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Abstract

The poor prognosis for pancreatic ductal adenocarcinoma (PDAC) patients impels an improved 

understanding of disease biology, to facilitate the development of better therapies. PDAC typically 

features a remarkably dense stromal reaction, featuring and established by a prominent population 

of cancer-associated fibroblasts. Genetically engineered mouse models and increasingly 

sophisticated cell culture techniques have demonstrated important roles for fibroblasts in PDAC 

progression and therapy response, but these roles are complex, with strong evidence for both 

tumor-supportive and tumor-suppressive or homeostatic functions. Here we review the recent 

literature which has improved our understanding of heterogeneity in fibroblast fate and function in 

this disease including the existence of distinct fibroblast populations, and highlight important 

avenues for future study.

Introduction

Over fifty years ago, Michael Stoker’s lab demonstrated that normal, static fibroblasts could 

suppress the growth of polyoma-transformed cells, providing early evidence that 

components of normal tissue architecture can serve as barriers to tumorigenesis (1). About 

twenty years later, Mina Bissell’s lab showed that a local wounding reaction promoted Rous 

sarcoma virus-mediated tumor formation (2), illustrating a principle that has been bolstered 

across tumor types in the decades since: a fibro-inflammatory microenvironment plays 

critical roles in supporting tumor progression (3). These and additional, compelling studies 

suggest that a normal microenvironment prevents premalignant cells from progressing into 

overt cancer, while an abnormal or wound-repair-associated microenvironment can be 

tumor-promoting (4). Since these pioneering studies, extensive efforts have uncovered links 

between oncogenic signaling and induction of a wound-like reaction in the local tissue 

environment, including activation of resident fibroblasts. The interaction between 

transformed cells and cellular wound-healing mediators such as fibroblasts is of particular 

relevance to PDAC in light of its remarkably dense stroma, made up of a prominent 
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population of cancer-associated fibroblasts (CAFs), as well as immune cells and a dense 

extracellular matrix derived in large part from the CAF pool. Inducible mouse models of 

PDAC driven by oncogenic KRAS have demonstrated the link between epithelial oncogenic 

signaling and fibroblast activation: extinction of oncogenic KRAS signaling leads to a rapid 

reduction in stromal fibroblast activation (5, 6). These results likely reflect regulation of 

myriad cytokines and growth factors by oncogenic KRAS signaling, such that fibroblast 

populations are sensing and responding to a wounded epithelium, yielding diverse and 

complex interactions. The increasingly appreciated complexity of the CAF component of the 

PDAC microenvironment, together with its apparent relevance to disease progression and 

therapy response, have motivated recent efforts to analyze CAF functional and 

transcriptional diversity.

Functional Diversity Among PDAC CAFs

Reacting to a disruption in tissue homeostasis, fibroblasts take on diverse functions which 

can support or suppress tumorigenesis. Epithelial cell responses to CAF functions are likely 

context-dependent with respect to stage of tumorigenesis, tumor genotype, and host tissue. 

In the pancreas, early responses to oncogenic signaling in the pancreatic epithelium include 

the activation and expansion of fibroblasts, such that low-grade premalignant pancreatic 

intraepithelial neoplasia (PanIN) lesions are already surrounded by areas of fibrosis (5). As 

these fibroblasts co-evolve with the advancing cancer, they take on diverse functions that can 

support or suppress tumor growth. An improved understanding of the precise mechanisms 

underlying stromal support for PDAC progression versus those that restrain tumor growth 

will be important for developing rational therapies targeting the tumor microenvironment.

Tumor-promoting functions of PDAC CAFs

In enacting a wound-healing response as they have evolved to do, CAFs exhibit diverse 

functions that effectively support pancreatic tumor growth. These tumor-promoting CAF 

functions include providing metabolic support to enable proliferation in the neoplastic 

compartment, which gains significance in the context of the hypovascular and nutrient-poor 

pancreatic tumor microenvironment (TME) (7–9). This stromal metabolic support includes 

direct and indirect provision of amino acids to support biomass production by PDAC cells. 

For example, CAFs secrete high levels of alanine, which PDAC cells preferentially use to 

fuel the tricarboxylic acid (TCA) cycle (10). Stroma-derived alanine ultimately supports 

lipid and non-essential amino acid biosynthesis, enabling proliferation despite low levels of 

serum nutrients (including glucose) that typically fuel these metabolic processes. CAFs also 

provide amino acids to PDAC cells indirectly by producing a dense, collagen-rich 

extracellular matrix (ECM). The amino acid composition of collagen is proline-rich (~25%), 

and recent work has demonstrated that collagen uptake and catabolism, with subsequent 

proline catabolism by PRODH1, supports PDAC cell proliferation under relevant conditions 

of nutrient challenge in vitro and promotes tumor progression in vivo (11). In addition to 

amino acids, CAFs secrete specific lipid species that PDAC cells take up and catabolize to 

reduce their need for de novo lipid synthesis (12). This lipid scavenging mechanism is 

desirable for PDAC cells in a hypoxic environment (13), as lipogenesis and lipid 

desaturation involve oxygen-dependent SCD1 activity. Paracrine transfer of metabolites 
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from stromal fibroblasts to PDAC cells may also occur via CAF-derived exosomes, which 

were shown to harbor diverse metabolites including amino acids and TCA cycle 

intermediates (14) and to promote PDAC cell proliferation and chemoresistance (15). 

Beyond biomass production, CAF-derived metabolites may also support PDAC cell 

proliferation in the context of chemotherapy treatment: PDAC CAFs were recently shown to 

secrete deoxycytidine, protecting PDAC cells from gemcitabine toxicity (16). Metabolite 

release by stromal fibroblasts may reflect conserved mechanisms from a wound-healing 

reaction as a means for mesenchymal cells with a lower proliferative demand to provide 

energy and support proliferation within the regenerating epithelium. Alternatively, 

pancreatic cancer cells may evolve to stimulate these metabolic functions within their 

surrounding stroma via tumor-specific mechanisms.

Beyond metabolic support, CAFs support PDAC progression through paracrine activation of 

mitogenic and pro-survival signaling pathways. In-depth phosphoproteomic analyses 

demonstrated the existence of reciprocal signaling networks between PDAC cells and CAFs 

(17). In this study, the authors demonstrated that pancreatic epithelial cells harboring mutant 

KRAS signal via secreted factors to rewire intracellular signaling within pancreatic CAFs, 

increasing stromal production of growth factors such as IGF1 and GAS6. These stimulated 

CAFs in turn signal to the KRAS-mutant epithelium to widely regulate the 

phosphoproteome, stimulating phosphorylation of targets including IGF1R, AXL/TYRO3, 

and AKT. CAF-mediated reciprocal signaling altered tumor cell behavior, increasing 

mitochondrial membrane polarization, superoxide production, and spare respiratory 

capacity, with potential implications for stroma-driven liabilities for therapeutic intervention. 

A subsequent phosphoproteomic analysis of CAF/PDAC cell interaction focused on 

phosphotyrosine identified CAF-derived LIF as a key paracrine regulator of STAT3 

signaling in the epithelial compartment (18). Genetic inhibition of the LIF receptor (Lifr) in 

pancreatic epithelial cells significantly prolonged survival in a genetically engineered mouse 

model of PDAC, while pharmacologic inhibition of LIF with a monoclonal antibody 

together with chemotherapy extended survival and yielded a more differentiated tumor 

histology compared to chemotherapy alone, highlighting a role for stroma-derived LIF 

signaling in both PDAC progression and chemoresistance. PDAC CAFs influence signaling 

and phenotype in PDAC cells not only through protein-based paracrine networks, but also 

through lipids. We recently demonstrated that PDAC CAFs secrete high levels of 

lysophosphatidylcholines (LPCs) (12). As described above, these CAF-derived lipids can be 

taken up by PDAC cells and incorporated into the cancer cell lipidome; however, LPCs can 

also be hydrolyzed by the secreted enzyme autotaxin, highly expressed by PDAC cells, to 

generate lysophosphatidic acid and stimulate mitogenic signaling events such as AKT 

phosphorylation. Genetic or pharmacologic autotaxin inhibition suppressed PDAC growth in 

vivo, pointing to another node of tumor-stroma interaction that may serve as a therapeutic 

target within the complex TME.

In addition to these paracrine interactions with cancer cells, PDAC CAFs can also support 

tumor progression through growth-permissive modulation of the immune microenvironment. 

A subset of pancreatic CAFs express the membrane protein fibroblast activation protein 

(FAP), and in a subcutaneous mouse model of PDAC, depletion of FAP+ cells fostered 

immune-mediated tumor regressions in response to vaccination against the tumor-associated 
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antigen mesothelin (19). Mechanistically, CAFs have been shown to restrict anti-tumor T 

cell responses in two ways, and additional mechanisms may certainly be relevant. First, FAP
+ CAFs are the principal repository for chemokine CXCL12 in the pancreatic TME, and 

CXCL12 promotes spatial exclusion of T cells, as pharmacologic inhibition of the 

interaction of CXCL12 with its receptor CXCR4 promoted T cell accumulation in tumor 

centers and fostered efficacy of immune checkpoint blockade (20). Second, the dense and 

rigid ECM produced by CAFs (including FAP+ CAFs (21)) has been shown to restrict T cell 

motility in the lung TME (22), and high ECM density was subsequently shown to restrict T 

cell proximity to cancer cells in PDAC (23, 24). A recent report identified a population of 

PDAC CAFs expressing components of the MHC II complex; these antigen-presenting 

CAFs (apCAFs) were able to present antigen to T cells in vitro but did so in the absence of 

costimulatory molecule expression, suggesting an additional potential interaction between 

PDAC CAFs and intratumoral T cells (25). Immune modulation by PDAC CAFs extends 

beyond T cells. For example, a subset of CAFs serve as the predominant source of IL6 in 

PDAC (26); in fact, PDAC cells stimulate IL6 release by pancreatic fibroblasts in a paracrine 

manner (27). CAF-derived IL6 was reported to promote differentiation of monocyte 

precursors into myeloid-derived suppressor cells (MDSCs) and promote immune 

suppression (28, 29). In addition, through secretion of thymic stromal lymphopoietin 

(TSLP), CAFs in PDAC (and in breast cancer) can polarize dendritic cells to promote pro-

tumorigenic TH2 responses instead of potentially tumor-suppressive TH1 responses (30). 

PDAC CAFs were recently shown to produce high levels of matrix protein βig-h3, which 

may act directly on tumor-specific CD8+ T cells and on macrophages (31). Together, these 

studies provide evidence for modulation of the innate and adaptive immune 

microenvironment by PDAC CAFs and the dense ECM they produce. Targeting these 

mechanisms may hold promise in evoking efficacy of immune checkpoint blockade, which 

is otherwise ineffective in PDAC (32) (Figure 1).

Evidence for tumor-suppressive CAF function

While the studies described above and others have documented tumor-promoting functions 

of PDAC CAFs, CAF ablation studies in genetically engineered mouse models of PDAC 

yielded the unexpected result that these cells can suppress tumor progression. In three papers 

published in 2014, the authors used genetic or pharmacologic approaches to ablate CAFs 

during pancreatic tumorigenesis. While results varied somewhat, likely due to the different 

systems used, all three studies found that CAF ablation made matters worse, resulting in 

poorly differentiated tumors and shortened survival (33–35).

Two of these studies targeted CAFs dependent on the Shh-Smo signaling axis (34, 35). Rhim 

et al. ablated Shh-dependent CAFs during PDAC progression in two ways: they 

conditionally deleted Shh in pancreatic epithelial cells by crossing a Shh-floxed allele into 

the established Pdx1-Cre;KrasLSL-G12D/+;Trp53fl/+;Rosa26LSL-YFP/+ (PKCY) model of 

pancreatic cancer, thus preventing the accumulation of a Shh-dependent stroma at all stages 

of tumorigenesis. ShhPKCY mice developed tumors earlier than controls and succumbed to 

the disease significantly faster, with a greater frequency of metastasis. Examining young 

mice at 8 weeks of age, loss of Shh-dependent stroma resulted in a higher frequency of 

PanIN lesions as well as acinar-to-ductal metaplasia (ADM) compared to PKCY mice. 
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ShhPKCY tumors were poorly differentiated with significantly reduced levels of αSMA-

positive CAFs and leukocytes including F4/80+ monocytes. Consistent with a prior study 

linking the Shh-driven stroma to poor perfusion and drug delivery (36), genetic Shh 

inhibition increased vascular density and perfusion in these tumors and also increased cancer 

cell proliferation, perhaps due to increased nutrient availability. In the same study, 

KrasLSL-G12D/+;Trp53LSL-R172H/+;Pdx1-Cre (KPC) mice (37) were treated with Smo 

inhibitor IPI-926 beginning at 8 weeks of age, prior to PDAC formation (though ADM and 

PanINs are present at this time). As in the genetic inhibition model, long-term IPI-926 

treatment yielded poorly differentiated tumors and shortened survival—here, mice met 

endpoint criteria with significantly smaller tumors than those found in vehicle controls at 

endpoint. Interestingly, these inhibitor-treated mice succumbed with small tumors but with 

severe weight loss, raising the possibility of an inverse relationship between Shh-driven 

stroma and the characteristic tissue wasting commonly seen in pancreatic cancer patients. 

Lee et al. had very similar findings: conditional deletion of Shh from pancreatic epithelial 

cells in the Ptf1a-Cre;KrasLSL-G12D/+ (KC) model enhanced epithelial cell proliferation as 

well as PanIN and PDAC formation. Extending these findings to two additional genetically 

engineered mouse models, the authors found that pharmacologic inhibition of Shh-Smo 

signaling reduced the density of Gli1+ (Shh-responsive) stroma while increasing epithelial 

cell proliferation and PanIN and PDAC formation. Pharmacologic Shh-Smo pathway 

activation, however, increased Gli1+ stromal density, and reduced epithelial cell proliferation 

and neoplastic progression. It is important to note that the reported results of Shh inhibition 

in PDAC are difficult to reconcile, owing to our incomplete understanding of the 

mechanisms and consequences of the Shh pathway in this setting. While the tumor-

suppressive functions of Shh-dependent CAFs remain unknown, similar findings in bladder 

cancer suggest that Shh-driven stromal elements are a source of urothelial differentiation 

factors, and BMPs in particular (38). Shh-dependent stroma may similarly suppress tumor 

growth in the pancreas in part through provision of pro-differentiation cues.

Using an entirely different approach, Özdemir et al. had similar findings upon PDAC CAF 

depletion. Here, an αSMA-tk allele was crossed into the highly aggressive Ptf1a-
Cre;KrasLSL-G12D/+;Tgfbr2flox/flox (PKT) model of PDAC to enable depletion of αSMA-

expressing proliferative cells, including CAFs, with ganciclovir. Ganciclovir treatment early 

or late in PDAC development yielded poorly differentiated tumors and shortened survival, 

consistent with the studies described above. Depletion of αSMA+ cells also remodeled the 

immune microenvironment, including reduced F4/80+ monocytes as seen with Shh 

inhibition, as well as increased Treg infiltration. This depletion strategy made otherwise 

resistant PKT tumors responsive to anti-CTLA4 immune checkpoint blockade, consistent 

with prior findings (20). These results are bolstered by patient outcome data: PDAC patients 

with higher αSMA scores or higher tumor stromal densities have improved overall survival 

(33, 39). Together, these studies suggest that Shh-dependent, αSMA-positive CAFs—or a 

sub-population of CAFs meeting these criteria—function through unknown mechanisms to 

restrain PDAC growth.
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Evidence for PDAC CAF Heterogeneity

The divergent results of CAF manipulation in PDAC models underscores the need to better 

understand these cells and their functions and reconcile these confounding results. To that 

end, it may be that any individual CAF can be both tumor-supportive and tumor-suppressive, 

by nature of its diverse functions related to its evolutionary role in wound healing. However, 

increasing evidence suggests heterogeneity among PDAC CAFs (Figure 2), consistent with 

the notion that the complex tumor microenvironment includes CAF subtypes that support 

and others that suppress tumor growth. Moving towards an improved understanding of the 

distinct functions of these CAF populations will be critical for the potential development of 

rational, stroma-targeted therapies.

CAF marker expression as a basis for stromal heterogeneity

Among the challenges in studying CAFs and manipulating them in their host tissues is a lack 

of specific markers. CAFs are often defined by the absence of markers for other established 

cell populations including EpCAM to mark epithelial cells (including normal pancreatic 

epithelial cells and most PDAC cells), CD45 to mark leukocytes, and CD31 to mark 

endothelial cells. The remaining population includes numerically minor cell types in the 

PDAC microenvironment such as pericytes, but is mostly comprised of CAFs. Markers used 

to identify CAFs, including some commonly thought to be pan-CAF markers, have indicated 

heterogeneity in expression that likely signifies distinct subpopulations.

Commonly used PDAC CAF markers to date include αSMA/ACTA2, FAP, PDGFRα, FSP1, 

and PDPN. While αSMA was long thought to be a pan-CAF marker, recent investigation of 

CAF subpopulations in human and mouse PDAC showed that a minority of CAFs in PDAC 

stroma are in fact αSMA-negative, but have the characteristic morphology of activated 

fibroblasts and express other fibroblast markers such as PDGFRβ (26). These αSMA-

negative CAFs are found in KPC tumors in mice, and in human PDAC. These cells comprise 

a minority of PDAC CAFs and are spatially restricted, mostly localized to stromal regions 

lacking juxtacrine interactions with tumor cells. Consistent with these results, a recent 

analysis of CAFs in the Kras+/LSLG12Vgeo;Trp53lox/lox;Rosa26+/LSLEYFP;Elas-tTA/tetO-Cre 
(KPeCY) genetically engineered mouse model of PDAC found that ~75% of PDAC CAFs 

express αSMA; of those, about half also express PDGFRα (40). An additional 9% of PDAC 

CAFs in this model express PDGFRα but not αSMA, while 16% express neither marker. 

PDGFRα also marks only a subset of PDAC CAFs in KPC tumors at a frequency similar to 

findings in the KPeCY model (~45%), and the limited overlap between αSMA+ and 

PDGFRα+ CAFs is further supported by recent single-cell RNA-seq analysis demonstrating 

that PDGFRA expression is enriched among ACTA2-negative CAFs in KPC tumors and 

human PDAC (25). FSP1 has received less attention as a PDAC CAF marker, and its utility 

is limited somewhat given that FSP1 may also mark tumor cells that have undergone EMT 

and in some cases lost expression of E-cadherin (and perhaps other epithelial markers) (41). 

However, genetic lineage-labeling efforts have enabled FSP1 expression analysis on stromal 

cells of non-epithelial origin, which showed FSP1 expression on a subset of PDAC CAFs 

and minimal overlap between FSP1 and αSMA expression (42). The spatial orientation, 

transcriptional profile, and functions of this FSP1+ CAF population are currently unknown. 
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The cell surface glycoprotein FAP was identified on reactive fibroblasts in human cancers, 

and depletion of FAP+ cells fostered immunological control of PDAC growth in a 

subcutaneous model and in KPC mice (19, 20). The marker profile of FAP+ stromal cells 

changes over the course of stepwise tumorigenesis: FAP+ cells associated with pre-

malignant PanIN lesions are αSMA−, but FAP+ CAFs in PDAC are αSMA+, with FAP 

expressed on 92% of αSMA+ CAFs (20). PDPN has emerged more recently as a robust 

marker for PDAC CAFs. Single-cell RNA-seq results from KPC tumors and human PDAC 

suggest that PDPN is a pan-CAF marker (25), and its expression on the cell surface makes 

PDPN useful for CAF quantification and isolation by FACS. Interestingly, high PDPN 

expression in CAFs correlates with worse prognosis in PDAC (43). Importantly, all of these 

markers are expressed by additional cell types beyond the tumor microenvironment: for 

example, PDPN is expressed on lymphatic endothelial cells, αSMA is expressed by 

pericytes, and FAP is expressed on mesenchymal cells in skeletal muscle and bone. These 

are important considerations when designing models to target and manipulate these cell 

populations in vivo. While markers pervasively expressed on PDAC CAFs will be helpful 

for isolation and characterization of this cell population as a whole, the restriction of other 

markers to CAF subsets is an important indicator of underlying transcriptional and 

functional heterogeneity, an important topic for ongoing and future investigation.

Transcriptional heterogeneity among PDAC CAFs

Diverging results from CAF ablation studies together with marker expression patterns 

suggest that PDAC CAFs are heterogeneous, perhaps including subtypes that support and 

others that suppress tumor growth. To address this possibility, several groups have performed 

gene expression profiling on primary CAFs from genetically engineered PDAC mouse 

models or from patient samples, and the results of these studies all suggest the existence of 

multiple subpopulations of CAFs with distinct transcriptional programs. Single-cell RNA-

seq analyses of KPC tumors and human PDAC highlighted the existence of three CAF 

populations on the basis of gene expression (25). These include a population that 

transcriptionally resemble classically activated myofibroblasts, with high levels of 

expression of αSMA, ECM components, and contractility factors and were termed myCAFs. 

A second population of CAFs lacks αSMA expression but has a transcriptional profile rich 

in cytokines and chemokines such as IL6 and CXCL12, named inflammatory CAFs or 

iCAFs. A third population expresses the genes that comprise the MHC II complex, including 

the invariant chain CD74, but in the absence of co-stimulatory molecules typically expressed 

by antigen-presenting cells; this population was termed antigen-presenting CAFs or 

apCAFs, and were able to present antigen to T cells in vitro. Interestingly, the gene Saa3 was 

identified as a marker of the apCAF population. Consistent with a presumed immune-

modulatory function for these cells, a recent study found that PDAC in the context of a 

Saa3-null stroma had increased levels of intratumoral macrophages, including CD11c+ 

CD206− (potentially tumoricidal) macrophages (40).

An independent single-cell RNA-seq study on multiple genetically engineered PDAC mouse 

models resulted in similar findings. While three fibroblast populations were found in normal 

pancreas tissue and early lesions (named FB1, FB2, and FB3), only two of these populations

—FB1 and FB3—were found in advanced PDAC (44). These results were consistent across 
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three mouse models, all driven by mutant Kras but also by Ink4a loss, p53 mutation 

(R172H), or p53 loss. FB1 had a transcriptional profile consistent with the previously 

described iCAF phenotype, rich in expression of cytokines and chemokines including Il6, 

Cxcl12, and Ccl2. FB3 had features of myCAFs including expression of Acta2 and 

numerous myofibroblast-associated contractility factors such as Tagln, but also expressed 

MHC II components as seen among apCAFs. Analysis of low-passage primary human 

PDAC CAFs in culture showed the existence of similar subtypes (45), which suggests 

stability of at least some transcriptional heterogeneity as this was maintained in culture in 

the absence of relevant signaling gradients in the tumor microenvironment. RNA-seq 

analysis of 16 primary CAF samples led to the identification of 4 subtypes, named A-D. 

Subtypes B and D had hallmarks of myCAFs in their expression of ACTA2 and numerous 

ECM components. Subtype C somewhat resembled the iCAF phenotype in expressing 

inflammatory mediators such as complement components. Subtype A had features of both 

iCAFs and myCAFs: ACTA2 expression was low, while expression of myofibroblastic genes 

such as POSTN was high, though this may reflect heterogeneity within this subtype given 

that bulk RNA-seq was performed. These results together support the existence of three CAF 

subtypes, albeit with non-discrete boundaries.

A more recent single-cell RNA-seq analysis of fibroblasts in normal pancreas and PDAC 

provided insights into fibroblast evolution during tumor progression, and also identified a 

CAF marker of prognostic significance in immunotherapy clinical trials (46). The authors 

performed sequencing on stromal populations isolated from normal mouse pancreas, as well 

as early lesions and established tumors in Pdx1Cre/+;LSL-KrasG12D/+;p16/p19flox/flox (KPP) 

mice. These analyses identified 2 major CAF populations in early lesions, one characterized 

by ECM component production aligned with the myCAF subtype and another positive for 

immune-modulatory transcripts similar to the iCAF subtype; 2 similar populations were 

identified in established tumors, suggesting an evolutionary relationship. This study also 

identified 2 fibroblast populations in normal pancreas tissue which likely give rise to these 

myCAF and iCAF populations based on differentiation trajectories developed from 

expression profiles as well as pseudo-time analysis. This argues for the development of 

PDAC CAFs from pre-existing fibroblast populations in normal tissue. Normal pancreas also 

harbored a mesothelial cell population which expressed genes associated with the apCAF 

subtype. Importantly, human PDAC samples revealed similar fibroblast evolution from 

tissue-resident fibroblasts, through an activated fibroblastic state in early lesions with ECM 

and immune-modulatory gene expression, to 2 CAF populations in established tumors 

similar to the myCAF and iCAF subtypes. Human PDAC CAFs with an ECM-rich, 

myofibroblastic transcriptional profile, here called TGFb CAFs, comprise the majority of 

CAFs and express the marker LRRC15. This novel CAF marker and its associated 

transcriptional signature predict a poor response to immunotherapy, impelling future studies 

to characterize the functional relationship between this CAF population and the anti-tumor 

immune response. Though these CAF heterogeneity studies to date have substantial 

similarities, key differences (for example, the precise cadre of cytokines and chemokines 

expressed by pro-inflammatory CAF subpopulations) are noted and will be important to 

understand. These differences are likely in part technical, reflecting distinct sequencing 

methods or depth and different tissue dissociation protocols; and in part biological, 
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reflecting a distinct stromal milieu across different mouse models and stages of 

tumorigenesis.

Understanding the mechanisms that drive transcriptional heterogeneity will become 

increasingly important as the functional differences of these subpopulations come to light. 

Several recent studies provide evidence that growth factor or cytokine signaling gradients set 

up by cancer cells play key roles in shaping CAF heterogeneity. For example, PDAC cells 

were recently found to be sources of two critical factors—IL1 and TGF-β—which together 

regulate CAF transcriptional programs in a paracrine manner (47). IL1 signaling through 

IL1R on CAFs was shown to promote the iCAF transcriptional program via NF-κB and 

subsequent induction of LIF, leading to autocrine activation of JAK/STAT signaling. TGF-β 
signaling instead promoted the myCAF phenotype, consistent with its role as a key regulator 

of fibrogenic gene expression and the myofibroblast state (48, 49). Though both come from 

tumor cells, this work suggests the relevance of signaling gradients within the tumor 

microenvironment, such that CAFs in close proximity to PDAC cells experience dominant 

TGF-β signaling and take on a myCAF phenotype, whereas CAFs at a greater distance from 

the nearest PDAC cell are more strongly influenced by IL1/IL1R signaling and are more 

likely to take on an iCAF phenotype. An independent analysis of fibroblast evolution further 

supported a role for TGF-β and IL1 signaling in driving the myCAF and iCAF fates, 

respectively (46). Interestingly, TGF-β signaling not only promoted a myCAF phenotype, 

but appeared to actively suppress the iCAF fate, suggesting a degree of mutual exclusivity 

consistent with single-cell RNA-seq results in patient samples (25).

A recent study suggests that, in addition to spatial context with respect to tumor cell 

proximity, tumor genotype plays an important role in the regulation of CAF heterogeneity 

(50). Specifically, p53 status determined the outcome of paracrine signaling to neighboring 

CAFs: by comparing CAFs isolated from KPC tumors (p53-mutant) versus KPflC tumors 

(p53-null), the authors found that PDAC cells harboring mutant p53 exert a dominant 

function in shaping neighboring CAFs to promote a pro-metastatic and chemoresistant 

microenvironment. Cancer cell-intrinsic NF-κB activity was again implicated as a regulator 

of CAF heterogeneity: p53-mutant PDAC cells had higher levels of NF-κB pathway activity 

than p53-null cells, and secreted higher levels of NF-κB target gene TNFα. TNFα in turn 

stimulated CAFs to secrete HSPG2 or perlecan, an ECM component that contributed both to 

the heightened pro-metastatic and chemoresistance phenotypes associated with p53-mutant 

cancer cells. Interestingly, p53 status was recently linked to local and systemic regulation of 

neutrophils and metastatic capacity in breast cancer (51), raising the possibility that distinct 

immune microenvironments may also indirectly regulate PDAC CAFs adjacent to cancer 

cells of different underlying mutational landscapes. As cancer cells of distinct genotypes 

coexist within the tumor microenvironment, the genetic aberrations within PDAC cells may 

represent important drivers of CAF heterogeneity.

CAF-intrinsic features also contribute to heterogeneity in transcriptional program and 

perhaps CAF function. For example, differentiation of tissue-resident pancreatic stellate 

cells (PSCs) from a quiescent state to an activated, myofibroblast-like phenotype is thought 

to give rise to the majority of PDAC CAFs (52). However, activated PSCs exhibit substantial 

transcriptional plasticity: ligands for the nuclear receptors RAR or VDR broadly suppress 
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the activation-associated transcriptional program in these cells, highlighting the existence of 

a spectrum of activation states and fibroinflammatory potential for PSC-derived CAFs (53, 

54). CAF cell of origin may also contribute to heterogeneity. For example, mesenchymal 

stem cells were recently identified as a numerically minor subpopulation of primary patient-

derived CAFs, and were found to be a critical source of the cytokine GM-CSF (55). These 

cells promoted PDAC cell proliferation, invasion, and metastatic potential, and raise the 

possibility of a broader contribution of the bone marrow niche or other tissues to the PDAC 

CAF pool. Mesenchymal stem cells were also described in murine PDAC, as tumor-

promoting regulators of macrophage function (56). These studies lay the foundation of our 

understanding of CAF complexity in the PDAC microenvironment, and impel further 

investigation of the origins and functions of CAF subtypes.

Conclusions and Future Directions

The work discussed above has much improved our understanding of CAF heterogeneity in 

PDAC, particularly with respect to distinct transcriptional programs within this stromal 

population. To bring these results to bear for PDAC patients, important future efforts will be 

needed to address knowledge gaps brought to light be these prior studies. The transcriptional 

heterogeneity among PDAC CAFs raises the possibility that, in addition to signaling 

gradients within the tumor microenvironment, CAFs have distinct cellular origins, with 

relevance for disease progression and for the development of model systems to study these 

cells. Further, the identification of tumor-suppressive or homeostatic CAF populations and 

their key mechanisms will be crucial in efforts to design rational stroma-targeted therapies 

that leave these tumor-suppressive mechanisms in place. Addressing outstanding questions 

will be greatly facilitated by the development of robust and specific new models to 

manipulate CAFs or their cellular precursors in vivo, enabling investigation of the previously 

described CAF subtypes to uncover their functions within the appropriate tissue context. 

These improved models, together with our enhanced understanding of CAF complexity and 

function, have the potential to foster the development of effective therapies for this highly 

recalcitrant cancer.
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Statement of Significance

While the abundant stromal reaction associated with pancreatic cancer has long been 

appreciated, the functions of the cancer-associated fibroblastic cells that establish this 

stromal reaction remain unclear. An improved understanding of the transcriptional and 

functional heterogeneity of pancreatic CAFs, as well as their tumor-supportive versus 

tumor-suppressive capacity, may facilitate the development of effective therapies for this 

disease.
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Figure 1. 
Summary of tumor-promoting and potential tumor-suppressive functions of PDAC CAFs. 

TIME: tumor immune microenvironment. CAFs can promote tumor progression via 

paracrine regulation of oncogenic signal transduction, including via IGF1/GAS6 and LIF 

signaling and reciprocal regulation of the PDAC phosphoproteome (17, 18). Through the 

release of exosomes and metabolites such as deoxycytidine (14–16), CAFs also regulate 

cancer cell metabolism and drug sensitivity. Metabolic regulation through secretion of lipids 

(12) and direct or indirect provision of amino acids (10, 11) enables proliferation within the 

nutrient-poor tumor microenvironment. CAFs also orchestrate growth-permissive regulation 

of the immune microenvironment through secretion of cytokines and other immune-

modulatory factors such as CXCL12 (20), IL6 (26, 27), and βig-h3 (31). While tumor-

suppressive CAF functions remain poorly understood, results from various CAF depletion 

models suggest that a Shh-dependent, aSMA-positive subset of CAFs promote a more 

differentiated and less aggressive tumor phenotype (33–35). This may be mediated by 

release of differentiation cues such as BMPs (38). CAF interactions with the immune system 

can be tumor-suppressive in part, through suppressing Treg infiltration (33), though 

interactions between CAFs and the anti-tumor immune response are complex and an 

important area for further study.
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Figure 2. 
Overview of PDAC CAF subtypes identified from transcriptional profiling, including 

overlap of key markers for each population. In normal pancreas tissue, early or PanIN 

lesions, and PDAC, fibroblast transcriptional programs generally fall into two categories: 

inflammatory signatures including cytokines and other immune-modulatory molecules 

(indicated in shades of pink), and myofibroblastic signatures including classical markers of 

activated fibroblasts (Acta2, Tagln), ECM components and remodeling factors, and in some 

myofibroblastic sub-populations, genes encoding the MHC II complex (indicated in shades 

of blue). Single-cell RNA-seq has identified 2 (ntFib1 and ntFib2) (46) or 3 (FB1, FB2, and 

FB3) (44) fibroblast populations in normal pancreas, and computational modeling suggests 

that these tissue-resident fibroblast populations likely give rise to CAFs (46). Based on 

transcriptional similarities, it seems that these fibroblasts in normal pancreas tissue give rise 

to inflammatory (eCAF1 in (46), FB1/FB2 in (44)) or myofibroblastic (eCAF2 in (46), FB3 

in (44)) fibroblasts in early lesions (per analysis in (46) and indicated by the dashed arrows). 

Depending on analysis method, model used, and perhaps other factors, 2–4 CAF populations 

are found in established PDAC, though boundaries seem non-discrete (for example, subtype 

A in (45)) and sub-populations exist within these CAF designations. An inflammatory 

population of CAFs (FB1 in (44), IL1 CAFs in (46), iCAF in (26), subtype C in (45)) seems 

to arise from tissue-resident inflammatory fibroblasts (46) as a result of IL1 signaling (46, 

47). Myofibroblastic CAFs (FB3 in (44), TGF-β CAFs in (46), myCAF in (26), subtypes B 

and D in (45), and sub-populations of myofibroblastic CAFs including antigen-presenting 

CAFs or apCAFs (25) and cancer-associated mesenchymal stem cells or CA-MSC (55, 56)) 

seem to arise from tissue-resident myofibroblastic cells (46) as a result of TGF-β signaling 

(46, 47). Additional populations not fitted to these categories may also be present in some 
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PDAC cases perhaps dependent on genotype or stage, indicated here in orange. Key genes 

expressed by these defined fibroblast or CAF subtypes are listed.
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