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REVIEW

Harnessing the power of cancer-associated fibroblasts to 
revolutionize pancreatic cancer treatment
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ABSTRACT	 Pancreatic cancer (PC) is a highly aggressive cancer characterized by a unique tumor microenvironment (TME) that confers resistance 
to traditional therapies. As the dominant stromal cells in the TME, cancer-associated fibroblasts (CAFs) promote PC progression by 
modulating the extracellular matrix and interacting with surrounding cells. Numerous PC treatment strategies targeting CAFs have 
been explored in the past decade. However, targeting different subtypes of CAFs leads to varying therapeutic outcomes, highlighting 
the intricate and multifaceted nature of CAFs. The heterogeneity and dynamism of CAFs increase the complexity and challenges 
associated with tumor therapeutics. Currently, combination therapies incorporating CAF-targeted approaches in PC treatment 
have shown encouraging outcomes in select clinical trials. A comprehensive understanding of CAFs is essential for developing 
individualized therapeutic approaches. This review outlines the current knowledge of CAF heterogeneity, crosstalk with surrounding 
cells, and strategies for targeting CAFs in PC, aiming to keep researchers and clinicians up-to-date with the latest information on 
CAFs in PC.

KEYWORDS	 Pancreatic cancer; cancer-associated fibroblasts; tumor microenvironment; targeted therapy; heterogeneity

Introduction

Pancreatic cancer (PC) is one of the most lethal malignancies 
worldwide for which radical resection surgery is the primary 
curative approach. PC is initially diagnosed at advanced stages 
owing to the unique anatomic location and vague symptoms with 
only 25% of patients eligible for surgical intervention. Indeed, 
optimal treatment selection is pivotal for enhancing PC patient 
survival1-3. Given the limited availability of endorsed therapeu-
tic options for PC, chemotherapy remains the cornerstone of PC 
treatment. Nevertheless, the inherent resistance of PC to chemo-
therapy underscores the limited viable treatment options3-6.

The PC tumor microenvironment (TME) is characterized 
by a dense desmoplastic stroma that constitutes up to 90% 

of the tumor volume. The TME is composed of a complex 
network of cellular and non-cellular components, including 
cancer-associated fibroblasts (CAFs), immune cells, endothe-
lial cells, and the extracellular matrix (ECM). Among these 
components, CAFs are among the most abundant and func-
tionally distinct cell types, which have profound effects on 
tumor biology1. Functional analyses have delineated two dis-
tinct CAF phenotypes: a pro-tumor M1 phenotype; and an 
antitumor M2 phenotype. CAFs are known to secrete a wide 
array of growth factors, cytokines, and ECM proteins, which 
collectively contribute to tumor growth, invasion, metastasis, 
and chemoresistance7,8. Paradoxically, emerging evidence sug-
gests that some CAF subpopulations may also exert tumor-re-
straining effects, highlighting the functional heterogeneity 
and context-dependent roles of CAFs in PC9,10.

Given the dual roles of CAFs in PC progression and the 
potential as therapeutic targets, a comprehensive understand-
ing of CAF heterogeneity and functional plasticity of CAFs 
is essential. This review provides an overview of the current 
knowledge on CAFs in PC with a focus on the characteris-
tics and emerging therapeutic strategies targeting CAFs in the 
TME.
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CAF characteristics

CAF heterogeneity

Studies have described distinct CAF subpopulations. The 
three most well-characterized CAF subtypes include inflam-
matory CAFs (iCAFs), myofibroblastic CAFs (myCAFs), and 
antigen-presenting CAFs (apCAFs)11,12. iCAFs and myCAFs 
represent the principal distinct fibroblast subpopulations in 
the PC stroma13. iCAFs are typically located in hypoxic regions 
distal to tumor cells and are characterized by elevated expres-
sion of fibroblast activation protein (FAP) and inflammatory 
cytokines, such as IL-6, IL-11, PDGFRα, CXCL12, COL4A1, 
COL4A2, COL14A1, and leukemia inhibitory factor (LIF), 
which promote tumor progression and immune suppres-
sion4,14. CAFs can differentiate into iCAFs induced by IL-1 
and TNF-α15. myCAFs are enriched in the oxygen-rich areas 
near well-differentiated cancers4,13. Alpha smooth muscle 
actin (αSMA) is a distinct hallmark of myCAFs. myCAFs also 
upregulate POSTN, SDC1, COL8A1, COL10A1, COL11A1, 
and COL12A1 expression14. Transforming growth factor 
(TGF)-β1 is frequently recognized as a conventional inducer 
of the myCAF phenotype. apCAFs express MHC class II and 
CD74 invariant chains but lack classical co-stimulatory mole-
cules, such as CD80 and CD86. apCAFs stimulate T cells but 
also contribute to immune evasion and tumor progression 
through expression of serum amyloid A312. apCAFs are regu-
lated by interferon (IFN)-γ signaling12.

In addition to these well-defined subtypes, recent studies 
have identified novel CAF populations with unique functional 
properties. Leucine-rich repeat containing 15 (LRRC15)+ 
CAFs express LRRC15, COL10A1, COL11A1, and MMP11 and 
are localized around tumor islets8,16. Complement-secreting 
CAFs (csCAFs) express complement components and have 
tumor-suppressive effects11. Metabolic CAFs (meCAFs) are 
characterized by high expression of group IIA-secreted phos-
pholipase A2 (PLA2G2A), cellular retinoic acid-binding 
protein 2 (CRABP2), lactate dehydrogenase (LDH) B, and 
phosphoglycerate kinase 1 (PGK1)14,17. The characteristics of 
the main subtypes are listed in Table 1.

CAF roles

CAFs have multifaceted roles in PC progression. One of 
the most well-established functions of CAFs is an ability to 

synthesize and remodel the ECM, which provides support  
and protection for tumor cells and promotes invasion 
and metastasis3,18. CAFs produce a variety of growth fac-
tors, cytokines, chemokines, and metabolites that mod-
ulate metabolic reprogramming and promote cancer cell 
proliferation, stemness, and chemoresistance. In addition, 
CAFs enhance the formation of an immunosuppressive 
TME by modulating immune cells10. Despite predominantly 
tumor-promoting roles, some CAF subpopulations exhibit 
tumor-restraining properties. For example, Meflin+ CAFs 
have been associated with reduced tumor growth and an 
improved chemotherapy response19, whereas csCAFs inhibit 
tumor progression through complement-mediated mecha-
nisms11. These divergent functions highlight the importance of  
context-dependent CAF targeting in therapeutic strategies.

Targeting CAFs for cancer therapy

CAFs influence PC progression in various ways, includ-
ing cell-to-cell contact, phenotypic conversion, and secre-
tion of paracrine factors or ECM. Interventions that deplete 
tumor-promoting CAFs, mitigate phenotypic plasticity, dis-
rupt autocrine and paracrine signaling cascades, or target 
the ECM serve as therapeutic strategies for treating PC. Such 
strategies aim to attenuate desmoplastic reactions, chemore-
sistance, and immunosuppression.

CAF depletion

Numerous markers have been identified on CAFs and these 
markers are not only instrumental in the identification of 
CAFs but also serve as potential targets for therapeutic inter-
ventions. Current strategies for CAF depletion focus primarily 
on targeting specific CAF subpopulations with FAP+ CAFs 
representing the main therapeutic targets.

FAP+ CAFs
FAP+ CAFs are predominantly localized in poorly differ-
entiated tumor regions and have been implicated in tumor 
progression and immune suppression13. These FAP+ CAFs 
contribute to an immunosuppressive TME that is character-
ized by restricted infiltration of CD8+ T cells13. Depletion of 
FAP+ CAFs has been shown to remodel the ECM, which in 
turn enhances T-cell infiltration and alleviates T-cell suppres-
sion20. Depletion of FAP+ CAFs has been shown to suppress 
tumor growth in KPC mice (an important model for PC) in 
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an immune cell-dependent manner. Furthermore, combin-
ing depletion of FAP+ CAF with programmed death ligand 
1 (PD-L1) or CTLA-4 blockade resulted in synergistic tumor 
growth inhibition. FAP-IL2v, an antibody against FAP and 
IL-2 variant, significantly improved the anti-tumor ability 
of PD-L1 checkpoint inhibition. The triple combination of 
FAP-IL2v, an anti-PD-L1 antibody, and an excitatory CD40 
antibody resulted in excellent anti-tumor activity21. Based 
on preclinical research, FAP-specific chimeric antigen recep-
tor T (CAR-T) cells, which were designed to deplete FAP+ 
CAFs, effectively inhibited the growth of multiple types of  
subcutaneously transplanted tumors by increasing endog-
enous CD8+ T-cell antitumor responses and inhibiting the 
recruitment of myeloid-derived suppressor cells (MDSCs) 
without significant off-tumor toxicity22. Prior administra-
tion of FAP-targeted CAR-T cells significantly potentiated 
the anti-PC efficacy of CLDN18.2-targeted CAR-T-cells22 and 
dual-targeted FAP/CLDN 18.2 CAR-T cells therapy alleviated 
T-cell exhaustion in a TGF-β-dependent manner23. mesoFAP  
CAR-TEAM cells were generated with anti-mesothelin chi-
meric antigen receptor and a secreted T-cell conjugated mol-
ecule that target FAP+ CAFs and recruit T-cells via CD3. 

mesoFAP CAR-TEAM cells demonstrated superior efficacy in 
eradicating PCs and CAFs24 in a PC mouse model compared 
to T cells targeting either antigen alone. FAP-based DNA 
vaccines also eliminate CAFs. The SynCon FAP DNA vac-
cine, a novel type of tumor antigen-specific vaccine, not only 
stimulates anti-tumor immunity but also shows synergistic  
anti-tumor efficacy with other DNA vaccines (Figure 1A)25.

Other options
SMA+ CAFs are abundant in resected samples from patients 
with non-recurrent PC26. However, another study revealed 
that decreased αSMA+ CAFs correlated with poorly differ-
entiated tumors and poor prognosis13,27. Although αSMA+ 
CAF depletion did not improve the therapeutic efficacy of 
gemcitabine, αSMA+ CAF depletion increased the effective-
ness of anti-CTLA-4 immunotherapy and prolonged animal 
survival27. A higher proportion of LRRC15+ myCAFs in the 
TME is associated with poor prognosis16. Because LRRC15+ 
CAFs impede CD8+ T cell effector potential, depletion of 
LRRC15+ CAFs from the PC stroma increases responsiveness 
to anti-PD-L1 treatment8. A subset of myCAFs that exclu-
sively express tryptophan 2,3-dioxygenase (TDO2) promotes 

Table 1  Characteristics of main subtypes of CAFs in pancreatic cancer

Subtype Marker Inducer Characteristics Activation pathway

myCAFs αSMA, POSTN, SDC1, 
COL8A1, COL10A1, 
COL11A1, and COL12A1

TGF-β1 ECM remodeling, tumor restraining, 
adjacent to cancer cells, excluded 
from hypoxic regions

Hedgehog, ATM signaling, EMT, 
myogenesis, ECM receptor 
interaction, and focal adhesion

iCAFs FAP, IL-6, IL-11, PDGFRα, 
CXCL12, LIF, COL4A1, 
COL4A2, and COL14A1

IL-1, TNF-α Pro-tumor, immunosuppressive, ECM 
deposition, distant from cancer cells, 
enriched in hypoxic regions

IL-1-IRAK4, JAK-STAT, and NF-κB 
signaling

apCAFs MHC Class II, CD74, and 
serum amyloid A3

IFN-γ Anti-tumor, antigen presentation, 
immune modulation

Antigen presentation and 
processing, fatty-acid 
metabolism, MYC targets, and 
MTORC1 signaling

meCAFs PLA2G2A, CRABP2, LDHB, 
and PGK1

NR Pro-tumor, enriched in loose ECM NR

LRRC15+ CAFs LRRC15, COL10A1, 
COL11A1, and MMP11

TGF-β Immunosuppression TGF-β signaling

csCAFs Complement system 
components

NR Anti-tumor NR

CAFs, cancer-associated fibroblasts; myCAFs, myofibroblastic CAFs; iCAFs, inflammatory CAFs; apCAFs, antigen-presenting CAFs; meCAFs, 
metabolic CAFs; LRRC15, leucine rich repeat containing 15; csCAFs, complement-secreting CAFs; ATM, mutated in ataxia-telangiectasia; 
EMT, epithelial mesenchymal transition; ECM, extracellular matrix; αSMA, alpha-smooth muscle actin; TGF-β, transforming growth factor-β; 
MMP11, matrix metalloproteinases 11; FAP, fibroblast activation protein; LIF, leukaemia inhibitory factor; LDHB, lactate dehydrogenase B; 
PGK1, phosphoglycerate kinase 1; CRABP2, cellular retinoic acid-binding protein 2; PLA2G2A, group IIA secreted phospholipase A2; NR, not 
reported; POSTN, periostin; SDC1, syndecan1; PDGFRα, platelet-derived growth factor receptor alpha.
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Figure 1  Therapeutic strategies for targeting CAFs in tumors. This schematic illustrates therapeutic strategies for targeting CAFs in tumors, 
encompassing the following three main modalities: direct depletion of CAFs; alteration of the CAF phenotype; and targeting of CAF-mediated 
matrix remodelling. (A) Depletion of specific CAF subpopulations. Current CAF-directed therapies can be classified into three principal 
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the conversion of CD4+ T cells into Tregs and compromises 
the activity of CD8+ T cells. The TDO2 inhibitor, LM10, can 
restore the T-cell anti-tumor response and inhibit the aggres-
siveness of the cancer7. Depletion of PDGFRβ+ CAFs with 
nintedanib (a multikinase inhibitor) significantly decreased 
the IL-6 concentration and enhanced the tumor killing effi-
cacy of NK cells. Therefore, a therapeutic strategy combining 
MSLN-targeted CAR-NK cells and nintedanib may effica-
ciously ameliorate the clinical outcomes of patients with 
stroma-rich cancers by modulating the TME28. Targeting 
mesothelin-CAFs also shows promise in the treatment of PC. 
Anti-mesothelin antibodies effectively reduce the Treg/CD8+ 
T-cell proportion and inhibit the mesothelial cell-to-apCAF 
transition, thereby improving immunotherapeutic outcomes9. 
Proton therapy can significantly increase mesothelin expres-
sion in tumors. The combination of proton therapy with mes-
othelin-targeting CAR-T-cell therapy in a flank PC model 
resulted in superior antitumor growth effects and longer sur-
vival than monotherapy. Furthermore, combination treatment 
in bilateral tumor models can also induce abscopal effects by 
increasing serum IFN-γ levels and promoting CAR-T cell pro-
liferation (Figure 1A)29.

Reprogramming CAFs into quiescent 
fibroblasts

CAFs possess cancer-promoting capabilities, whereas qui-
escent fibroblasts do not exhibit cancer-promoting func-
tions30. Pancreatic stellate cells (PSCs) are predominantly 

quiescent under physiologic conditions. Upon activation by 
some cytokines and physical stimuli, quiescent PSCs shed 
cytoplasmic lipid droplets and assume the characteristics of 
myCAFs.

All-trans retinoic acid (ATRA)
Activated CAFs form a physical barrier to immune cell accessi-
bility, whereas ATRA allows stromal reprogramming through 
reprogramming of CAFs into quiescent fibroblasts31. ATRA 
has been shown to reduce cell proliferation and migration via 
the Wnt-β-catenin signaling pathway32. ATRA as a standalone 
treatment does not affect the progression of PC. However, 
when combined with gemcitabine and other chemotherapy 
drugs, ATRA significantly inhibits tumor growth. A phase 
Ib trial successfully established the safety and tolerability of 
ATRA in combination with gemcitabine and nab-paclitaxel 
in patients with PC. This treatment strategy showed promise 
in increasing the concentration of intratumoral chemother-
apy agents while reducing adverse drug reactions31. Notably, 
ATRA treatment has also been demonstrated to increase T-cell 
infiltration, resulting in prolonged survival in KPC mice.

Vitamin D and its derivatives
Studies have shown that vitamin D (VD) receptor (VDR) 
expression is very high in CAFs. VDR is the principal regula-
tor of CAFs. VDR ligands can enhance the chemotherapeutic 
response by inducing stromal remodeling. Multiple studies 
have shown that VD and VD derivatives promote the conver-
sion of activated CAFs to a quiescent state. However, Gorchs33 
reported that VD has the following dual effects: VD decreases 

categories (vaccines, cell therapy, and specific antibodies). The most advanced vaccine platforms are currently DNA-based, such as the SynCon 
FAP DNA vaccine, which is designed to elicit immune responses against FAP. CAR-T therapy is the predominant cell-based strategy. Primary 
targets for CAF-directed CAR-T therapies include mesothelin and FAP. Representative investigational agents include FAP-targeted CAR-T 
cells, mesothelin-targeted CAR-T cells, and mesoFAP CAR-TEAM cells. Additional strategies targeting CAF subsets include nintedanib, FAP-IL2v, 
anti-mesothelin antibodies, and LM10. Depletion of specific CAF subpopulations, such as αSMA+/LRRC15+ CAFs, is also under investigation. 
(B) Alteration of the CAF activation status. This strategy seeks to deactivate or reprogram pro-tumor CAFs rather than eliminate pro-tumor 
CAFs. Pharmacologic agents, such as all-trans retinoic acid, vitamin D, and the analogues, can revert activated CAFs to a quiescent phenotype. 
Potential agents designed to convert pro-tumor CAFs into anti-tumor CAFs include the synthetic retinoid, AM80, the heat shock protein 
inhibitor, XL888, and N-cadherin analogues. (C) Targeting CAF-derived ECM. This approach, which aims to remodel the ECM to improve drug 
delivery and alleviate immunosuppression, consists of five main strategies (inhibition of MMPs, suppression of HA synthesis, inhibition of 
FAK, disruption of intercellular junctions, and inhibition of collagen synthesis). Representative agents targeting MMPs include anti-MMP-7 
antibodies, MC-T-DOX, and MRPL-PFD. Inhibitors of HA synthesis include PEGPH20, losartan, and minnelide. FAK inhibitors, such as VS-4718 
and defactinib, represent another therapeutic category. Therapeutics directed at intercellular junctions primarily involve cadherin inhibition, 
as illustrated by SD133. Halofuginone is a representative inhibitor of collagen synthesis. CAFs, cancer-associated fibroblasts; FAP, fibroblast 
activation protein; CAR-T, chimeric antigen receptor T-cell; ATRA, all-trans retinoic acid; MMPs, matrix metalloproteinases; FAK, focal adhesion 
kinase; TDO2, tryptophan 2,3-dioxygenase; αSMA, alpha-smooth muscle actin; LRRC15, leucine-rich repeat containing 15; ECM, extracellular 
matrix; HA, hyaluronic acid. Figures were created with BioRender software (@biorender.com).

http://biorender.com
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the release of pro-tumorigenic substances, such as prostaglan-
din E2, IL-6, and periostin, in iCAFs; and VD reduces T-cell 
mediated tumor immune surveillance. A clinical study involv-
ing 68 patients revealed that higher plasma VD levels were 
associated with longer progression-free survival (PFS) and VD 
supplementation may be beneficial for the prognosis of PC in 
patients through suppression of CAFs34. The VD analogue, 
seocalcitol (EB1089), alone did not show objective anti-tu-
mor activity in advanced PC in a phase II trial35. A phase II 
pilot trial combining the VD analogue, paricalcitol, with cis-
platin, gemcitabine, albumin bound paclitaxel, and nivolumab 
showed promising results for patients with metastatic PC36.

Other options
Another study involving 71 human PCs revealed that infil-
tration of Meflin+ CAFs was positively correlated with 
favorable patient outcomes and Meflin ablation resulted in 
significant tumor progression with poorly differentiated his-
tology, whereas Meflin overexpression suppressed tumor 
growth in mouse models. Thus, Meflin+ CAFs are regarded 
as anti-tumor CAFs19. The synthetic non-natural retinoic 
acid, AM80, can convert Meflin− CAFs to Meflin+ CAFs. 
Whether AM80 enhances the efficacy of cancer drugs against 
advanced PC is undergoing evaluation in an open-label phase 
I/II clinical trial37. Zhang30 reported that the mechanical bind-
ing of N-cadherin and HAVDI (an N-cadherin ligand) leads 
to transformation of activated CAFs to a quiescent state, pro-
viding a foundation for the development of novel therapeu-
tic approaches. Treatment of primary patient CAFs with the 
Hsp90 inhibitor, XL888, effectively inhibits the iCAF pheno-
type by inhibiting JAK/STAT activity. Combined therapy with 
XL888 and anti-programmed death receptor 1 (PD-1) signif-
icantly increased CD8+ T-cell infiltration and prolonged the 
survival time of C57BL/6 mice bearing syngeneic subcutane-
ous or orthotopic tumors (Figure 1B)38.

Targeting the CAF-derived ECM

CAFs produce various types of collagen and hyaluronic acid 
(HA) that contribute to the composition of the ECM. ECM 
remodeling acts as a physical barrier that prevents anti-tumor 
immune cells and therapeutic drugs from killing tumor cells. 
Therefore, targeting the proteins in the ECM or breaking down 
the ECM could be a potential therapeutic approach. Studies 
have shown that anti-ECM therapy has dual effects. Specifically, 
some studies have indicated an improved treatment response, 

while other studies pointed to potential drawbacks, such as 
increased tumor progression and metastasis.

Type Ⅰ collagen
αSMA+ CAFs are major producers of type Ⅰ collagen (Col1) in 
the PC matrix39. The Col1 synthesis inhibitor, halofuginone, 
significantly affects the TME in PC. Specifically, halofuginone 
leads to enhanced infiltration of the immune system into areas 
characterized by low levels of HA. Consequently, this infil-
tration results in a greater abundance and wider dispersion 
of both classically activated inflammatory macrophages and 
cytotoxic T cells40. Deletion of Col1 in myCAFs was shown to 
accelerate PC progression and decrease survival in a dual-re-
combinase genetic mouse model of spontaneous PC by pro-
moting MDSC recruitment and impeding the infiltration of 
CD8+ T cells, which are attenuated by the combined inhibi-
tion of CXCR2 and CCR239.

HA
HA produced by CAFs is a major source of intratumor 
stromal pressure. HA synthase 1 and some collagens are 
expressed at higher levels in iCAFs, indicating that HA syn-
thase 1 and some collagens have specific roles in synthesis of 
the ECM12. Most of the available clinical studies involving PC 
have focused on the effects of PEGPH20 in combination with 
cytotoxic drugs. A phase II study (HALO 202) reported that 
the combination of PEGPH20 plus gemcitabine and nab-pa-
clitaxel significantly improved PFS in patients with PC and 
high HA expression41. However, a further phase III trial 
(HALO 109-301) revealed that this regimen did not improve 
the primary endpoint, overall survival (OS)42. A preclinical 
study indicated that minnelide, a water-soluble prodrug of 
triptolide (an active compound from a Chinese herb) not only 
reduced HA and collagen in mouse models but also enhanced 
vascular function and drug delivery within the tumor. The 
synergistic effect between minnelide and conventional 
chemotherapy not only significantly reduced the dosage of 
these toxic drugs but also effectively enhanced the therapeu-
tic outcome against cancer and the stromal components43. In 
addition, several ongoing clinical studies are further investi-
gating the potential of minnelide. The angiotensin inhibitor, 
losartan, has been shown to reduce the production of inter-
stitial HA. Losartan, in combination with FOLFIRINOX and 
chemoradiation, led to an improved OS for patients with PC 
by decreasing the number of Tregs and increasing the number 
of CD8+ T cells44.
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Focal adhesion kinase (FAK)
FAK is associated with ECM stiffness in PC. FAK activ-
ity in CAFs is an independent predictor of poor prognosis 
and tumor-infiltrating cytotoxic T cells. The FAK inhibitor, 
VS-4718, diminishes ECM remodeling, increases responsive-
ness to chemotherapy, and enhances sensitivity to immuno-
therapy. Notably, combining the FAK inhibitor, VS-4718, with 
checkpoint immunotherapy and radiotherapy or chemother-
apy was reported to result in tumor eradication45. A phase 
1b/2 study confirmed the safety and efficacy of an FAK inhib-
itor (defactinib) and the RAF/MEK clamp inhibitor (avutom-
etinib) in combination with gemcitabine and nab-paclitaxel as 
first-line treatments for metastatic PC46.

Matrix metalloproteinases (MMPs)
Activated MMPs contribute to ECM degradation, thus over-
coming the physical limitations of cell movement, which is 
involved in tumor invasion. MMPs may be preferable antitu-
mor targets. Upregulation of membrane type 1-matrix metal-
loproteinase (MT1-MMP) contributes to increased resistance 
to gemcitabine in PC and MC-T-DOX is a synthetic lipos-
ome designed for tumor-targeted drug delivery. MC-T-DOX 
enhances intratumoral vascular density upon activation by 
MT1-MMP, thereby improving drug penetration and accu-
mulation within the tumor47. Anti-MMP-7 also increases 
the sensitivity to chemotherapy, which enhances apoptosis 
of cancer cells48. However, the results of clinical studies on 
MMP targeting have not shown benefits for PC49,50. A pirfeni-
done-loaded, MMP2-responsive peptide-hybrid liposome 
(MRPL-PFD) has been exploited for drug delivery pur-
poses and tumors treated with therapeutic MRPL-PFD were 
shown to have better drug penetration and lower Col1 and 
fibronectin levels. Importantly, the tumor volume was greatly 
reduced51.

One study revealed that loss or inhibition of cadherin 11 
resulted in a significant decrease in the expression of ECM 
components. SD133, a small molecule inhibitor of cadherin 
11, effectively attenuated tumor growth and prolonged sur-
vival in KPC mice during the treatment period (Figure 1C)52.

Targeting signaling in CAFs

Studies have demonstrated the critical role of IL-1 receptor- 
associated kinase 4 (IRAK4)/NF-κB, LIF, IL-6/STAT3, TGF-
β, CXCL12/CXCR4, hedgehog (HH), and hepatocyte growth 
factor (HGF)/c-MET signaling in CAF activation.

IL-1/NF-κB signaling
IL-1 expression, which is associated with poor survival in PC 
patients, critically activates IRAK4 in CAFs, leading to fibro-
sis, metastasis, chemoresistance, and immunosuppression53. 
A study (NCT02021422) is being launched involving anak-
inra, a human IL-1 receptor antagonist, in combination with 
standard chemotherapy for treating PC. Conditional deletion 
or pharmacologic inhibition of IRAK4 reduces the levels of 
immunosuppressive cytokine expression (IL-6, IL-8, CXCL2, 
and CXCL5)54, reduces NF-κB activity, decreases tumor des-
moplasia, increases the activity of infiltrating CD4+ and CD8+ 
T cells; an antitumor phenotype of CAFs was observed54. 
NF-κB signaling modulates IL-1-induced IL-6 secretion55 and 
is a key regulator of the acquisition and maintenance of the 
tumor-promoting functions of iCAFs. The gene expression 
profile of iCAFs was attenuated after treatment with an NF-κB 
small-molecule inhibitor15,56. Garg57 demonstrated that co-in-
jection of orthotopically implanted KPC tumors with fibro-
blasts with a deletion of the p50 subunit of NF-κB reduced 
tumor volume and prolonged animal survival by increasing 
cytotoxic T-cell tumor infiltration.

LIF signaling
LIF overexpression drives iCAF phenotype via activation of 
the JAK-STAT signaling cascade. A clinic study revealed that 
the LIF protein is associated with poorly differentiated tumors. 
Pharmacologic blockade or genetic deletion of LIF inhibited 
tumor progression and enhanced the efficacy of chemother-
apy in PC mouse models58. A phase I dose escalation trial 
demonstrated that the LIF monoclonal antibody, MSC-1, has 
favorable safety and efficacy profiles in patients with advanced 
solid tumors. Furthermore, the unique attributes of MSC-1 
in modulating the TME suggest promising opportunities for 
synergistic combinations with additional therapeutic agents59. 
JAK inhibition resulted in a reduction in tumor volume and an 
increase in the number of myCAFs in KPC mice. Ruxolitinib, 
a JAK1 and JAK2 inhibitor, has also undergone clinical evalua-
tion for efficacy in treating PC. Although ruxolitinib improved 
OS in the randomized phase II RECAP study, ruxolitinib failed 
to prolong OS in two randomized phase III studies60.

IL-6/STAT3 signaling
Elevated serum IL-6 levels are a predictor of poor survival in 
patients with PC. IL-6 is a key regulator of STAT3 activation in 
cancer cells and is a primary driver of tumor cell survival and 
resistance to treatment61. IL-6 interacts with membrane-bound 
IL-6R and activates JAK/STAT3 via gp130. IL-6 deletion in 
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CAFs was reported to modulate the TME in genetically engi-
neered mouse models of PC, improve chemotherapy efficacy, 
and synergize with checkpoint blockade therapy28. A trial using 
an anti-IL-6R monoclonal antibody (RoActemra) demon-
strated significant suppression of PC progression in vivo62. 
Enhanced tumor regression and increased OS were detected 
in mice treated with anti-IL6Ralpha antibody and gemcit-
abine61. Raloxifene not only directly binds to gp130 and forms 
a complex with the IL-6 receptor to suppress the JAK/STAT3 
pathway but also inhibits IL-6 synthesis, thereby inhibiting PC 
progression in vitro and in orthotopic PC xenografts63. Because 
IL-6 targets the tumor-immune interface of PC, combined IL-6 
and PD-L1 blockade elicits significant antitumor activity and 
increases OS in orthotopic mouse xenograft models of PC64. 
The addition of MEK and STAT3 inhibitors to PD-1 block-
ade not only improves OS in PKT mice (a genetically-engi-
neered mouse model of PC in which cells expressing αSMA 
are ablated owing to the induction of thymidine kinase by 
ganciclovir administration) but enhances the cytotoxic effect 
of T cells in the TME by attenuating myCAFs. Importantly, the 
combination of an MEK inhibitor (trametinib), a STAT3 inhib-
itor (ruxolitinib), and a PD-1 inhibitor (nivolumab) provide 
clinical benefits for patients with chemotherapy-resistant PC65.

TGF-β signaling
Blockade of TGF-β signaling demonstrated the therapeutic  
efficacy against CAFs. The combination of the TGF-β recep-
tor I kinase inhibitor, galunisertib, with durvalumab demon-
strated good tolerability in patients with PC treated with ≤2 
systemic regimens in a single-arm, multinational, phase Ib 
study. However, the clinical activity warrants further study66.

CXCL12/CXCR4 signaling
FAP+ CAFs are the principal source of CXCL12 in the TME 
of patients with PC. Activation of the CXCL12/CXCR4 sign-
aling pathway not only promotes the progression and angio-
genesis of PC but also mediates immune escape. Preclinical 
studies revealed that CXCL12/CXCR4 signaling pathway 
blockade converts the TME from “cold” to “hot” by enhancing 
T-cell infiltration60. Administration of the CXCR4 inhibitor, 
AMD3100, acts synergistically with immunotherapy anti-
bodies to enhance the antitumor effects. Among 29 patients 
with PC who received the CXCR4 antagonist, BL-8040, and 
pembrolizumab as second-line therapy, the disease control 
rate and median OS were 34.5% and 7.5 months, respectively5. 
The combination of BL-8040, pembrolizumab, and chemo-
therapy was shown to be safe and well-tolerated and achieved 

therapeutic benefit in patients with de novo metastatic PC and 
disease progression on front-line gemcitabine-based therapy 
in the COMBAT/KEYNOTE-202 trial67. A phase I/II clini-
cal trial demonstrated that the CXCL12 inhibitor, NOX-A12, 
combined with pembrolizumab is safe and increases immune 
cell infiltration in the PC TME68. These results indicated that 
blocking the expression of CXCL12/CXCR4 and PD-1 may 
increase the anti-tumor effect of chemotherapy.

HH signaling
HH signaling is aberrantly expressed in CAFs69. HH inhi-
bition modulates the TME by affecting ECM-related gene 
expression, downregulating cytokine secretion by CAFs, 
and altering CAF subtypes. HH inhibition using genetic or 
pharmacologic approaches in KPC mice, such as IPI-926 and 
patched 1-interacting peptide, leads to fibroblast depletion, 
suppresses fibrosis, reduces survival time, decreases tumor 
differentiation and increased vascularity70. Conversely, acti-
vation of HH using agonists increases CAF proliferation, pro-
motes stromal hyperplasia, and attenuates tumor growth71. 
Another study demonstrated that the HH inhibitor, sonidegib 
(LDE225), enhances the sensitivity of PC tumors to chemo-
therapy in mouse models72. HH depletion does not enhance 
the efficacy of gemcitabine in the treatment of PC but effec-
tively improves tumor sensitivity to VEGFR inhibitors or 
anti-CTLA4 immunotherapy27. Catenacci reported that vis-
modegib neither enhanced drug delivery nor treatment effi-
cacy in a randomized phase Ib/II study involving patients 
with metastatic PC gemcitabine plus placebo or the HH 
inhibitor, vismodegibin and addition of vismodegib to gem-
citabine did not improve the objective response rate (ORR), 
progression-free survival (PFS), or OS69.

Insulin-like growth factor 1 (IGF1) signaling
HH upregulates the secretion of IGF1 and GAS6 in myCAFs, 
which activate the respective receptors, the IGF1 recep-
tor (IGF-1R), and AXL, thereby activating AKT signal-
ing. Pharmacologic inhibition of IGF-1R and AXL in vitro 
reverses the pro-tumor phenotypes of myCAFs but inhibi-
tion of IGF-1R or AXL only has a limited effect on decreasing 
tumor burden73. However, the selective AXL kinase inhibitor, 
BGB324, enhances the efficacy of gemcitabine by modulating 
the immunologic landscape6. A recent study revealed that an 
AXL inhibitor (TP-0903) exhibits antitumor properties and 
enhances the effectiveness of other therapies in preclinical 
models of PC74. TP-0903 is currently undergoing clinical trials 
for solid tumors (NCT02729298). A randomized, phase I/II 
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study that focused on the safety, tolerability, and outcomes of 
the IGF-1R antagonist, MK-0646, in combination with gem-
citabine for advanced PC demonstrated that the combination 
of MK-0646 plus gemcitabine was tolerable and improved OS 
but not PFS75. Ganitumab, a monoclonal antibody targeting 
IGF-1R, showed acceptable toxicity and demonstrated poten-
tial clinical efficacy in a randomized phase II study. However, 
the phase III randomized, double-blind, placebo-controlled 
trial assessing ganitumab in combination with gemcitabine 
was terminated because the primary analysis indicated a nega-
tive outcome76. In an international, randomized, double-blind, 
placebo-controlled phase II study involving untreated meta-
static PC, adding istiratumab, an IGF1R and ErbB3 bispecific 
antibody, to standard chemotherapy failed to improve the 
ORR and OS77. A phase Ib/II study revealed that combining 
the IGF-1R inhibitor, cixutumumab, with erlotinib and gem-
citabine in treatment-naïve patients with metastatic PC failed 
to improve patient survival78.

HGF/c-MET signaling
Overexpression of HGF/c-MET in CAFs stimulates PC cell 
growth and is associated with a poor prognosis79. Treatment 
with the HGF neutralizing antibody, rilotumumab (AMG102), 
reduced the volume of the PC in mouse models and demon-
strated efficacy comparable to conventional chemotherapy 
in impeding tumor growth80. Crizotinib, an MET inhibitor, 
has been shown to prevent peritoneal metastasis of PC81. 
The c-MET antibody, emibetuzumab, in combination with 
erlotinib proved to be a safe treatment for PC in a phase I 
trial82. A combined approach using HGF/c-MET inhibitors 
and chemotherapy effectively decreases tumor burden and 
eliminates metastasis83. A phase I clinical trial investigated 
the effect of the c-Met inhibitor, cabozantinib, on the efficacy 
of gemcitabine for treating PC but the sample size was small 
and continuous adverse reactions occurred84. These findings 
provided a strong platform for the assessment of this triple 
therapy approach in the clinical setting85. Another study has 
indicated that blocking HGF, c-MET, and urokinase-type plas-
minogen activator (uPA) can diminish the angiogenic prop-
erties of endothelial cells, underscoring the influence of CAFs 
and the HGF/c-MET pathway on neoangiogenesis86. Further 
studies on the role of c-Met inhibition in PC may be needed.

Other pathways
CAFs can accelerate the invasion and migration of PC through 
the chemokine-receptor axis87. Blocking the CXCL/CXCR2 
axis results in alterations in the TME, which is characterized by 

reduced infiltration of neutrophils, MDSCs, and arginase-1+ 
macrophages87. CXCL3/CXCR2 signaling can promote the 
transformation of CAFs to myCAFs88. A study demonstrated 
that the CXCR2/1 small-molecule antagonist, SCH-479833, 
has both anti-tumor and anti-metastatic effects in mouse mod-
els89. Another study revealed that inhibition of CXCR2 reversed 
tumor progression promoted by Col1 deletion in a PC mouse 
model39. CCL26, which can be induced by nab-paclitaxel in 
iCAFs, can enhance the invasiveness of PC through the PI3K/
AKT/mTOR pathway and blocking the PI3K/AKT pathway 
can reverse CCL26-induced invasion and migration in PC90. 
CCL2 secreted by CAFs creates an immune-suppressive TME. 
A phase Ib study revealed that PF-04136309, an oral small-mol-
ecule CCR2 (CCL2 receptor) inhibitor, increased the sensitivity 
of PC to FOLFIRINOX chemotherapy91 but failed to increase 
the efficacy of nab-paclitaxel/gemcitabine in another phase Ib 
study (Figure 2)92.

Additional therapeutic targets in CAFs

Metabolic reprogramming
Metabolic reprogramming is one feature of the acquisition 
of tumor-promoting function by CAFs. Recent experi-
ments have shown that CAFs affect the metabolism of can-
cer. Cancer cells undergo a process known as the “Warburg 
effect” in the TME, where cancer cells convert pyruvate into 
lactate when there is sufficient oxygen. The excess lactic 
acid produced by cancer cells is transported to the TME via 
the lactic acid transporter monocarboxylic acid transporter 
(MCT) 4, which is utilized by CAFs via MCT1, thereby 
eliminating lactic acid from the TME93,94. CAFs can directly 
feed cancer cells by secreting lactate and pyruvate in a man-
ner that relies on the “reverse Warburg effect.” Cancer cells 
transform CAFs into factories that produce energy-rich 
metabolites for tumor progression in this scenario. CAFs 
undergo metabolic reprogramming and engage in glyco-
lysis under hypoxic conditions, in which CAFs export lac-
tate to tumor cells for oxidative phosphorylation93. LDH is 
highly expressed in CAFs95. The expression of LDH, which 
regulates lactate generation, has been identified as a poor 
prognostic factor in PC patients. Niftimox, an inhibitor of 
LDH, augments the responsiveness of PC to chemother-
apy and immunotherapy via inhibition of the JAK1/STAT1 
pathway and suppression of the recruitment and function of 
CXCR2+ neutrophils96. Depletion of LDH A inhibits tumor 
growth. Lactate-stimulated CAFs upregulate IL-6 expression 
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Figure 2  Targeting key signaling pathways in CAFs. Targeting key signaling pathways that mediate the bidirectional crosstalk between CAFs 
and tumor cells represents a promising therapeutic strategy. These functional interactions are facilitated through multiple molecular axes, 
including the IGF-1, HH, IL-1/NF-κB, TGF-β, CCL2/CCR2, LIF, HGF/c-MET, IL-6/STAT3, CXCL12/CXCR4, and CXCL/CXCR2 signaling pathways, 
which promote tumor cell survival, proliferation, migration, and CAF activation. Corresponding inhibitors against these pathways have now 
been developed and are under investigation in clinical or preclinical trials. These inhibitors include istiratumab, cixutumumab, ganitumab, 
MK-0646, BGB324, and TP-0903 against IGF-1 signaling; IPI-926, sonidegib (LDE225), vismodegib, and a patched 1-interacting peptide tar-
geting HH signaling; anakinra, which blocks IL-1/NF-κB signaling; galunisertib, which modulates TGF-β signaling; PF-04136309, which targets 
the CCL2/CCR2 axis; MSC-1, an inhibitor of LIF signaling; rilotumumab (AMG102), cabozantinib, crizotinib, and emibetuzumab, which target 
the HGF/c-MET axis; RoActemra and raloxifene, which inhibit IL-6/STAT3 signaling; NOX-A12, AMD3100, and BL-8040, which target CXCL12/
CXCR4 signaling; and SCH-479833, which inhibits the CXCL/CXCR2 axis. CAFs, cancer-associated fibroblasts; IGF1, insulin-like growth factor 
1; HH, Hedgehog; LIF, leukaemia inhibitory factor; TGF-β, transforming growth factor β; HGF, hepatocyte growth factor. Figures were created 
with BioRender software (@biorender.com).
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and cooperate with lactate to suppress cytotoxic immune 
cell activity. The LDH A inhibitor, FX11, reduces the tumor 
growth rate and increases the abundance of CD8+ T and 
NK cells expressing granzyme B and IFN-γ in a CAF-rich 
murine PC model97. The TGF-β-SMAD5 axis promotes pro-
tein turnover flux in iCAFs and proteins secreted by CAFs 
support biological processes leading to cancer progression18. 
Studies have also demonstrated that TGF-β1 accumulation 
accelerates aerobic glycolysis and promotes the transport of 
lactic acid out of CAFs via MCT498. The metabolic crosstalk 
between CAFs and tumor cells is interrupted when MCT1 or 
MCT4 is blocked and pharmacologic targeting of MCT1 or 
MCT4 is being pursued as an anticancer therapy. AZD3965, 
a small-molecule inhibitor of MCT1, resulted in lactate 
accumulation and significant tumor growth inhibition in a  
Raji Burkitt’s lymphoma model99. In a multicenter, phase  
I dose-escalation and dose-expansion trial, AZD3965 also 
showed safety and tolerability in patients with advanced solid 
tumors100. Shikonin enhances PC sensitivity of PC to gem-
citabine via suppressing reverse Warburg effect in CAFs101. 
Syrosingopine, a dual MCT1 and MCT4 inhibitor, results in 
glycolytic blockade, intracellular lactic acid accumulation,  
and synthetic lethality in tumor cells102.

Caveolin-1 (CAV1) serves as a biomarker for the “reverse 
Warburg effect.” CAV1 deficiency in CAFs has been shown to 
increase the levels of glycolytic enzymes. A reduction in CAV1 
in fibroblasts is associated with activation of TGF-β signaling, 
which leads to the intracellular accumulation of alpha-keto-
glutaric acid through inhibition of isocitrate dehydrogenase 
1 (IDH1)103. IDH1 promotes PC resistance to chemotherapy 
by promoting mitochondrial function and the production 
of alpha-ketoglutaric acid and NADPH to neutralize reac-
tive oxygen species. Anti-IDH1 therapy combined with con-
ventional therapy has demonstrated efficacy in treating PC  
in vitro and in vivo104. A trial focusing on the safety and effi-
cacy of the IDH1 inhibitor, ivosidenib, in combination with 
modified FOLFIRINOX is ongoing in PC (NCT05209074).

Metabolic stress caused by hypoxia, nutrient deficiency, 
and a stiffened stroma promotes autophagy, which pro-
motes tumor growth in a variety of ways, such as promoting 
the secretion of nucleosides by CAFs that facilitate glu-
cose metabolism and growth by cancer cells105. Netrin G1 
(NetG1)-expressing CAFs secrete nutrients, such as gluta-
mate and glutamine, which can be utilized by PC cells under 
regulation by NGL-1106. Bai and colleagues107 reported that 
autophagy activates CAFs by promoting proline biosynthesis 

and collagen production. Inhibiting mitophagy by target-
ing PRKN, a crucial enzyme that regulates mitochondrial 
autophagy, reduces the tumor burden107. The autophagy 
inhibitor, chloroquine, can effectively enhance the therapeu-
tic effect of gemcitabine on PC3. Cancer-stimulated CAFs 
secrete alanine through the transporter, SLC1A4, in an auto-
phagy-dependent manner, whereas cancer cells upregulate 
the transporter, SLC38A2, to transfer alanine into the cells 
as an alternative carbon source. Targeting SLC38A2 leads to 
an intratumor redox crisis and inhibits tumor growth in PC 
mouse models108. 

CAFs also promote tumor progression by providing lipids. 
Lysophosphatidylcholines (LPCs) secreted by CAFs are cru-
cial components of cancer cell membranes. In addition, 
cancer cells secrete autotaxin, a lysophospholipase enzyme, 
which hydrolyses LPC into lysophosphatidic acid, promot-
ing PC proliferation and migration through the AKT signa-
ling pathway. These lipid-rich CAFs are then able to supply 
lipids to cancer cells for mitochondrial oxidative phosphoryl-
ation through the ABCA8a transporter109. CAFs can facili-
tate communication between cells or between cells and the 
ECM through the production of S-type lectins. Galectin-1, a 
specific lectin, has a role in inducing apoptosis in T cells by 
binding to CD7 and CD45 present on the T-cell surface110. 
Furthermore, galectin-1 is highly expressed in regulatory T 
cells and is involved in the immunosuppressive function110. 
The Na+/H+ exchanger, NHE1, as the major acid extruder 
in CAFs, has a crucial role in the maintenance of myCAFs 
phenotype in a harsh acidic TME94. Inhibition of NHE1 on 
the membrane of CAFs with cariporide (a selective inhibitor 
of the NHE1 protein) decreases the proportion of myCAFs 
in PCs. This effect leads to a reduced desmoplastic reaction. 
Adjuvant PC therapy with an NHE1 inhibitor reduces des-
moplasia, shifting the immune cell infiltration from a largely 
innate immune cell-rich state to a more lymphocytic infiltra-
tion state (Figure 3)94.

Hypoxic TME
Intratumoral hypoxia is a typical hallmark of PC. Recent 
discoveries demonstrated that hypoxia promotes tumor 
aggressivity and therapeutic resistance. Hypoxia signaling 
is stabilized by hypoxia-inducible factors (HIFs). Increased 
ROS production by hypoxic cancer cells induces oxidative 
stress in CAFs and promotes autophagy and HIF-1α stabili-
zation. High levels of hypoxic ROS are essential for HIF-1α 
stabilization. HIF-1α stabilization in CAFs has a key role in 
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promoting an inflammatory phenotype. Resveratrol signif-
icantly inhibits the hypoxia-stimulated production of ROS 
and HIF-1α in a concentration-dependent manner, thus 
inhibiting the progression of PC. N-acetylcysteine, a scav-
enger of ROS, inhibits hypoxia-driven ROS-induced cancer 
progression111. CAF-secreted metabolites fuel the biosyn-
thetic pathways of cancer cells112. Hypoxia promotes the 
secretion of high levels of miR-21 extracellular vesicles by 
CAFs through the HIF-1α/miR-21 axis and miR-21 extra-
cellular vesicles trigger the maintenance of PC stemness and 
gemcitabine resistance via the RAS/AKT/ERK pathway113. 
HIF2 might also be a target for myCAFs, as evidenced by 
a study that reported deletion of HIF2 in myCAFs dramat-
ically decreases the intratumoral recruitment of Treg cells 
and immune-suppressive M2 macrophages. Treatment 
with the therapeutic HIF2 inhibitor, PT2399, significantly 
decreased in vitro macrophage chemotaxis and M2 polari-
zation in PC animal models and enhanced the therapeutic 
efficacy of immunotherapy in syngeneic PC mouse models1.

Targeting hypoxic areas with novel therapeutic approaches 
may offer additional anti-tumor activity and clinical ben-
efits beyond conventional treatments. Evofosfamide is a 
prodrug that can be activated in hypoxic environments 
and induce tumor cell death. An animal study revealed 
that evofosfamide not only kills hypoxic PC cells but also 
enhances the efficacy of radiotherapy and chemotherapy114. 
The combination of evofosfamide with gemcitabine signif-
icantly improves the PFS of patients with locally advanced 
or metastatic PC in a randomized phase II trial compared 
to gemcitabine alone115. Systemic administration of hypoxia 
inducers (evofosfamide and sunitinib) to 17 patients with 
advanced or metastatic unresectable pancreatic neuroendo-
crine tumors resulted in an ORR of 17.6% and a median PFS 
of 10.4 months116.

VEGF released by hypoxic CAFs via the HIF pathway 
regulates pathologic angiogenesis and vascular permea-bil-
ity in patients with PC. VEGFR inhibitors have been pro-
posed for the treatment of PC and many clinical trials have 
been subsequently conducted. Although many phase Ⅰ trials 
on VEGFR have shown encouraging results117, the results 
of subsequent phase Ⅱ/Ⅲ trials have been mostly unsatis-
factory. A Japanese multicenter, double-blind clinical trial 
used gemcitabine plus elpamotide (VEGFR 2 peptide) for 
PC but gemcitabine plus elpamotide failed to extend the PFS 
and OS118. Theoretically, anti-angiogenic therapy for PC can 

inhibit tumor proliferation and metastasis but the results are 
controversial (Figure 3).

Perspectives and conclusions

The crucial role of CAFs in PC progression is increasingly 
recognized. Previous studies have indicated that targeting 
CAFs not only remodels the TME and enhances intratumoral 
drug concentration but also potentiates the efficacy of thera-
peutic modalities, such as chemotherapy or immunotherapy. 
Consequently, drug discovery efforts directed against CAFs 
offer promising therapeutic prospects for the treatment of PC.

As dynamic components of the TME, CAFs exhibit con-
text-dependent phenotypic plasticity. Despite the proposed 
biomarkers, the absence of definitive subtype-specific mark-
ers and clinically viable methods for real-time phenotypic 
monitoring critically hinders targeted therapeutic develop-
ment15. CAF heterogeneity further complicates the multi-
faceted interactions with surrounding cells. Delineating the 
mechanisms underlying the role of CAF heterogeneity in PC 
development and establishing precise identification methods 
for pro-tumorigenic CAF subsets would significantly advance 
both biological understanding and therapeutic innovation10. 
As novel genetically engineered mouse models emerge to elu-
cidate the functional heterogeneity of CAFs, research interests 
are increasingly shifting towards therapeutic modulation of the 
pro-tumorigenic phenotypes. For example, strategies targeting 
NetG1, autophagy-dependent metabolic reprogramming, or the 
hypoxic TME have shown potential in altering CAF behavior106. 
However, clinical translation remains challenging. For example, 
HH inhibitors demonstrate limited patient benefit and colla-
gen-targeting approaches have yielded paradoxical results. This 
finding may reflect underlying tumor heterogeneity, including 
variable target protein expression, inadequate drug penetration, 
rapid phenotypic plasticity of CAFs, upregulation of multidrug 
resistance proteins, metabolic reprogramming, and an immuno-
suppressive TME2. While monotherapies targeting specific CAF 
subpopulations have shown limited survival benefits in patients 
with PC, current research predominantly focuses on multidrug 
combination strategies (Table 2). In addition to the anti-tumor 
potential, the potential of CAF-directed interventions to 
ameliorate systemic symptoms (pain, cachexia, and fatigue)  
warrants further investigation119.

Advances in artificial intelligence could enable machine 
learning-driven integration of multiomics data, including 
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Figure 3  Targeting hypoxia and metabolic reprogramming. CAFs support metabolic reprogramming in tumor cells under hypoxic and 
nutrient-deprived conditions. CAFs can provide nutrients to cancer cells through various mechanisms, thereby promoting their survival. 
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Table 2  Selected ongoing clinical trials targeting CAFs

Target Drug Combination therapy Identifies Status Phase

FAP+ CAFs FAP-CAR-T Monotherapy NCT03932565 Unknown Phase I

MP0317 Monotherapy NCT05098405 Terminated Phase I

OMTX705 Pembrolizumab NCT05547321 Recruiting Phase I

177Lu-LNC1004 Monotherapy NCT05723640 Recruiting Phase I

Mesothelin+ CAFs huCART-meso cells Chemotherapy NCT03323944 Recruiting Phase I

Hyaluronic acid Losartan Nab-paclitaxel, gemcitabine NCT05861336 Active, not recruiting Phase II

Nivolumab, FOLFIRINOX, and 
stereotactic body radiotherapy

NCT03563248 Active, not recruiting Phase II

PEGPH20 Gemcitabine, nab-paclitaxel, and 
rivaroxaban

NCT02921022 Active, not recruiting NA

Minnelide Protein-bound paclitaxel NCT03129139 Recruiting Phase I

Monotherapy NCT04896073 Recruiting Phase II

Abraxane, gemcitabine NCT05557851 Recruiting Phase I

Focal adhesion kinase VS-4718 Nab-paclitaxel, gemcitabine NCT02651727 Terminated Phase I

Defactinib Pembrolizumab, chemotherapy NCT03727880 Recruiting Phase II

Stereotactic body radiotherapy NCT04331041 Recruiting Phase II

Avutometinib, gemcitabine, and 
nab-paclitaxel

NCT05669482 Recruiting Phase Ib/IIa

CXCR4 Motixafortide Gemcitabine, nab-paclitaxel NCT04543071 Recruiting Phase II

Vitamin D receptor Paricalcitol Gemcitabine, nab-paclitaxel NCT03520790 Active, not recruiting Phase II

Vitamin D Synbiotics, omega 3 NCT05271344 Recruiting NA

Vitamin A metabolite ATRA Gemcitabine, nab-paclitaxel NCT04241276 Active, not recruiting Phase IIb

Nivolumab NCT05482451 Active, not recruiting Phase I

TGF-β signaling PM8001 PM1021 NCT05537051 Not yet recruiting Phase I

Y101D Monotherapy NCT05028556 Not yet recruiting Phase I

Key mechanisms include hypoxia and aberrant CAV1 expression, which promote ROS production and subsequently induce HIF activation. 
Accumulated HIF facilitates tumor growth via VEGF production and supplies cancer cells with abundant metabolic substrates through meta-
bolic reprogramming, such as the reverse Warburg effect and autophagy, thereby nourishing the tumor. Moreover, acidosis within CAFs can 
regulate cancer cell metabolism. Under hypoxic conditions, cancer cells undergo metabolic reprogramming and produce metabolites, such 
as lactate, which in turn influence CAF metabolism and modulate the CAF phenotype. Strategies targeting hypoxia and metabolic repro-
gramming have emerged as promising therapeutic strategies. This approach can be categorized into the following three principal classes: 
agents targeting hypoxia, including the ROS synthesis inhibitor, resveratrol, the hypoxic microenvironment-targeting prodrug, evofosfamide, 
and the angiogenesis modulator, elpamotide; compounds targeting metabolic reprogramming, such as the reverse Warburg effect inhibitor, 
shikonin, the autophagy inhibitor, chloroquine, the lactate dehydrogenase inhibitors, niftimox and FX11, the Ref-1 inhibitor, APX2009, and 
the isocitrate dehydrogenase 1 inhibitor, ivosidenib; and inhibitors targeting metabolite transport, such as the MCT inhibitors, syrosingopine 
and AZD3965, and the NHE1 inhibitor, cariporide. CAFs, cancer-associated fibroblasts; CAV1, caveolin-1; HIF, hypoxia-inducible factor; NHE1, 
Na+/H+ exchanger 1; MCT, monocarboxylic acid transporter; ROS, reactive oxygen species. Figures were created with BioRender software 
(@biorender.com).
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genomics, spatial transcriptomics, proteomics, metabolomics  
and organoid data, providing unprecedented insights into 
CAF heterogeneity, yielding dynamic biomarkers for pheno-
typic monitoring and facilitating data-optimized combination 
therapies to improve patient survival outcomes16,17,30.
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