. Collectively, these interconnected mechanisms illustrate how multiple TME-derived resistance nodes cooperate to
sustain therapeutic resistance in PDAC and provide a rationale for mechanism-guided combination strategies. TME: Tumor
microenvironment; PDAC: pancreatic ductal adenocarcinoma; ECM: extracellular matrix; CAF: cancer-associated fibroblast; IL-6:
interleukin-6; JAK: Janus kinase; STAT3: signal transducer and activator of transcription 3; TGF-β: transforming growth factor-β; HIF-1α:
hypoxia-inducible factor 1α; CSC: cancer stem cell; MAPK: mitogen-activated protein kinase.

be viewed as isolated mechanisms, but as interconnected adaptive responses that emerge under therapeutic

pressure. This dynamic perspective provides the rationale for longitudinal biomarker assessment and

mechanism-guided combination therapy rather than sequential targeting of individual resistance pathways.

TME-MEDIATED RESISTANCE ACROSS THERAPEUTIC MODALITIES
The PDAC TME limits therapeutic efficacy through mechanisms that are shared across treatment modalities

but differ in their relative contribution to each therapeutic context. Physical drug exclusion, stromal

signaling, hypoxia, metabolic adaptation, immune suppression, and therapy-induced plasticity collectively

shape responses to chemotherapy, targeted therapy, immunotherapy, and radiotherapy. Figure 2 summarizes

the multilevel mechanisms of therapeutic resistance in PDAC driven by the TME.

Chemotherapy

Chemotherapy efficacy in PDAC is constrained by impaired drug delivery and microenvironment-mediated

survival signaling. Dense deposition of collagen and hyaluronan increases interstitial pressure and

compresses intratumoral vessels, reducing perfusion and drug penetration
[9,28,32,33]

. In parallel, ECM-integrin
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interactions activate FAK, PI3K-PKB, and MAPK signaling, linking stromal mechanics to prosurvival

signaling and reduced chemotherapy sensitivity
[35]

.

CAFs and PSCs further promote chemoresistance through paracrine signaling and extracellular

communication. CAF-derived IL-6 activates JAK-STAT3 signaling, whereas HGF-c-MET, TGF-β, and

CXCL12-CXCR4 signaling reinforce prosurvival, epithelial-mesenchymal, and stem-like programs
[11,12,45-49]

.

EVs provide an additional route of stromal-tumor communication by transferring proteins and non-coding

RNAs that alter survival signaling and drug sensitivity
[66,121-123]

. Together, these mechanisms enable stromal

cells to regulate chemotherapy response beyond their role as a physical barrier.

Myeloid cells can also directly alter chemotherapy efficacy. In PDAC, tumor-conditioned macrophages

release pyrimidine nucleosides, particularly deoxycytidine, which competes with gemcitabine for cellular

uptake and metabolism, thereby reducing its cytotoxic activity. Macrophage depletion enhanced gemcitabine

responsiveness in preclinical PDAC models, providing direct evidence that TAM metabolism can determine

chemotherapy sensitivity
[56]

.

Hypoxia and metabolic stress further reinforce chemoresistance by promoting stem-like states, redox

adaptation, and stress-survival programs, including autophagy
[63-65,68,69,101,102]

. These adaptive processes

converge with impaired drug delivery and stromal signaling to permit the persistence of residual tumor cells

during chemotherapy. Thus, chemoresistance in PDAC reflects coordinated physical, stromal, metabolic,

and cellular mechanisms rather than a single drug-specific pathway.

Targeted therapy

Resistance to targeted therapy in PDAC arises from reciprocal interactions between tumor-intrinsic signaling

and the surrounding microenvironment. Stromal signaling, ECM-mediated mechanotransduction, hypoxia,

and metabolic adaptation can provide compensatory survival signals that reduce tumor-cell dependence on

the therapeutically inhibited pathway. Targeted-therapy resistance therefore cannot be explained solely by

secondary tumor-cell alterations.

KRAS inhibition provides a representative example of this reciprocal interaction. In KRAS G12D-mutant

PDAC models, extracellular context and integrin β1 (ITGB1)-dependent mechanotransduction regulate

sensitivity to MRTX1133 through yes-associated protein (YAP)/transcriptional coactivator with PDZ-

binding motif  (TAZ) s ignal ing.  Moreover ,  KRAS G12D inhibit ion remodeled the immune

microenvironment, with tumor regression in immunocompetent models associated with reduced neutrophil

abundance and increased effector CD8
+
 T-cell infiltration

[124]
. These findings demonstrate that both tumor-

intrinsic signaling and the extracellular and immune microenvironment determine the response to KRAS

inhibition.

Therapeutic pressure can further induce compensatory MAPK signaling, metabolic rewiring, and stromal

remodeling, enabling residual tumor cells to recover fitness after pathway inhibition
[120]

. These observations

support a co-evolutionary model in which KRAS-targeted therapy reshapes both tumor-cell signaling and

the TME, providing a rationale for combinations that simultaneously suppress oncogenic signaling and

microenvironmental escape mechanisms.

Immunotherapy

PDAC is characterized by a profoundly immune-excluded TME that limits the efficacy of immune

checkpoint blockade. Dense ECM and CAF-rich stromal regions restrict cytotoxic T-cell infiltration, whereas

hypoxia and metabolic stress further impair T-cell survival and effector function
[22,125-127]

. Thus, resistance
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frequently arises upstream of checkpoint engagement because functional effector T cells are scarce within

tumor-cell-rich regions.

Myeloid and regulatory lymphoid populations reinforce this immune-excluded state. TAMs suppress T-cell

recruitment and effector function through immunosuppressive cytokines and inhibitory signaling, whereas

MDSCs impair T-cell activation through arginase-1-mediated L-arginine depletion and reactive oxygen and

nitrogen species. Tregs further constrain antitumor immunity through IL-10 and TGF-β and by disrupting

productive interactions between dendritic cells and cytotoxic CD8
+
 T cells

[128,129]
.

Metabolic immune suppression further compounds cellular immune exclusion. Lactate accumulation and

adenosine signaling impair effector lymphocyte function, while defective dendritic-cell activation and

antigen presentation limit effective tumor recognition
[23,113]

. These overlapping physical, cellular, and

metabolic barriers help explain why blockade of a single immune checkpoint is generally insufficient in

unselected PDAC and support strategies that combine checkpoint inhibition with TME remodeling.

Radiotherapy

Radiotherapy efficacy in PDAC is strongly constrained by hypoxia. Dense desmoplasia and vascular

compression reduce tumor perfusion and oxygenation, whereas oxygen deficiency limits fixation of

radiation-induced DNA damage and thereby reduces radiosensitivity
[130-133]

. Hypoxia-inducible signaling

additionally promotes antioxidant defense, metabolic adaptation, and survival programs that increase

tolerance to radiation-induced stress.

Radiotherapy also interacts dynamically with the stromal and immune microenvironment. In PDAC models,

fibroblasts and collagen cooperate to impair radiation efficacy and radiation-induced interferon signaling.

FAK inhibition reprogrammed the stroma, restored radiation-induced T-cell priming, and enhanced

responses to checkpoint blockade, demonstrating that stromal signaling can directly determine radiotherapy

response
[134]

.

Radiotherapy can therefore exert opposing effects on the PDAC ecosystem: tumor-cell damage may promote

antigen release and immune priming, whereas persistent hypoxia, stromal fibrosis, and myeloid-mediated

immunosuppression can constrain these responses. Radiosensitivity consequently depends not only on

tumor-cell DNA damage but also on the state of the surrounding TME, providing a rationale for combining

radiotherapy with mechanism-based stromal or immune modulation.

THERAPEUTIC TARGETING OF THE PDAC RESISTANCE ECOSYSTEM
Given the central role of the resistance ecosystem in PDAC progression and therapeutic resistance,

considerable efforts have been devoted to developing strategies that target stromal remodeling, hypoxia,

immune suppression, and metabolic adaptation. Increasing evidence suggests that effective treatment of

PDAC requires not only direct elimination of malignant cells but also simultaneous modulation of the

supportive microenvironment
[14,29,135]

. A comprehensive overview of current and emerging therapeutic

strategies targeting distinct components of the PDAC resistance ecosystem, including TME-directed and

tumor-intrinsic/TME-interacting approaches, is presented in Table 1.

Stromal reprogramming and signaling modulation

Therapeutic targeting of the PDAC stroma has shifted from nonspecific stromal depletion toward selective

remodeling and reprogramming. Early approaches focused on degrading hyaluronan (HA) to reduce ECM

density, interstitial pressure, and barriers to drug delivery
[146]

. However, the failure of PEGPH20 to improve

survival in the phase III HALO-301 trial showed that matrix depletion alone is insufficient to overcome
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Table 1. Current and emerging therapeutic strategies targeting the PDAC resistance ecosystem

Therapeutic compartment Target/strategy
Representative
intervention

Evidence level
Mechanistic
rationale

Clinical evidence and
major limitation

Ref.

Stromal/ECM
Hyaluronan
depletion

PEGPH20
(pegvorhyaluronidase alfa)
+ gemcitabine/nab-
paclitaxel

Randomized clinical

Degrades hyaluronan
and reduces ECM-
associated physical
constraints on tumor
perfusion and drug
distribution

HALO-301 (Phase III): ORR
increased from 36% to
47%, but median OS (11.2
vs. 11.5 months) and PFS
(7.1 vs. 7.1 months) were
not improved. These
findings challenge
indiscriminate stromal
depletion as a therapeutic
strategy

[136]

Stromal/CAF-PSC
Stromal
reprogramming

Paricalcitol; other VDR
agonists

Early clinical

Promotes a less
activated stromal
phenotype and may
modify fibroblast
composition and
immune accessibility
without eliminating
the stroma

A randomized run-in study
(NCT03520790) showed
modulation of fibroblast and
CD8+ T-cell features, but
was not designed to
establish survival benefit.
Another phase II study of
oral paricalcitol
(NCT04617067) was
stopped early for failure to
meet its prespecified
efficacy criterion

[137,138]

Stromal/CAF
FAK inhibition and
stromal
reprogramming

Defactinib (VS-6063) +
SBRT

Early clinical/preclinical

FAK inhibition can
counteract fibroblast-
and collagen-
mediated resistance,
restore radiation-
induced interferon
signaling, and promote
T-cell priming

NCT04331041: clinical
evaluation of defactinib
with SBRT was supported
by preclinical and tissue-
level evidence of stromal
reprogramming; definitive
clinical efficacy remains to
be established

[134]

Immune/myeloid CCL2-CCR2 axis
PF-04136309 +
chemotherapy

Early clinical

CCR2 blockade
reduces recruitment of
inflammatory
monocytes and TAMs,
thereby attenuating
myeloid-mediated
immunosuppression

Phase Ib studies evaluated
PF-04136309 with
FOLFIRINOX or
gemcitabine/nab-paclitaxel.
Although biological activity
was observed, subsequent
development has not
established a definitive
clinical benefit

[139,140]

Immune/stromal
CXCL12-CXCR4
axis

Plerixafor + cemiplimab Early clinical

CXCR4 blockade
facilitates T-cell
recruitment into the
tumor and is intended
to enhance the activity
of PD-1 blockade

Phase II: among 21 patients
with metastatic PDAC, only
two achieved stable disease
as their best response.
Increased immune
infiltration was
accompanied by
enrichment of
immunosuppressive
macrophages, illustrating
compensatory resistance
within the TME

[141]

Immune/adenosine
CD73-adenosine
axis

Oleclumab ± durvalumab +
chemotherapy

Randomized phase Ib/II

CD73 inhibition
reduces adenosine-
mediated
immunosuppression
and may increase
immune
responsiveness to
checkpoint blockade

NCT03611556: the
randomized phase II
comparison did not meet its
primary efficacy endpoint;
ORR were 29.0%, 21.1%,
and 32.9% across the three
treatment arms, with no
significant PFS or OS
improvement for the
combination arm

[142]

Immune/myeloid-stromal CD40 activation
Agonistic CD40 antibody +
chemotherapy

Preclinical/early clinical

CD40 activation
promotes
macrophage-mediated
tumor killing and can
remodel tumor
stroma, providing a
mechanism for
combining immune
activation with
chemotherapy

Preclinical models and an
early clinical study
demonstrated biological
and antitumor activity, but
CD40-based strategies
remain investigational and
require validation in larger
controlled studies

[143]

Tumor-intrinsic/TME-interacting KRAS signaling
Sotorasib (KRAS G12C);
MRTX1133 (KRAS G12D)

Early clinical (KRAS G12C
inhibition); predominantly
preclinical/developmental
(KRAS G12D inhibition)

Suppresses oncogenic
KRAS signaling;
combination with
TME-directed
approaches may limit
adaptive stromal and
signaling responses

Sotorasib has demonstrated
clinical activity in KRAS
G12C-mutant advanced
PDAC, whereas KRAS
G12D-directed strategies
remain less clinically
established. Adaptive
MAPK signaling, stromal
remodeling, and metabolic
compensation may limit
durable responses

[144,145]
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Integrated tumor-stroma
signaling

FAK-RAS/MAPK
crosstalk

FAK inhibitor + RAF-MEK
inhibitor

Preclinical

CAF-mediated
signaling can sustain
MYC and adaptive
resistance during RAF-
MEK inhibition;
combined FAK and
RAF-MEK inhibition
therefore targets
complementary
tumor-stroma
resistance
mechanisms

Combined inhibition
produced tumor growth
suppression and improved
survival across multiple
PDAC mouse models,
providing a mechanistic
rationale for future
combination development;
clinical efficacy has not yet
been established

[120]

Evidence levels reflect the highest level of PDAC-specific evidence supporting each strategy and should not be interpreted as evidence of clinical
efficacy. Clinical-trial evaluation indicates investigation rather than established therapeutic benefit. PDAC: Pancreatic ductal adenocarcinoma; ECM:
extracellular matrix; PEGPH20: pegylated recombinant human hyaluronidase; ORR: objective response rate; OS: overall survival; PFS: progression-
free survival; CAF: cancer-associated fibroblast; PSC: pancreatic stellate cell; VDR: vitamin D receptor; FAK: focal adhesion kinase; SBRT:
stereotactic body radiotherapy; CCL2: C-C motif chemokine ligand 2; CCR2: C-C motif chemokine receptor 2; TAMs: tumor-associated
macrophages; CXCL12: C-X-C motif chemokine ligand 12; CXCR4: C-X-C motif chemokine receptor 4; PD-1: programmed cell death protein 1; TME:
tumor microenvironment; KRAS: Kirsten rat sarcoma viral oncogene homolog; MAPK: mitogen-activated protein kinase; RAS: Rat sarcoma viral
oncogene homolog; RAF: RAF family of serine/threonine protein kinases; MEK: mitogen-activated protein kinase kinase; MYC: MYC proto-
oncogene, bHLH transcription factor.

PDAC therapeutic resistance
[136]

. The stroma is not merely a physical barrier but a dynamic compartment

that regulates vascular function, immune responses, tumor-cell signaling, and treatment adaptation.

Preclinical studies support stromal reprogramming as an alternative to stromal depletion. Activation of the

vitamin D receptor (VDR) in PSCs with calcipotriol restored a more quiescent stromal phenotype, reduced

fibrosis and inflammation, increased intratumoral gemcitabine accumulation, and improved the response to

chemotherapy in PDAC models
[147]

. These findings indicate that modifying stromal function may enhance

treatment efficacy while preserving the structural functions of the tumor stroma.

This concept is further supported by the functional heterogeneity of CAFs. In genetically engineered PDAC

models, depletion of α-SMA-positive myofibroblasts increased tumor aggressiveness, immunosuppression,

and disease progression, whereas other studies showed that stromal elements can restrain tumor

growth
[148,149]

. Thus, indiscriminate CAF depletion may disrupt tumor-restraining functions, supporting

selective targeting of tumor-promoting stromal states rather than global stromal elimination.

Beyond stromal abundance and cellular state, therapeutic resistance can be driven by stromal signaling. TGF-

β, HGF/c-MET, and IL-6/JAK/STAT3 are among the pathways through which stromal cells communicate

with tumor cells and regulate survival, inflammation, and treatment sensitivity. TGF-β signaling contributes

to fibrosis and immune suppression, whereas stromal-derived HGF can activate c-MET-dependent survival

pathways in PDAC cells
[150,151]

. These overlapping signaling networks may allow tumor cells to compensate

for inhibition of individual therapeutic targets.

The clinical experience with TGF-β inhibition also illustrates the gap between mechanistic rationale and

therapeutic efficacy. In a phase Ib study, the TGF-β receptor I inhibitor galunisertib was combined with the

anti-PD-L1 antibody durvalumab in patients with metastatic pancreatic cancer
[152]

. The study supported the

feasibility of combined TGF-β and immune checkpoint targeting but provided limited evidence of durable

clinical benefit, emphasizing that inhibition of a single stromal pathway may be insufficient when parallel

resistance mechanisms remain active.

FAK signaling provides a further example of stromal adaptation to therapeutic pressure. In PDAC models,

FAK inhibition reprogrammed the fibrotic stroma, restored radiation-induced interferon signaling, and

enhanced T-cell priming and response to radiotherapy
[134]

. More recently, FAK inhibition was shown to

overcome resistance to RAS-MAPK inhibition by altering CAF-mediated signaling; CAFs maintained MYC
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expression and produced fibroblast-derived factors such as FGF1 that contributed to resistance
[120]

.

Combined FAK and RAF-MEK inhibition improved tumor control and survival in multiple PDAC models.

These findings support a shift from targeting individual stromal components toward disrupting the adaptive

interactions between stromal and tumor cells.

Remodeling the immune microenvironment

Restoration of antitumor immunity is a major objective of current PDAC therapeutic development.

However, successful immunotherapy requires reversal of the profound immune suppression present within

the PDAC microenvironment
[22,125]

. Several approaches have been investigated to eliminate or reprogram

immunosuppressive populations. Strategies targeting MDSCs, TAMs, and Tregs have demonstrated the

potential to restore T-cell activity and enhance immune surveillance
[153-155]

. Particular attention has recently

focused on macrophage reprogramming. Converting M2-like TAMs into tumoricidal M1 macrophages may

simultaneously reduce immune suppression and improve responsiveness to ICIs
[153]

. In addition, inhibition

of the CD39-CD73-adenosine axis has emerged as a highly promising strategy
[156]

. Extracellular adenosine

suppresses T-cell activation through A2A and A2B receptors, thereby contributing to immune escape.

Several anti-CD39 and anti-CD73 agents, including IPH5201 and oleclumab, are currently being evaluated in

combination with PD-1 inhibitors and chemotherapy
[156]

. However, the magnitude of benefit remains

modest, suggesting that adenosine blockade alone is unlikely to fully reverse immune exclusion in PDAC.

The ultimate goal of these approaches is to convert immunologically “cold” PDAC tumors into “hot” tumors

capable of mounting effective antitumor immune responses
[17]

.

Hypoxia and metabolic targeting

Hypoxia and metabolic adaptation are closely interconnected features of the PDAC microenvironment.

Rather than treating them as independent resistance mechanisms, increasing evidence indicates that oxygen

limitation drives metabolic plasticity, including enhanced glycolysis, altered glutamine and lipid utilization,

and maintenance of redox homeostasis, thereby supporting tumor-cell survival and therapy resistance
[157]

.

HIF signaling is a central regulator of these adaptations and also contributes to an immunosuppressive

microenvironment
[65]

. Therefore, therapeutic strategies targeting this axis may focus on disrupting hypoxia

adaptation or selectively exploiting the metabolic dependencies that arise under hypoxic conditions.

Several preclinical studies support this approach. In pancreatic cancer models, inhibition of HIF-1α with

PX-478 enhanced radiosensitivity, including when combined with gemcitabine or 5-fluorouracil, indicating

that interference with hypoxia adaptation can increase the efficacy of cytotoxic treatment
[158]

. Hypoxia-

activated prodrugs represent an alternative strategy that exploits the spatial heterogeneity of oxygen

availability. However, in a randomized phase II trial, addition of the hypoxia-activated prodrug TH-302 to

gemcitabine improved progression-free survival but did not establish a significant overall-survival benefit,

highlighting the limitations of targeting hypoxia without appropriate patient selection or combination

strategies
[159]

.

Metabolic interventions should similarly be considered within the context of TME adaptation rather than as

isolated metabolic targets. Hypoxia-induced glycolysis and lactate accumulation can alter extracellular acidity

and nutrient availability, while metabolic exchange between cancer cells and stromal cells may provide

alternative substrates that sustain tumor growth and treatment resistance
[65,160]

. Consequently, simultaneous

disruption of hypoxia adaptation and compensatory metabolic pathways may be more rational than

inhibiting a single metabolic process. Importantly, these approaches remain predominantly preclinical, and

the clinical benefit of metabolism-directed therapy in PDAC remains to be established.
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Overall, current evidence supports a shift from broadly targeting “hypoxic” or “metabolically active” tumors

toward biomarker-guided intervention of specific hypoxia-metabolism dependencies
[157,161]

. Because the

degree and spatial distribution of hypoxia vary among PDAC tumors, hypoxia signatures or other

pharmacodynamic biomarkers may be important for patient selection and for identifying tumors most likely

to benefit from hypoxia- or metabolism-directed combinations.

Emerging combination therapeutic strategies

Because therapeutic resistance in PDAC arises from interactions between tumor-intrinsic signaling and the

TME, emerging strategies increasingly combine tumor-directed therapies with stromal or immune

modulation. For example, combined FAK and RAF-MEK inhibition overcame CAF-mediated resistance to

MAPK inhibition and enhanced responses to chemotherapy and immunotherapy in preclinical PDAC

models, supporting a multi-pathway rather than single-target approach
[120]

.

Stromal reprogramming may also improve the efficacy of radiotherapy and immunotherapy. FAK inhibition

restored radiation-induced interferon signaling, promoted T-cell priming, and enhanced responses to

checkpoint blockade in PDAC models, providing the rationale for clinical evaluation of defactinib with

stereotactic body radiotherapy (SBRT, NCT04331041)
[134]

. These findings support functional stromal

reprogramming rather than indiscriminate stromal depletion.

Targeting immune-stromal interactions provides another potential strategy. Although CXCR4 blockade

increased immune-cell infiltration in a phase II study of metastatic PDAC, clinical activity was limited and

treatment was accompanied by enrichment of immunosuppressive macrophages, highlighting the

compensatory mechanisms that may constrain TME-targeted therapy
[141]

. CD40 agonism represents an

alternative approach, activating tumoricidal macrophages and remodeling tumor stroma; early clinical and

preclinical studies provided evidence supporting its combination with chemotherapy
[143]

.

Overall, current evidence supports mechanism-guided combination therapy targeting complementary

tumor, stromal, and immune vulnerabilities. However, most strategies remain supported by preclinical or

early-phase evidence, emphasizing the need for biomarker-guided patient selection and rigorous clinical

validation.

CLINICAL TRANSLATION OF TME-TARGETED THERAPEUTIC STRATEGIES
Preclinical evidence: TME targeting as a strategy to reverse therapeutic resistance

Most TME-directed strategies in PDAC remain supported primarily by preclinical evidence derived from

genetically engineered mouse models, patient-derived xenografts, organoids, co-culture systems, and ex vivo

human tumor models
[24,162]

. These studies have provided mechanistic evidence that stromal, immune,

vascular, metabolic, and extracellular components of the TME can actively regulate therapeutic response

rather than merely reflect tumor progression. Accordingly, TME-targeted approaches have focused on

stromal remodeling, reprogramming of immunosuppressive cell populations, normalization of abnormal

vasculature, modulation of hypoxia and metabolism, and interference with intercellular signaling.

Importantly, the preclinical literature increasingly supports TME reprogramming rather than indiscriminate

stromal depletion. For example, inhibition of FAK has been shown to remodel the fibrotic stroma and

enhance the response of PDAC to radiotherapy. In preclinical models, FAK inhibition restored radiation-

induced interferon signaling, promoted tumor-specific T-cell priming, and enhanced antitumor responses

when combined with immune checkpoint blockade
[134]

. These findings provided the mechanistic rationale for

subsequent clinical investigation of FAK inhibition in combination with SBRT.
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More recently, preclinical evidence has further demonstrated that stromal reprogramming can influence

resistance to RAS/MAPK pathway inhibition. Long-term FAK inhibition was found to induce

hyperactivation of the RAS/MAPK pathway in PDAC models and in post-treatment human PDAC tissues.

Concomitant inhibition of FAK and RAF-MEK signaling produced greater tumor growth inhibition and

prolonged survival in multiple PDAC mouse models. Mechanistically, CAFs impaired the downregulation of

MYC following RAF-MEK inhibition, whereas FAK inhibition reprogrammed CAFs and reduced the

production of fibroblast-derived growth factors, including FGF1, that contributed to resistance
[120]

.

These findings illustrate an important principle of the PDAC resistance ecosystem: the therapeutic relevance

of the TME may arise not only from the presence of individual stromal or immune components, but also

from their ability to dynamically compensate for therapeutic perturbations imposed on tumor cells.

However, these observations remain predominantly preclinical and should not be interpreted as evidence of

clinical efficacy.

Early clinical evidence: translating stromal reprogramming into combination therapy

Several TME-directed approaches have progressed into early-phase clinical investigation, although clinical

evidence remains considerably more limited than the extensive preclinical literature. In this setting, FAK

inhibition represents one of the more mechanistically developed examples because its clinical evaluation has

been directly informed by experimental studies of stromal-mediated therapeutic resistance
[134]

.

The RAMP205 study (NCT05669482) is a Phase 1b/2 study evaluating the combination of the RAF-MEK

clamp inhibitor avutometinib and the FAK inhibitor defactinib with gemcitabine plus nab-paclitaxel in

previously untreated patients with metastatic PDAC. The trial was designed to evaluate the safety,

tolerability, and preliminary efficacy of simultaneously targeting MAPK signaling and FAK-dependent

stromal signaling in combination with standard chemotherapy. ClinicalTrials.gov currently lists the study as

Active, not recruiting
[163,164]

.

FAK inhibition has also been investigated as a strategy to improve radiation response. The NCT04331041

study evaluated defactinib in combination with SBRT in patients with advanced pancreatic adenocarcinoma

following standard chemotherapy. This Phase II clinical investigation was motivated by preclinical evidence

showing that FAK inhibition could reprogram the fibrotic tumor stroma, restore radiation-induced immune

signaling, and facilitate T-cell priming. In the corresponding translational study, analysis of paired patient

samples demonstrated stromal changes following treatment, providing clinical biological evidence consistent

with the proposed mechanism
[134,165]

.

These studies illustrate a potentially important direction for TME-targeted therapy: rather than attempting to

eliminate the entire stromal compartment, therapeutic intervention can be designed to modify the functional

state of stromal cells and their interactions with tumor cells and immune cells. Nevertheless, these

approaches remain under clinical evaluation, and mechanistic evidence or early clinical feasibility should not

be equated with demonstrated survival benefit.

Randomized clinical evidence: lessons from stromal depletion

The clinical development of PEGPH20 illustrates the limitations of translating a biologically plausible TME-

targeting strategy directly into clinical benefit. HA accumulation is a prominent feature of the PDAC ECM

and has been associated with elevated interstitial pressure and impaired tissue perfusion. PEGPH20 was

developed to enzymatically degrade HA and thereby remodel the ECM and potentially improve drug

delivery
[146,166]

.
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Early clinical studies generated encouraging signals, particularly in patients with HA-high tumors. In the

randomized Phase II HALO-202 study, PEGPH20 combined with nab-paclitaxel and gemcitabine produced

a greater progression-free survival benefit in the HA-high subgroup, supporting the hypothesis that stromal

composition might be therapeutically exploitable
[167]

.

However, this promising signal was not confirmed in the subsequent randomized Phase III HALO-301 trial.

Among patients with previously untreated, metastatic , HA-high PDAC, PEGPH20 plus nab-

paclitaxel/gemcitabine increased the objective response rate compared with placebo plus chemotherapy (47%

vs. 36%) but failed to improve either overall survival [11.2 vs. 11.5 months; hazard ratio (HR), 1.00; P = 0.97]

or progression-free survival (7.1 vs. 7.1 months; HR, 0.97). Consequently, the study did not support further

development of PEGPH20 in metastatic PDAC
[136]

.

The HALO-301 trial illustrates the limitations of a simplistic “more stroma is worse, therefore stroma should

be depleted” model. Although HA depletion can modify the physical properties of the tumor stroma and

increase drug delivery under certain experimental conditions, depletion of a single ECM component does

not necessarily result in normalization of the entire TME. The biological consequences of stromal

manipulation may depend on the cellular composition, spatial organization, mechanical properties, vascular

function, and compensatory signaling networks within the tumor.

This distinction is particularly important for the interpretation of TME-targeted therapies in PDAC. The

failure of PEGPH20 suggests that therapeutic strategies directed against a single structural component may

be insufficient when multiple interconnected mechanisms maintain treatment resistance. Consequently,

future approaches may need to focus on context-dependent stromal reprogramming and rational

combination therapy, guided by biomarkers that identify tumors in which a particular TME dependency is

functionally relevant.

Evidence-based perspective on TME-targeted therapy

Taken together, current evidence supports a cautious interpretation of TME-targeted therapy in PDAC.

Preclinical studies have established multiple mechanisms through which CAFs, ECM, immune cells, vascular

abnormalities, hypoxia, metabolic adaptations, and intercellular communication can contribute to

therapeutic resistance. However, only a subset of these mechanisms has progressed into clinical testing, and

randomized evidence demonstrating a meaningful survival benefit remains limited
[24,134,162,167]

.

An important distinction should therefore be made between mechanistic evidence, early clinical evidence,

and randomized evidence of therapeutic benefit. Mechanistic studies can establish biological plausibility;

early-phase trials can demonstrate feasibility, safety, pharmacodynamic effects, and preliminary activity;

however, randomized clinical trials are required to determine whether modulation of the TME translates into

meaningful improvements in patient outcomes.

The available evidence also argues against treating the PDAC TME as a uniformly detrimental structure.

Different stromal populations may have context-dependent and sometimes tumor-restraining functions, and

indiscriminate stromal depletion may therefore produce unintended consequences
[148,149]

.

Within this framework, the PDAC resistance ecosystem may provide a useful perspective for future

therapeutic development. Rather than targeting isolated components of the TME, combination approaches

could simultaneously interfere with complementary resistance mechanisms, for example, stromal signaling

together with oncogenic MAPK signaling, radiotherapy together with FAK inhibition, or TME remodeling

together with immune activation. The objective is not simply to eliminate the TME, but to disrupt the

                                                                                            



Page 20 of 28 Li et al. Cancer Drug Resist. 2026;9:36

Figure 3. Therapeutic strategies targeting the PDAC resistance ecosystem. Therapeutic approaches directed at the PDAC resistance
ecosystem aim to reprogram, rather than indiscriminately eliminate, tumor microenvironmental components and resistance-supporting
processes. Stromal and ECM modulation seeks to reprogram CAF/PSC activity, remodel the ECM, and improve vascular function through
pathways including TGF-β, FAK, and VDR; importantly, PEGPH20-mediated hyaluronan depletion failed to improve survival in a phase III
PDAC trial, highlighting the limitations of indiscriminate stromal depletion. Additional investigational strategies include targeting hypoxia
and acidosis, reprogramming immunosuppressive myeloid populations and enhancing T-cell function, disrupting metabolic dependencies
and metabolic–immune crosstalk, inhibiting cytoprotective autophagy and exploiting ferroptotic vulnerability, and modulating the
microbiome. These approaches may help control tumor growth, improve drug delivery, enhance antitumor immunity, reduce resistance
phenotypes, and increase therapeutic sensitivity. Overall, mechanism-guided and biomarker-informed combination strategies may enable
more effective targeting of the interconnected PDAC resistance ecosystem; however, many of these approaches remain investigational
and should not be interpreted as having established clinical efficacy. PDAC: Pancreatic ductal adenocarcinoma; ECM: extracellular matrix;
CAF: cancer-associated fibroblast; PSC: pancreatic stellate cell; TGF-β: transforming growth factor-β; FAK: focal adhesion kinase; VDR:
vitamin D receptor; PEGPH20: pegylated recombinant human hyaluronidase; TME: tumor microenvironment; HA: hyaluronan; HIF:
hypoxia-inducible factor; CAIX: carbonic anhydrase IX; CCR2: C-C motif chemokine receptor 2; CXCR4: C-X-C motif chemokine receptor
4; LDHA: lactate dehydrogenase A; CQ: chloroquine; HCQ: hydroxychloroquine; system Xc-: cystine/glutamate antiporter; SLC7A11: solute
carrier family 7 member 11; GPX4: glutathione peroxidase 4.

adaptive interactions that allow tumor cells to survive therapeutic pressure. Figure 3 highlights therapeutic

strategies for targeting the PDAC resistance ecosystem.

CONCLUSION AND FUTURE PERSPECTIVES
Therapeutic resistance in PDAC should increasingly be understood as an emergent property of a dynamic

tumor ecosystem rather than as the consequence of isolated molecular defects. The clinical failure of several

single-component TME interventions, exemplified by indiscriminate stromal depletion with PEGPH20,

illustrates the limitations of treating one resistance mechanism in isolation. Future strategies should therefore

integrate tumor-intrinsic vulnerabilities with TME states, including stromal composition, myeloid activity,

metabolic and physicochemical conditions, and spatial organization. Such an ecosystem-oriented approach

will require biomarker-guided patient selection and rational combination therapies designed to interrupt

specific compensatory feedback loops rather than simply increasing the number of therapeutic targets.
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