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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is associated with a vast stromal reaction that arises mainly from cancer-associated 
fibroblasts (CAFs) and promotes both immune escape and tumor growth. Here, we used a mouse model with deletion of the activin A 
receptor ALK4 in the context of the KrasG12D mutation, which strongly drives collagen deposition that leads to tissue stiffness. By 
ligand–receptor analysis of single-cell RNA-sequencing data, we identified that, in stiff conditions, neoplastic ductal cells instructed 
CAFs through sustained platelet-derived growth factor (PDGF) signaling. Tumor-associated tissue rigidity resulted in the emergence of 
stiffness-induced CAFs (siCAFs) in vitro and in vivo. Similar results were confirmed in human data. siCAFs were able to strongly 
inhibit CD8+ T-cell responses in vitro and in vivo, promoting local immunosuppression. More importantly, targeting PDGF signaling 
led to diminished siCAF and reduced tumor growth. Our data show for the first time that early paracrine signaling leads to profound 
changes in tissue mechanics, impacting immune responses and tumor progression. Our study highlights that PDGF ligand 
neutralization can normalize the tissue architecture independent of the genetic background, indicating that finely tuned stromal 
therapy may open new therapeutic avenues in pancreatic cancer.
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Significance Statement

Here, we report the identification of a cell population of cancer-associated fibroblast (CAF)-stiffness-induced CAFs (siCAFs) that is in
structed by tumor cell through sustained platelet-derived growth factor (PDGF) signaling and that is able to strongly inhibit CD8+ 

T-cell response in vitro and in vivo. Our study provides support for the translational potential of using a PDGF ligand trap strategy 
in pancreatic cancer therapy.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth 
leading cause of cancer-related death in the industrialized world 
and is predicted to become the second leading cause of cancer- 
related death by 2030 (1). PDAC develops through the preceding 
formation of acinar-to-duct metaplasia (ADM) and pancreatic in
traepithelial neoplasia (PanIN), which are primarily driven by 
oncogenic Kras activation (2). In addition, PDAC is associated 

with an abundant stromal reaction that usually surrounds islands 
of cancer cells and accounts for 50–80% of the tumor volume (3, 4).

The pancreatic tumor stroma consists of a variety of cellular 
and noncellular components. A broad range of extracellular ma
trix (ECM) proteins, such as collagens, fibrous and nonfibrous gly
coproteins, and proteoglycans contribute to the structural 
formation of the noncellular stromal compartment. In addition, 
the ECM also contains nonstructural components, such as growth 
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factors and matricellular proteins (4–6). The cellular compart
ment of the stroma includes immune cells, such as lymphocytes, 
macrophages, mast cells, and myeloid-derived suppressor cells 
(MDSCs), along with vascular and neural elements (endothelial 
cells and neurons, respectively) (7–9).

Accumulating evidence indicates the presence of close and com
plex paracrine interactions mediating bidirectional crosstalk between 
tumor cells and the cellular and noncellular stroma that facilitates 
cancer progression (5). While the stroma might provide a barrier limit
ing the dissemination and metastasis of pancreatic cancer cells, it 
also stimulates aggressive behaviors in pancreatic cancer cells and 
helps these cells escape host immune surveillance (10, 11). 
Mechanical tissue stiffness is associated with poor survival in PDAC 
patients (12–14). It is now a well-established fact that activated pan
creatic stellate cells (PSCs) are primarily responsible for the develop
ment of the stroma (15). PSCs represent ∼4% of all pancreatic cells in 
the steady state. Upon inflammation, PSCs are activated and con
verted into cancer-associated fibroblasts (CAFs), which are the main 
source of ECM proteins and growth factors (16). Several mouse studies 
have shown that CAF depletion abolishes immune suppression (17). 
Surprisingly, contrary to the initial preclinical results (18), several 
publications have shown that the stromal response mediated by 
hedgehog signaling inhibits tumor progression and that its ablation 
would be harmful in PDAC. However, it has been shown that high 
stromal activity, as represented by α-smooth muscle actin (α-SMA) ex
pression, is associated with a poor prognosis in patients with pancre
atic cancer (3). All these results show that tumor–stroma interactions 
are complex. Indeed, several populations of CAFs with different func
tions related to antitumor immune responses have been described in 
both breast cancer (19) and pancreatic cancer (20, 21), indicating that 
the modulation of stromal activity rather than overall depletion of the 
stroma would be a therapeutic approach of choice.

Members of the Transforming Growth Factor (TGF)-β super
family, including TGF-β, activins, inhibins, bone morphogenic 
proteins, growth and differentiation factors and nodal, have 
growth-stimulatory or growth-inhibitory effects in different types 
of tumors (22). Inactivating mutations in ALK4, the receptor of ac
tivin A, have been identified in pancreatic cell lines derived from 
patients (23, 24). These mutations are associated with increased 
tumor aggressiveness and a poor survival prognosis (23). 
Recently, our group discovered that activin A secreted by neoplas
tic cells acts as a protective senescence-associated secretory 
phenotype protein that limits tumor progression even during 
the early stage of ADM by preventing massive ECM deposition 
(25). Here, we aimed to investigate the role of early tissue mechan
ical alterations in driving CAF differentiation and the consequent 
impact on the immune response.

Methods
Mouse models
All animal protocols were reviewed and approved in 
accordance with the guidelines provided by the CRCL Animal 
Care Committee (CECCAPP_CLB_2019_002). The generation of 
Acvr1bflox/flox mutant mice has been previously described (26). 
Acvr1bflox/flox; LSL-KrasG12D/+; Ptf1a-Cre mice (termed 4KC mice) 
were generated by crossing Acvr1bflox/flox mice with previously es
tablished LSL-KrasG12D/+; Ptf1a-Cre mice (termed KC mice) (27).

Atomic force microscopy
Detailed information about atomic force microscopy (AFM) ana
lysis is given in supplementary methods.

Flow cytometric analysis
Detailed information about the flow cytometric analysis are given 
in supplementary methods.

Single-cell RNA sequencing
Detailed information about single-cell RNA sequencing (scRNAseq) 
are given in supplementary methods.

LEGENDplex custom array
The experiment has been carried out according to the provider's 
protocol.

Statistical analysis
GraphPad Prism was used for the graphical representation of the 
data and statistical analysis. P-values were calculated using 
Student's test. For multiple comparisons, a one-way analysis 
of variance with Tukey's post hoc test was used. Significance 
was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001.

Results
ALK4 signaling disruption in neoplastic cells leads 
to early increased collagen deposition and tissue 
rigidity
Given that ablation of protective activin A signaling promotes the 
formation of ADM lesions (25), we sought to further evaluate the 
effect of ALK4 signaling disruption in neoplastic cells on the struc
tural and mechanical qualities of the pancreatic tumor micro
environment (TME). Although oncogenic KRASG12D expression 
occurs during the prenatal state in both KC mice and 4KC mice 
(28), ADM lesions develop only at or shortly after the time of wean
ing. While no difference in pancreas weight was observed at 3 
weeks of age, at 6 weeks of age, the pancreata of 4KC mice were 
already significantly enlarged than those of KC mice (Fig. S1A 
and B). Histological analysis revealed significantly expanded areas 
of pancreatic lesions in 4KC mice compared with KC mice at 6 
weeks of age, and while this expansion was mainly mediated by 
stroma formation, ADM formation was also accelerated in 4KC 
mice at this age (Fig. S1C and D). In both KC and 4KC pancreata, 
collagen deposition was observed in the stromal compartment 
of lesions, as determined by histological analysis of Sirius red 
staining (Fig. 1A), and as expected, the total collagen amount 
was significantly higher in the 4KC pancreata (Fig. 1B), which 
was accompanied by palpable tissue induration. Interestingly, al
though more collagen was detected in 4KC pancreata than in KC 
pancreata, evaluation of Sirius red staining under polarized light 
revealed no change in the thickness of the collagen fibers for ei
ther genotype (Fig. 1B).

To compare the rigidity within distinct tissue compartments 
between KC and 4KC pancreata, we performed AFM analysis in 
combination with immunofluorescence (IF) microscopy. Stromal 
and ADM regions were identified by the expression of α-SMA and 
CK19, respectively, and the elastic modulus was measured in 
three different regions per sample (Fig. 1C and D). The data re
vealed increased tissue rigidity in the stroma of 4KC mice com
pared with that of age-matched KC mice (Fig. 1D), which could 
be explained by increased deposition of collagen fibers that most 
likely form more interfiber connections, which create tissue stiff
ness (Fig. 1A and B). Of note, we also detected an increase in tissue 
stiffness in the neoplastic compartment of 4KC mice compared 
with that of KC mice (Fig. 1D). Taken together, the results indicate 
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that disruption of ALK4 signaling in neoplastic cells not only over
comes protective antitumorigenic mechanisms as previously 
shown (25) but also produces a strong paracrine effect at the early 
stage of ADM, resulting in excessive ECM secretion within the 
TME.

Sustained PDGF signaling is increased in stiff 
tissue conditions
Recently, the complex heterogeneity of CAFs has been revealed by 
other studies, indicating the existence of CAF subpopulations 
equipped with pro- and antitumorigenic qualities (19–21, 29). 
Although CAFs have been determined to be the main ECM pro
ducers, to our knowledge, there is no data available linking stro
mal tissue stiffness to the phenotypic and functional properties 
of CAFs after their initial instruction/activation by neoplastic 

cells. Thus, we took advantage of the KC and 4KC mouse models 
representing opposing ends of the tissue stiffness scale and per
formed scRNAseq analysis of pancreatic CAFs and neoplastic en
riched cell fractions. Fluorescence activated cell sorting (FACS) 
was used to exclude hematopoietic and endothelial cells based 
on their expression of CD45 and CD31, respectively. Next, lectin 
peanut agglutinin (PNA)+ acinar cells were excluded (30) to enrich 
for CAFs (CD45−CD31−Lectin PNA-EpCAM−) or neoplastic ductal 
cells (CD45−CD31−Lectin PNA−EpCAM+; (Fig. 2A and S2A). 
Importantly, in 4KC mice, CAFs, and ductal cells were present at 
significantly higher frequencies among pancreatic CD45-CD31 
cells (Fig. 2B), but equal numbers of single cells from each sample 
(KC or 4KC) and each fraction (CAFs or ducts) were captured and 
sequenced using a droplet-based approach.

In the CAFs-enriched fraction, nine main clusters (CAFs 0–8) 
were identified in both KC mice and 4KC mice and the cluster 

A

C
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B

Fig. 1. ALK4 signaling disruption in tumor cells alters the tissue mechanics of the pancreatic TME. A) Representative photographs of pancreata from 
6-week-old KC (left panel) and 4KC mice (right panel) stained with Picrosirius red. Total collagen (top: transmitted light) and thick collagen fibers (bottom: 
polarized light) are shown. B) Quantification of the total collagen (left) and thick collagen fiber (right) content in the pancreata of KC and 4KC mice. 
Cumulative data from three individual experiments with four to five mice per group are shown. C) IF staining of pancreata from 6-week-old KC and 4KC 
mice for CK19 (green), α-SMA (red; KC mice), and 4′,6-DIamidino-2-PhenylIndole (DAPI) (blue). Stiffness topography measured by AFM of selected regions 
(1, 2, or 3 as indicated on the IF staining images) in pancreata from KC and 4KC mice. D) Quantification of the elastic modulus (kPa) measured by AFM in 
tumor or stromal regions of KC and 4KC pancreata. Cumulative data from three independent mice per group are shown. One hundred force curves per 
zone of interest were measured. B and D) The mean values ± SEMs are displayed. **P < 0.01; ****P < 0.0001.
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proportions are indicated (Fig. S2B). We identified cluster 7 as 
being pericyte stem cells (PeSCs) that we recently identified in 
neoplasia (31). Previously described myofibroblast CAFs 
(myCAFs), inflammatory CAFs (iCAFs), and antigen-presenting 
CAFs (apCAFs) (21) signatures were identified as clusters 6, 3, 
and 8 in both conditions (Fig. S2C–E). All of the previously identi
fied populations of CAFs were significantly increased in propor
tions in the 4KC condition compared with KC (Fig. S2B).

In order to identify any particular interactions between the CAF 
and duct cell population associated with increased tissue stiff
ness, we merged the two fractions and obtained three major clus
ters: CAFs, ducts (tumor), and in addition, a small fraction of 
PeSCs (Fig. 2C). To determine how these three populations inter
act, we performed ligand-receptor-based SingleCellSignalR algo
rithms (32) analysis among the CAFs, ducts, and PeSCs in the KC 
and 4KC conditions. The algorithm was used in “paracrine” 

A

B

D E

C

Fig. 2. Identification of increased interactions between components in stiff conditions. (A) Graphical scheme representing the workflow for CAF and duct 
isolation from the pancreata of 6-week-old KC and 4KC mice by FACS sorting. Both sorted fractions were further subjected to single-cell capture, 
barcoding, and reverse transcription using the 10× genomics platform. B) Frequencies of CAFs (lectin PNA-EpCAM–) and ductal cells (Lectin 
PNA-EpCAM+) among viable CD45-CD31 cells detected by FACS analysis. The mean values ± SEMs are displayed. *P < 0.05, **P < 0.01. C) Uniform Manifold 
Approximation and Projection (UMAP) plot of merged sorted fractions illustrating the CAF, duct, and PeSC fractions. D) Ligand:Receptor network maps 
were obtained from scRNAseq data using “SingleCellSignalR.” Alluvial plot representing the interactions between ducts and CAFs separately for the two 
conditions (i.e. KC and 4KC). Paracrine signals flow from ligands (left column) to receptors (right column), with the width of the connecting streams 
indicating the number of interactions. E) Number of interactions (ducts-CAFs and CAFs-ducts) in 4K and 4KC conditions. *P < 0.05; **P < 0.01, two-sided 
test of proportions.
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mode with a large receptor:ligand database specific for mouse, as 
previously described (32). Our analysis revealed that there were 
increased number of interactions among the 3 clusters in the KC 
soft condition than in the 4KC stiff condition (Fig. S2F) and the spe
cific top 50 interactions are represented (Fig. S2H). To test the hy
pothesis that early instruction from duct cells to CAFs contributes 
to the establishment of stiff phenotype, we analyzed the interac
tions between ducts and CAFs in both soft (KC) and stiff conditions 
(4KC). As shown in Fig. 2D and E, we determined an increased 
number of interactions either from ducts toward CAFs or from 
CAFs toward ducts in 4KC condition.

We analyzed in detail the most upregulated interactions in 
both KC and 4KC conditions (Fig. S2H). We identified platelet- 
derived growth factor (PDGF)-dependent interactions from ducts 
to CAFs to be prevalent in 4KC while absent in KC. As PDGFs are 
considered fibrogenic growth factors, we next sought to determine 
the expression of PDGFRAA, PDGFRB, PDGFA, and PDGFB in 
merged scRNAseq data. While the two major receptors, PDGFRA 
and PDGFRB, were exclusively expressed in the CAF compart
ment, the ligands PDGFA and PDGFB were exclusively expressed 
in the duct compartment (Fig. 3A–D). In addition, we analyzed 
the expression of the integrin (ITG) β3/CD61, which has been 

A
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Fig. 3. Identification of PDGF signaling signature associated with tissue stiffness. A–E) Violin plots displaying the gene expression of PDGFRA, PDGFRB, 
PDGFA, PDGFB, and ITGB3 by CAFs and ducts obtained from 6-week-old KC and 4KC mice determined by scRNAseq (C–G). ***P < 0.001; ****P < 0.0001; ns, 
not significant. F) Top signaling term enrichment of the 29-gene siCAF signature according to the massive mining of publicly available RNA-Seq data from 
human and mouse ARCHS4 database (https://maayanlab.cloud/archs4/). G) Top signaling term enrichment of the 29-gene siCAF signature according to 
the kinase enrichment analysis version 3 (KEA3) database. (https://maayanlab.cloud/kea3/). H) Receptor–ligand interactions (as assessed with 
SingleCellSignalR) from ductal to PDGFRA + CAFs in KC (left) and 4KC (right) conditions.
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shown to be key in CAF-mediated tumor cell invasion via the as
sembly of the ECM protein fibronectin (33) and thereby might pro
mote tissue stiffness. Moreover, CD61 is known to interact with 
the ECM protein βig-h3/TGF-βi (34), which has been described as 
a key ECM protein in the pancreatic TME hampering conventional 
(35, 36) and unconventional T-cell responses (37). We observed 
that CD61 was also expressed in the CAF compartment (Fig. 3E).

As shown in Fig. 3A, most CAFs expressed PDGFRA in both 
KC and 4KC conditions (82 and 74% of CAFs, respectively). 
Therefore, we performed differential expression analysis in 4KC 
vs. KC, using only PDGFRA+ CAFs. This analysis resulted in 72 dif
ferentially expressed genes (DEGs), 29 of them upregulated, and 
43 downregulated in 4KC CAFs. DEGs were tested for enrichment 
in Gene Ontology, Kyoto Encyclopedia of Genes and Genomes 
(KEGG), and REACTOME pathway terms showing significant dif
ferences in ECM organization, assembly of collagen fibrils, and 
collagen formation (Fig. S3A–C) in the 4KC stiff relative to KC 
soft condition. Furthermore, most of the ECM pathways from sev
eral repositories were enriched in the DEGs of the PDGFRα+ vs. 
PDGFRα−, suggesting these pathways exhibit dependence on 
PDGFRA expression (Fig. S3D–F). Based on the 29 4KC upregulated 
genes (Table S1) we generated a stiffness CAF signature. To specif
ically test for potential signaling activity, we interrogated the 
29-gene CAF signature for kinase activity enrichment using 2 dif
ferent kinase databases. In both cases, PDGFRA was among the 
top kinase activities significantly enriched in the CAF signature 
(Fig. 3F and G). Furthermore, ligand–receptor interaction analysis 
was also performed separately for PDGFRA+ positive CAFs. More 
PDGF-related interactions from ducts to CAFs were detected in 
the 4KC condition, relative to the KC condition (Fig. 3H). We fur
ther looked for the distribution of stiffness-induced CAFs 
(siCAFs) signature across the nine CAF clusters. We applied the 
29-gene siCAF signature using the AUCell method to calculate a 
score for every single cell (38). As shown in Fig. S3G, all clusters 
displayed at least one fraction of cells with relatively high score 
with the exception of cluster 7, previously identified as PeSC 
(31). Altogether, these results indicate that PDGF–PDGFR interac
tions play a key role in the early establishment of tissue stiffness 
independent of CAF origin and subtype.

Increased tissue stiffness is associated with the 
loss of PDGFRα surface expression on CAFs
Based on these observations, we sought to further examine the 
TME of 4KC and KC mice by determining the phenotype of 
CAFs by multicolor flow cytometry. Therefore, we applied the 
same gating strategy as that used in FACS sorting and focused 
on the CAF populations. FACS analysis of the two markers 
PDGFRα and CD61 identified a CAF population that was positive 
for both markers (PDGFRα+CD61+) and present in both KC mice 
and 4KC mice at frequencies of 75.8 and 52.9%, respectively 
(Fig. 4A and B). In addition, we detected a PDGFRα−CD61+ CAF 
population that was significantly increased in 4KC pancreata 
(18.5%) compared with KC pancreata (6.1%; Fig. 4A and B). 
Given the association of these 2 CAF populations with the oppos
ing tissue stiffness explored in KC and 4KC mice, we termed 
them siCAFs and PDGFRα+ CAFs. The fact that we did not detect 
the siCAF population by scRNAseq analysis highlighted that the 
disruption of ALK4 signaling in 4KC mice might be a result of 
continuous signaling through the PDGF–PDGFR system at the 
protein level.

In addition to PDGFRα and CD61, we further evaluated the ex
pression of the established CAF markers α-SMA, Fibroblast 

activation protein (FAP)1, FSP1/S100-A4, and PDGFRα, as well as 
CD29/ITGβ1 (19, 39). Interestingly, α-SMA and FSP1, which are 
both considered activated CAF markers (40, 41), were expressed 
on siCAFs and PDGFRα+ CAFs, respectively. While no differences 
in the expression of α-SMA were found between KC and 4KC 
siCAFs, FSP1 expression was significantly increased on PDGFRα+ 

CAFs from 4KC mice (Fig. 4C). Moreover, the expression of the integ
rins CD61 and CD29 was significantly higher on PDGFRα+ CAFs ob
tained from KC mice. In contrast, the mean fluorescence intensity 
(MFI) of CD61 was significantly higher on PDGFRα+ CAFs from 4KC 
mice (Fig. 4C). Unsupervised t-distributed stochastic neighbor em
bedding analysis of siCAFs and PDGFRα+ CAFs revealed an increased 
siCAF population in the high-stiffness conditions (Fig. 4D). Of note, 
we also detected a PDGFRα−CD61− CAF population in both KC and 
4KC pancreata, representing 16.8 and 26.7% of all CAFs, respectively 
(Fig. S4A). However, since this population did not express any of the 
other evaluated CAF markers (Fig. S4B), we excluded it from this 
study. Nevertheless, given the relatively high frequency, this popu
lation should be subject to future analysis.

Spatial analysis by immunohistochemistry (IHC) displayed an 
almost exclusive site of PDGFRα+ stromal cells at the outer edge 
of pancreatic lesions that was more pronounced in 4KC than in 
KC pancreata (Fig. 4E). We detected a diminished staining for 
PDGFRα protein in 4KC although the PDGFRα mRNA detected by 
RNAscope was similar in both conditions (Fig. S4C–E). Linking 
the spatial distribution of PDGFRα and CD61 expression with the 
phenotype determined by FACS analysis, we concluded that 
PDGFRα+ CAFs were located at the edge of lesions, whereas 
siCAFs were mainly found within 4KC lesion centers. To compare 
the rigidity within distinct PDGFRα+ and PDGFRα− regions between 
KC and 4KC pancreata, we performed AFM analysis in combin
ation with IF microscopy. We detected increased elastic modulus 
in PDGFRα− stromal area in 4KC mice. In KC mice, PDGFRα+ area 
had a significant diminished elastic modulus compared with the 
PDGFRα− area (Fig. 4F). These results demonstrate that siCAFs 
are localized in the stiff regions in mouse pancreata. Taken to
gether, our data demonstrate that stiffness-promoting ductal 
cells lead to specific instruction of CAFs, characterized by a 
unique phenotypic signature based on two markers: PDGFRα 
and CD61.

Loss of PDGFRα surface expression on siCAFs is a 
tumor cell-driven early event accompanied by 
PDGF ligand accumulation
To better understand the instruction of CAFs by ductal cells and 
the contribution of CAFs to altered tissue mechanics, we deter
mined the kinetics of PDGFRα+ and siCAFs emergence in KC and 
4KC mice by FACS performed at 1, 1.5, 2, 3, 4, and 6 months of 
age. In KC mice, the frequencies of PDGFRα+ CAFs and siCAFs sta
bly represented ∼66.9 and 5.6% of all CAFs, respectively (Fig. 4A 
and B). In contrast, although the frequencies in 4KC mice were 
comparable with those in KC mice at 1 month of age, a significant 
decrease and increase in PDGFRα+ CAFs and siCAFs, respectively, 
could be observed as early as 1.5 months of age. Moreover, these 
changes in the CAF populations of 4KC mice stabilized until the 
end of the experiment at 6 months of age, with PDGFRα+ CAFs rep
resenting 36.9% and siCAFs representing 27.1% of all CAFs (Fig. 5A 
and B). Notably, the previously mentioned PDGFRα-CD61-CAF 
population remained unchanged in both KC and 4KC mice over 
the course of the experiment (Fig. S5A). These results indicate 
that early CAF instruction was maintained and that PDGFRα+ 

CAFs and siCAFs most likely represented two different CAF 
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activation states associated with the opposing tissue stiffness 
phenotypes of KC and 4KC mice. In line with these findings, we ob
served that siCAFs had significantly lower expression of the qPSC 

marker glia fibrillary acidic protein (GFAP) than PDGFRα+ CAFs 
(Fig. 5C), further highlighting the different activation statuses of 
these two cell populations.

A

D

E F

B C

Fig. 4. Increased tissue stiffness favors the accumulation of siCAFs. A) Representative FACS dot plots showing the surface expression of PDGFRα and 
CD61 on PDGFRα+ CAFs and siCAFs (PDGFRα−) in pancreata from 6-week-old KC (top) and 4KC (bottom) mice. Cells were gated on viable 
CD45−CD31−Lectin PNA−EpCAM− CAFs. B) Frequencies of PDGFRα+ CAFs and siCAFs among CD45−CD31−Lectin PNA−EpCAM− CAFs in pancreata from 
6-week-old KC (squares) and 4KC mice (triangles). C) Heatmap of the MFIs of CAF markers on PDGFRα+ CAFs and siCAFs from KC and 4KC pancreata. D) 
Unsupervised UMAP analysis of CAFs from KC (top) and 4KC (bottom) pancreata, with PDGFRα+ CAFs and siCAFs highlighted in blue and green, 
respectively, and corresponding multigraph mapping of CAF markers for each cell population. E) Representative images of IHC staining for PDGFRα (top) 
and CD61 (bottom) in serial sections of pancreata from 6-week-old KC (left panel) and 4KC (right panel) mice. White squares indicate the magnified 
regions of each panel. The images on the right of each panel show pseudocolored positive cells for the indicated marker (green). F) Stiffness topography 
measured by AFM of selected regions (1–4 as indicated on the IF staining images) in pancreata from KC and 4KC mice. Quantification of the elastic 
modulus (kPa) measured by AFM in stromal regions of KC and 4KC pancreata. Scale bars 100 and 20 mm. A–F) Cumulative data from three individual 
experiments with three to four mice per group are shown. The mean values ± SEMs are displayed. *P < 0.05; **P < 0.01; ****P < 0.0001.
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Fig. 5. Neoplastic cells instruct the emergence of siCAFs at early tumor stages. A and B) Frequencies of (A) PDGFRα+ CAFs and (B) siCAFs among 
CD45−CD31−Lectin PNA−EpCAM− CAFs determined by FACS analysis of pancreata from KC (squares) and 4KC mice (triangles) harvested at 1, 1.5, 3, 4, and 
6 months of age. C) MFI of intracellular GFAP in PDGFRα+ CAFs and siCAFs determined by FACS analysis. D) Representative FACS dot plots showing the 
surface expression of PDGFRα and CD61 on PDGFRα+ CAFs and siCAFs generated by coculturing WT PSCs with acinar cells (Ac) from KC or 4KC mice in the 
absence or presence of the soluble activin A inhibitor ActRIIBFc. E) Frequencies of PDGFRα+ CAFs and siCAFs generated in the absence or presence of 
ActRIIBFc. F and G) siCAFs were generated by coculturing iPSCs with 4KC cell line in the absence or presence of αPDGF Ab for 7 days. F) Number of iPSC and 
total CAFs and (G) number of siCAFs determined by FACS analysis. H and I) siCAFs were generated by coculturing iPSCs with 4KC cell line or in the 
presence of rPDGF-AA for 7 days. H) Histograms of PDGFRα expression. I) MFI of extracellular PDGFRα determined by FACS analysis. J) MFI of intracellular 
PDGFRα in PDGFRα+ CAFs and siCAFs determined by FACS analysis. K) Tissue levels of PDGF-AA (pg/g) determined by ELISA analysis of pancreata from 
6-week-old KC and 4KC mice. A and B) Results from five mice per group and time point are shown. C and F) Representative data from two individual 
experiments with five mice are shown. G) Representative data from two individual experiments with three mice and technical triplicates are shown. F–J) 
Representative data from two individual experiments and technical triplicates are shown. The mean values ± SEMs are displayed. *P < 0.05; **P < 0.01;  
***P < 0.001; ****P < 0.0001.
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We next aimed to verify that the instruction of PDGFRα+ CAFs 
into siCAFs in 4KC mice is driven through altered signals mediated 
by neoplastic ductal cells lacking ALK4 signaling rather than by in
creased release and/or availability of the ALK4 ligand activin A, 
which is still produced in ALK4-knock out (KO) tumor cells. 
Therefore, we differentiated PSCs isolated from wild-type (WT) 
mice into CAFs in the presence of neoplastic cells from KC or 
4KC pancreata and added ActRIIBFc, a soluble inhibitor of activin 
A. Previously, injection of ActRIIBFc into KC mice has been shown 
to result in a 4KC-like phenotype (25). Similar to our previous ex 
vivo data, even in the absence of ActRIIBFc, PSCs differentiated 
into more siCAFs when cocultured with 4KC acinar cells rather 
than KC acinar cells, which produced significantly more 
PDGFRα+ CAFs (Fig. 5D, left panel, and E). However, when 
ActRIIBFc was added to the coculture containing KC acinar cells, 
the frequency of siCAFs was similar to that observed in the cocul
ture containing 4KC acinar cells. The addition of ActRIIBFc to the 
coculture containing 4KC acinar cells did not affect the expression 
of CD61 or PDGFRα on CAFs (Fig. 5D, right panel, and E).

We next aimed to investigate the reason for the downregula
tion of PDGFRa surface expression in 4KC CAFs as an indicator of 
CAF activation. PDGFRs are internalized after binding to their li
gands. First, we verified that PDGFRα was phosphorylated in 
PSCs after ligand binding in vitro. As neoplastic primary cells 
from 4KC mice as well as primary PSC from WT are difficult to 
generate in high numbers, we used alternatively immortalized 
PSC (iPSC) previously described (20) as well as 4KC-green fluores
cent protein (GFP) primary cell line generated as previously de
scribed (31). iPSC displayed increased phosphorylation upon 
4KC culture media or recombinant PDGRF-AA binding (Fig. S5D 
and E). Next, we performed in vitro generation of siCAF for 7 
days in presence or absence of a neutralizing polyclonal 
anti-PDGF antibody. As shown in Fig. S5F and G the use of 
anti-PDGF neutralizing Ab was able to significantly reduce the 
phosphorylation of PDGFRα. Moreover, the number of siCAF di
minished in the presence of anti-PDGF neutralizing Ab (Fig. 5F 
and G). Adding recombinant PDGRF-AA induced PDGRFa surface 
expression downregulation on the surface of CAFs, although to a 
lesser extent than in the presence of a 4KC-GFP cell line (Fig. 5H 
and I). Ultimately, most internalized PDGFRs are subjected to 
lysosomal or proteasomal degradation (42). FACS analysis re
vealed that siCAFs had lower intracellular PDGFRa expression 
than PDGFRα+ CAFs (Fig. 5J) and the use of MG-132 proteasome 
inhibitor increased the accumulation of PDGFRα (Fig. S5H and
I). We speculated that the increased availability of PDGF ligands 
in 4KC mice results in receptor internalization, which in turn 
promotes cell proliferation and ECM deposition (43–45). 
Although PDGF ligand expression was not different between 
KC and 4KC mice on a per-cell basis (Fig. 3D) we hypothesized 
that in 4KC mice, higher overall PDGF ligand levels must be 
found due to the increased presence of ductal cells (Fig. 2B). 
Indeed, Enzyme-linked immunosorbent assay (ELISA) analysis 
revealed significantly increased levels of the ligand PDGF-AA 
per gram of 4KC mouse pancreas (Fig. 5K).

siCAFs hamper antitumor immune responses
Next, we investigated whether the siCAF signature associated 
with high tissue stiffness was also linked to immune suppression. 
We did not observe altered frequencies of infiltrating hematopoi
etic CD45+ cells, including CD8+ T cells (Fig. 6A and B), CD4+ T 
cells, CD4+/Foxp3+ regulatory T cells (Tregs), NK-p46 natural killer 
cells, T-cell receptor (TCR)γδ T cells or neutrophils (Fig. S6A–D), 

between KC and 4KC pancreata. Further analysis of CD8+ T cells 
revealed a significant reduction in T-cell activation in pancreata 
from 4KC mice, as indicated by the lower frequencies of 
CD62Llow (Fig. 6C). In contrast, CD8+ T-cell activation was signifi
cantly increased in the spleen of 4KC mice (Fig. 6D). Taken to
gether, these data indicate that although peripheral T-cell 
activation appears to be efficient in 4KC mice and CD8+ T cells 
are recruited into the pancreas at similar frequencies in KC and 
4KC mice, T-cell responses are hampered within the pancreatic 
TME.

To determine whether the two CAF populations affect CD8+ T-cell 
activation within the pancreas of 4KC mice, we isolated PDGFRα+ 

CAFs and siCAFs from 4KC mice by FACS and cocultured them with 
a primary tumor cell line (35) to generate CAF-conditioned medium. 
Next, WT CD8+ T cells were cocultured in the presence of bone mar
row derived dendritic cells (BMDC)s and CD3/CD28 activation beads 
using the obtained PDGFRα+ CAF- or siCAF-conditioned medium. 
Reduced proliferation rates were detected with the siCAF-conditioned 
medium, as indicated by less CarboxyFluoroscein Succinimidyl 
Ester (CFSE) staining dilution compared with that achieved with the 
PDGFRα+ CAF-conditioned medium (Fig. 6E and F). Moreover, the 
production of Granzyme B (GrzB) was reduced in proliferating 
CD8+ T cells when they were cultured in the siCAF-conditioned 
medium (Fig. 5G). Similar results were obtained with KC PDGFRα+ 

CAF- and siCAF-conditioned medium (Fig. S6E and F). T cells 
cocultured in KC or 4KC PDGFRα+ CAF-conditioned medium showed 
proliferation and GrzB production similar to those cultured in control 
conditioned medium obtained from tumor cells alone (Fig. S6E and F). 
In order to determine which soluble factors could be responsible for 
T-cell-mediated inhibition, we performed a customized LegendPlex 
array for cytokines and chemokines that have been previously re
ported to be produced by CAFs (Fig. 6H). We detected a significant in
crease of Vascular endothelial growth factor (VEGF), CCL2, and 
CXCL12 amount siCAFs condition media compared with PDGFRα+ 

CAFs condition media. Low quantities of IL-6, TGF-β1, and IL-10 
were detected in both conditions. VEGF was previously shown to 
have a direct immunosuppressive effect on T-cell proliferation and 
activation (46) suggesting that siCAF T-cell activation inhibition might 
be at least in part mediated by VEGF.

PDGF neutralization reduces tumor growth and 
favors CD8+ T-cell response
Our results show that the instruction of siCAFs in 4KC mice occurs 
early between 1 and 1.5 months after birth and it develops in a 
PDGF/PDGFR signaling-dependent manner. Moreover, siCAFs pre
vent an efficient CD8+ T-cell immune response, which is a key for 
tumor elimination (47–49). Thus, we hypothesized that the pre
vention of siCAF development in 4KC mice could improve the 
course of the disease. Therefore, we intraperitoneally (ip) injected 
4KC mice at 3, 4, and 5 weeks of age with a neutralizing polyclonal 
anti-PDGF antibody, which recognizes PDGF-AA, PDGF-AB, 
and PDGF-BB dimers. Control age-matched littermates were in
jected with 1× Phosphate-buffered saline (PBS). At 6 weeks of 
age, we analyzed pancreata collected from anti-PDGF- and 
PBS-injected mice (Fig. 7A). First, we observed a decrease in pan
creas weight in 4KC mice injected with anti-PDGF, indicating di
minished tumor growth (Fig. 7B and S7A). We next performed 
FACS analysis and evaluated the frequencies of siCAFs and 
PDGFRα+ CAFs among total CAFs. We observed decreased siCAFs 
in anti-PDGF-injected 4KC mice compared with PBS-injected 
4KC mice (Fig. 7C and D). In addition, we observed an increased 
percentage of activated CD8+ T cells (CD44+CD8+ T cells) pancreas 
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in the anti-PDGF-treated conditions (Fig. 7E). Furthermore, we ob
served increased CD31+ endothelial cells (Fig. 7F), decreased le
sions (Fig. 7G), and increased EPCAM expression (Fig. 7H) in 
lesions, suggesting an early tumor phenotype. CD8+ T-cell activa
tion, indicated by the upregulation of CD44 and CD69 as well as 
the downregulation of CD62L, was similar in the spleen of 
anti-PDGF- or PBS-injected 4KC mice (Fig. S6B–D). In addition, 
IHC analyses revealed the prevention of PDGFRα downregulation 
in pancreatic lesions by anti-PDGF injection (Fig. 7I), as well as a 
reduced number of advanced lesions. Furthermore, Sirius red 
staining showed decreased collagen fiber deposition in 

anti-PDGF condition (Fig. 7J). Taken together, our data show that 
PDGF neutralization leads to the reprogramming of the tumor 
environment.

Identification of siCAFs in the human setting
To relate our findings to human PDAC patients, we performed 
FACS analysis of primary pancreatic CAFs obtained from four dif
ferent donors. Similar to our mouse results, we detected an abun
dant siCAF population correlated with a reduced PDGFRα+ CAF 
population, indicating a differentiation-dependent connection 
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Fig. 6. siCAFs prevent efficient T-cell activation. A and B) FACS analysis of the frequencies of CD45+ and CD8α+ cells in the pancreata of 6-week-old KC 
and 4KC mice. C and D) Frequencies of CD62Llow cells among CD45+/CD8α+/CD11c− T cells in the spleen and pancreata of KC and 4KC mice. E) CFSE 
dilution in CD8+ T cells cocultured with BMDCs and CD3/CD28 activation beads in PDGFRα+ CAF/tumor cell (blue line) or siCAF/tumor cell-conditioned 
medium (green line). F and G) Proliferating (F) and GrzB (G) producing CD8+ T cells at the indicated division numbers after coculture with BMDCs and CD3/ 
CD28 activation beads in PDGFRα+ CAF/tumor cell-conditioned (blue line) or siCAF/tumor cell-conditioned medium (green line). G) Cytokine and 
chemokine profiles detected in PDGRFα and siCAF in conditioned media used in E–G. A–D) Cumulative data from at least two individual experiments with 
three to four mice per group are shown. E–G) Representative data from two individual experiments with technical replicates are shown. PDGFRα+ CAFs 
and siCAFs were isolated from three 6-week-old 4KC mice. *P < 0.05; **P < 0.01; ***P < 0.001, unpaired t test.
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between these two populations (Fig. 8A). Further analysis showed 
that the overall expression of the known CAF markers and integ
rins PDGFRα, CD61, CD29, FAP, and Fibroblast specific protein 

(FSP)-1 was significantly lower in siCAFs than in PDGFRα+ CAFs 
(Fig. 8B–F). To determine whether it is possible to reprogram 
siCAFs in the human setting, we performed in vitro coculture of 
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Fig. 7. PDGF neutralization reduces stromal activation and promotes PDGFRα surface expression. A) Graphical scheme representing the treatment 
schedule for 4KC mice: at 3, 4, and 5 weeks of age, 200 µg of neutralizing anti-PDGF antibody diluted in 100 µL of PBS was administered ip; age-matched 
control mice received PBS alone. One week after the last injection, the mice were sacrificed, and harvested pancreata were subjected to FACS and IHC 
analyses. B) Weight (mg) of pancreata excised from 6-week-old 4KC mice. Lines connect age-matched littermates treated with the anti-PDGF antibody 
(white) or PBS alone (black). C) Representative FACS dot plots showing the surface expression of PDGFRα and CD61 on CAFs in pancreata from 6-week-old 
4KC mice treated with the anti-PDGF antibody (right) or PBS (left). Cells were gated on viable CD45−CD31−Lectin PNA−EpCAM−CAFs. D) Frequencies of 
PDGFRα+ CAFs and siCAFs among CD45−CD31−Lectin PNA−EpCAM−CAFs in pancreata from 6-week-old 4KC mice treated with the anti-PDGF antibody or 
PBS. E–H) FACS analysis of the percentages of CD44+ among CD8+ T cells (E), CD31+ cells among CD45-cells (F), Lectin PNA+ (G), and EpCAM+ (H) cells 
among CD45−CD31− cells isolated from the pancreas of 6-week-old 4KC mice treated with the anti-PDGF antibody or PBS. I) Representative images of IHC 
staining for PDGFRα in sections of pancreata from 6-week-old 4KC mice treated with the anti-PDGF antibody (right panel) or PBS (left panel). White 
squares indicate the magnified regions of each panel. The images on the right of each panel show pseudocolored PDGFRα+ cells (green). *P < 0.05,  
**P < 0.01.
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Fig. 8. Tumor cells instruct siCAFs in human PDAC. A) FACS analysis of the frequencies of PDGFRα+ CAFs and siCAFs among viable cells after CAF 
isolation. B–F) FACS analysis of the MFIs of PDGFRα (B), CD61 (C), CD29 (D), FAP (E), and FSP1 (F) on PDGFRα+ CAFs and siCAFs. G) Representative FACS dot 
plots showing the surface expression of PDGFRα and CD61 on EpCAM−FSP1+ CAFs after coculturing with or without PANC-1 tumor cells in the absence or 
presence of the soluble activin A inhibitor ActRIIBFc. Frequencies of siCAFs generated in the absence or presence of ActRIIBFc. *P < 0.05; **P < 0.01; ***P <  
0.001, unpaired t test (A-G). H) UMAP projection of PDAC single-cell Atlas comprising over 70 samples and >130,000 cells, most of them from cancer 
samples (>110,000 cells). I) siCAF signature distribution among fibroblast and described CAF subtypes. J) Previously described stiffness score distribution 
among tumor CAFs and normal fibroblasts. K) Correlation between the stiffness score and siCAF score.
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human CAFs with human pancreatic cancer cell line PANC-1 cells, 
a human PDAC cell line previously described to express ALK4 (24) 
and respond to activin A (25), in the presence or absence of 
ActRIIBFc. FACS analysis showed that in the presence of PANC-1 
cells, CAFs lost expression of PDGFRα which was similar to the 
mouse results and that the addition of ActRIIBFc did not have 
any effect on the amount of siCAFs. To get insight into the exist
ence of siCAFs in human setting, we applied siCAFs signature to 
a scRNA dataset specific for pancreas (50). As shown in Fig. 8H, 
the annotated dataset includes a well-defined “fibroblast” cluster. 
We extracted 10,953 human fibroblasts (1,037 and 9,916 from non
tumor and tumor tissues, respectively), classified these fibroblasts 
according to human CAF signatures (51) that distinguish iCAFs, 
myCAFs, and meCAF as well as normal fibroblasts and applied 
the 29-gene siCAF signature (38). As shown in Fig. 8I, the siCAF 
score was expressed in all three types of CAFs at significantly 
higher levels than normal fibroblasts. In order to determine 
whether similar association between siCAFs and tissue stiffness 
exists in human tissues, we took advantage of a previously pub
lished stiffness signature (Table S2) (52). This stiffness score was 
upregulated in tumor CAFs compared with normal fibroblasts 
(Fig. 8J). Moreover, siCAF and stiffness scores were significantly 
correlated across all PDAC CAF cells (Fig. 8K). Altogether, these 
data suggest for the first time that paracrine signaling between tu
mor cells and CAFs is able to induce siCAFs phenotype independ
ent of the genetic background.

Discussion
In this study, we show for the first time that targeting PDGF signal
ing through a ligand trap approach is able to inhibit tumor pro
gression by reprogramming the activation status of the CAFs. 
Despite the previously described heterogeneity of CAF popula
tions (19–21), we showed here that PDGFRα and CD61 were able 
to define two activation states reflecting the stiffness of the TME 
and that physical constraint was able to remodel the immune re
sponse outcome and the consequent tumor progression.

Enhancement of intrinsic PDGFR signaling induced by mutational 
activation of PDGRFA, but not PDGRFB, systemically induced fibro
blastic hyperplasia and increased ECM deposition similar to that ob
served in collagen diseases (53). PDGFRA point mutations (gain of 
function) were reported to be associated with gastrointestinal tu
mors (54, 55). The secretion of PDGFs by platelets and their effects 
on fibroblasts play a role in wound healing (56). Exogenous 
PDGF-BB accelerates ulcer healing in diabetic patients (57). High ex
pression of PDGFA has been reported to predict a poor prognosis in 
esophageal squamous cell carcinoma (58). Transgenic mice overex
pressing PDGFA have been shown to display severe fibrotic reactions 
in the heart supporting the crucial role of this ligand in ECM depos
ition (59). PDGF-AA binds primarily to PDGFRα, while PDGF-AB and 
PDGF-BB bind to PDGFRα as well as other receptor subtypes, such 
as PDGFRβ (60). Our results are supported by previous reports show
ing that stromal constitutive activation of PDGFRα (by using mice 
that harbor a mutation in the activation loop of PDGFRα tyrosine kin
ase domain) in the mammary stromal fibroblast compartment led to 
fibrosis and concomitant increase in collagen deposition (61). We 
demonstrated here that continuous binding of PDGF-AA to PDGFRα 
induced receptor downregulation, leading to the emergence of 
siCAFs. Our data are in accordance with previous findings in vascular 
smooth muscle cells showing that PDGFRα protein was decreased on 
stiff substrates, indicating internalization and degradation through 
ligand bound to the receptor (62). Furthermore, previous work high
lighted that in PDAC, PDGRFA expression by CAFs is associated with 

an inflammatory phenotype in iCAFs and FB1 CAFs (20, 63). The ex
pression analysis of genes encoding CAF markers other than 
PDGFRA and PDGFRB (64, 65) showed that FSP1 expression was sig
nificantly increased on PDGFRα+ CAFs from 4KC mice (stiff condi
tions). This finding was validated by the high expression of FSP1 
observed in a human setting, suggesting that FSP-1 might be a uni
versal bona fide marker of activated CAFs. The expression of integ
rins, such as CD29/ITGB1 (66, 67) or CD61/ITGB3 (68), on the 
surface of CAFs has been previously described. Here, we show that 
CD29 and CD61 expression was downregulated on siCAFs in both 
mouse and human settings, suggesting an active role in signaling. 
Previous work from our group showed that βig-h3/TGF-βi was able 
to bind CD61 and phosphorylate Lck at Y505 (35, 36) and Focal adhe
sion kinase (FAK) (69). We reported that βig-h3 was highly expressed 
in stiff conditions and that the use of an anti-βig-h3 antibody was 
able to reduce TME stiffness (35, 69), suggesting that targeting both 
PDGF-AA and βig-h3 might represent a promising therapeutic 
combination.

Herein, the pro- and anti-inflammatory properties of CAFs are 
demonstrated to be highly dependent on intratumoral location 
and less dependent on origin. We demonstrated that PDGFRα+ 

CAFs had no potential to inhibit a T-cell response in vitro under 
the loose condition (KC condition). Under stiff conditions, this 
population had less inhibitory potential than siCAFs, highlighting 
the importance of the mechanical properties of the tissue in the 
education of CAFs. Several publications have demonstrated that 
these cells are important for sensing mechanical changes in tis
sues not only at homeostasis but also in pathological conditions, 
i.e. fibrosis. The important finding of this study is that despite 
the origin of the cells, the mechanical constraint together with 
the secretion of soluble factors breaks the heterogeneity of CAFs 
into a binary classification according to their “microenvironment 
sensing,” namely, PDGRFα+ CAFs and siCAFs. This creates the op
tion of targeting a pathway through a ligand trap approach that 
would reprogram siCAFs into PDGFRα+ CAFs rather than targeting 
a particular surface marker. This might also be beneficial since 
the elimination of CAFs by antibody-dependent cytotoxicity has 
been shown to be deleterious in PDAC (clinical trial failure).

A hallmark of the pathogenesis of solid cancers such as PDAC 
escapes from efficient antitumor immune responses. It has been 
demonstrated that the collagenous TME can restrain infiltrating 
CD8+ T cells from accessing tumor cells (70, 71). Additionally, 
the cytotoxic activity of tumor-infiltrating lymphocytes can be re
duced by insufficient T-cell priming (72). CD8+ T-cell exclusion 
from the tumor bed has been proven to be a key element in the 
antitumor response (48). We show here that early mechanical 
and paracrine education through PDGF ligands (PDGF-AA in par
ticular) can skew an effective antitumor response in situ. 
Although we identified potent immune priming of CD4+ and 
CD8+ T-cell responses in the spleen, the number of activated 
CD8+ T cells in the stiff pancreas was diminished compared with 
that in the loose pancreas, indicating that local tissue mechanics 
are a key element in the outcome of the immune response. 
Further studies combining spatial detection of activated CD8+ T 
cells and tissue rigidity would provide indications of the outcome 
of immune checkpoint therapy. Interestingly, we also observed an 
increase in CD31 expression in PDGF-depleted conditions, sug
gesting that an increase in modified interactions at the level of 
blood vessels might involve other partners that prevent an effi
cient T-cell response (i.e. MDSCs or macrophages). Further inves
tigation linking the availability of PDGF-AA to angiogenesis should 
shed new light on this additional mechanism of action.
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Based on our data, we established a model of the mechanism of 
action. As tumors evolve, they proliferate, produce PDGF ligands, 
and instruct CAFs via a paracrine effect. PDGFRα+ CAFs become 
siCAFs capable of inhibiting T-cell responses in situ. By using a 
PDGF-AA ligand trap approach, neoplastic tissue homeostasis 
can be restored. Neutralization of the PDGF-AA leads to 
PDGRFα+ CAF maintenance associated with soft conditions and 
an efficient T-cell response. Our study provides support for the 
translational potential of using a PDGF ligand trap strategy.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
This study was supported by grants Fondation pour la Recherche 
Médicale (P.G. and A.H.); Ligue contre le cancer, INCA AAP, 
INSERM TRANSFERT (A.H., 2019); and Ligue contre le cancer 
(K.T., 2020). Z.W. was supported by a Chinese Scholarship 
Council (CSC) Fellowship.

Author Contributions
P.G.: investigation, writing—original draft. K.T., M.M., S.B., T.A., 
B.S., Z.H., Z.W., and P.M.: investigation. H.H.-V.: formal analysis. 
R.T.: supervision, funding. P.B.: writing—original draft. A.H.: con
ceptualization, supervision, funding acquisition, writing—original 
and revised draft.

Data Availability
All data will be publicly released. GEO Accession: GSE231348. 
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231348

References
1 Hidalgo M. 2010. Pancreatic cancer. N Engl J Med. 362(17): 

1605–1617.
2 Ying H, et al. 2016. Genetics and biology of pancreatic ductal 

adenocarcinoma. Genes Dev. 30(4):355–385.

3 Erkan M, et al. 2008. The activated stroma index is a novel and in
dependent prognostic marker in pancreatic ductal adenocarcin
oma. Clin Gastroenterol Hepatol. 6(10):1155–1161.

4 Neesse A, et al. 2011. Stromal biology and therapy in pancreatic 
cancer. Gut. 60(6):861–868.

5 Gore J, Korc M. 2014. Pancreatic cancer stroma: friend or foe? 
Cancer Cell. 25(6):711–712.

6 Gamradt P, De La Fouchardiere C, Hennino A. 2021. Stromal 
protein-mediated immune regulation in digestive cancers. 
Cancers (Basel). 13(1):146.

7 Pearce OMT, et al. 2018. Deconstruction of a metastatic tumor 
microenvironment reveals a common matrix response in human 
cancers. Cancer Discov. 8(3):304–319.

8 Torphy RJ, Schulick RD, Zhu Y. 2020. Understanding the immune 

landscape and tumor microenvironment of pancreatic cancer to 
improve immunotherapy. Mol Carcinog. 59(7):775–782.

9 Oya Y, Hayakawa Y, Koike K. 2020. Tumor microenvironment in 
gastric cancers. Cancer Sci. 111(8):2696–2707.

10 Kai F, Drain AP, Weaver VM. 2019. The extracellular matrix mod
ulates the metastatic journey. Dev Cell. 49(3):332–346.

11 Pickup MW, Mouw JK, Weaver VM. 2014. The extracellular ma
trix modulates the hallmarks of cancer. EMBO Rep. 15(12): 
1243–1253.

12 Laklai H, et al. 2016. Genotype tunes pancreatic ductal adenocar
cinoma tissue tension to induce matricellular fibrosis and tumor 
progression. Nat Med. 22(5):497–505.

13 Rice AJ, et al. 2017. Matrix stiffness induces epithelial- 
mesenchymal transition and promotes chemoresistance in pan
creatic cancer cells. Oncogenesis. 6(7):e352.

14 Perez VM, Kearney JF, Yeh JJ. 2021. The PDAC extracellular ma
trix: a review of the ECM protein composition, tumor cell inter
action, and therapeutic strategies. Front Oncol. 11:751311.

15 Feig C, et al. 2012. The pancreas cancer microenvironment. Clin 

Cancer Res. 18(16):4266–4276.
16 Apte MV, et al. 1998. Periacinar stellate shaped cells in rat pan

creas: identification, isolation, and culture. Gut. 43(1):128–133.
17 Heinemann V, et al. 2014. Tumour-stroma interactions in pancre

atic ductal adenocarcinoma: rationale and current evidence for 
new therapeutic strategies. Cancer Treat Rev. 40(1):118–128.

18 Olive KP, et al. 2009. Inhibition of hedgehog signaling enhances 

delivery of chemotherapy in a mouse model of pancreatic can
cer. Science. 324(5933):1457–1461.

19 Costa A, et al. 2018. Fibroblast heterogeneity and immunosup
pressive environment in human breast cancer. Cancer Cell. 
33(3):463–79.e10.

20 Ohlund D, et al. 2017. Distinct populations of inflammatory fibro
blasts and myofibroblasts in pancreatic cancer. J Exp Med. 214(3): 

579–596.
21 Elyada E, et al. 2019. Cross-species single-cell analysis of pancre

atic ductal adenocarcinoma reveals antigen-presenting cancer- 
associated fibroblasts. Cancer Discov. 9(8):1102–1123.

22 Morianos I, Papadopoulou G, Semitekolou M, Xanthou G. 2019. 
Activin-A in the regulation of immunity in health and disease. J 

Autoimmun. 104:102314.
23 Togashi Y, et al. 2014. Homozygous deletion of the activin A re

ceptor, type IB gene is associated with an aggressive cancer 
phenotype in pancreatic cancer. Mol Cancer. 13(1):126.

24 Su GH, et al. 2001. ACVR1B (ALK4, activin receptor type 1B) gene 
mutations in pancreatic carcinoma. Proc Natl Acad Sci U S A. 
98(6):3254–3257.

25 Zhao Y, et al. 2020. Oncogene-induced senescence limits the pro

gression of pancreatic neoplasia through production of activin A. 
Cancer Res. 80(16):3359–3371.

26 Ripoche D, et al. 2013. Generation of a conditional mouse model 
to target Acvr1b disruption in adult tissues. Genesis. 51(2): 
120–127.

27 Hingorani SR, et al. 2003. Preinvasive and invasive ductal pancre

atic cancer and its early detection in the mouse. Cancer Cell. 4(6): 
437–450.

28 Herreros-Villanueva M, Hijona E, Cosme A, Bujanda L. 2012. 
Mouse models of pancreatic cancer. World J Gastroenterol. 
18(12):1286–1294.

29 Huang H, et al. 2019. Targeting TGFbetaR2-mutant tumors ex
poses vulnerabilities to stromal TGFbeta blockade in pancreatic 

cancer. EMBO Mol Med. 11(11):e10515.
30 Xiao X, et al. 2016. PNA lectin for purifying mouse acinar cells 

from the inflamed pancreas. Sci Rep. 6:21127.
31 Wu Z, et al. 2023. Pericyte stem cells induce Ly6G(+) cell accumu

lation and immunotherapy resistance in pancreatic cancer. 
EMBO Rep. 24(4):e56524.

32 Cabello-Aguilar S, et al. 2020. SingleCellSignalR: inference of 

intercellular networks from single-cell transcriptomics. Nucleic 
Acids Res. 48(10):e55.

14 | PNAS Nexus, 2023, Vol. 2, No. 12

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad405#supplementary-data
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231348


33 Attieh Y, et al. 2017. Cancer-associated fibroblasts lead tumor in
vasion through integrin-beta3-dependent fibronectin assembly. J 
Cell Biol. 216(11):3509–3520.

34 Tumbarello DA, Temple J, Brenton JD. 2012. β3 integrin modu
lates transforming growth factor beta induced (TGFBI) function 
and paclitaxel response in ovarian cancer cells. Mol Cancer. 11:36.

35 Goehrig D, et al. 2019. Stromal protein betaig-h3 reprogrammes 
tumour microenvironment in pancreatic cancer. Gut. 68(4): 
693–707.

36 Patry M, et al. 2015. βig-h3 represses T-cell activation in type 1 
diabetes. Diabetes. 64(12):4212–4219.

37 Lecker LSM, et al. 2021. TGFBI production by macrophages con
tributes to an immunosuppressive microenvironment in ovarian 
cancer. Cancer Res. 81(22):5706–5719.

38 Aibar S, et al. 2017. SCENIC: single-cell regulatory network infer
ence and clustering. Nat Methods. 14(11):1083–1086.

39 Nurmik M, Ullmann P, Rodriguez F, Haan S, Letellier E. 2020. In 
search of definitions: cancer-associated fibroblasts and their 
markers. Int J Cancer. 146(4):895–905.

40 Omary MB, Lugea A, Lowe AW, Pandol SJ. 2007. The pancreatic 
stellate cell: a star on the rise in pancreatic diseases. J Clin 
Invest. 117(1):50–59.

41 Kalluri R. 2016. The biology and function of fibroblasts in cancer. 
Nat Rev Cancer. 16(9):582–598.

42 Rogers MA, Fantauzzo KA. 2020. The emerging complexity of 
PDGFRs: activation, internalization and signal attenuation. 
Biochem Soc Trans. 48(3):1167–1176.

43 Kuo TL, Cheng KH, Shan YS, Chen LT, Hung WC. 2019. 
β-Catenin-activated autocrine PDGF/Src signaling is a therapeut
ic target in pancreatic cancer. Theranostics. 9(2):324–336.

44 Eitner F, et al. 2008. PDGF-C is a proinflammatory cytokine that 
mediates renal interstitial fibrosis. J Am Soc Nephrol. 19(2): 
281–289.

45 Ostendorf T, Eitner F, Floege J. 2012. The PDGF family in renal fi
brosis. Pediatr Nephrol. 27(7):1041–1050.

46 Ziogas AC, et al. 2012. VEGF directly suppresses activation of T 
cells from ovarian cancer patients and healthy individuals via 
VEGF receptor type 2. Int J Cancer. 130(4):857–864.

47 Galon J, et al. 2006. Type, density, and location of immune cells 
within human colorectal tumors predict clinical outcome. 
Science. 313(5795):1960–1964.

48 Ene-Obong A, et al. 2013. Activated pancreatic stellate cells se
quester CD8+ T cells to reduce their infiltration of the juxtatu
moral compartment of pancreatic ductal adenocarcinoma. 
Gastroenterology. 145(5):1121–1132.

49 Raskov H, Orhan A, Christensen JP, Gogenur I. 2021. Cytotoxic 
CD8(+) T cells in cancer and cancer immunotherapy. Br J 
Cancer. 124(2):359–367.

50 Chijimatsu R, et al. 2022. Establishment of a reference single-cell 
RNA sequencing dataset for human pancreatic adenocarcinoma. 
iScience. 25(8):104659.

51 Lavie D, Ben-Shmuel A, Erez N, Scherz-Shouval R. 2022. 
Cancer-associated fibroblasts in the single-cell era. Nat Cancer. 
3(7):793–807.

52 Brielle S, et al. 2021. Delineating the heterogeneity of matrix- 
directed differentiation toward soft and stiff tissue lineages via 
single-cell profiling. Proc Natl Acad Sci U S A. 118(19):e2016322118.

53 Olson LE, Soriano P. 2009. Increased PDGFRalpha activation dis
rupts connective tissue development and drives systemic fibro
sis. Dev Cell. 16(2):303–313.

54 Corless CL, et al. 2005. PDGFRA mutations in gastrointestinal 

stromal tumors: frequency, spectrum and in vitro sensitivity to 

imatinib. J Clin Oncol. 23(23):5357–5364.
55 Chompret A, et al. 2004. PDGFRA germline mutation in a family 

with multiple cases of gastrointestinal stromal tumor. 

Gastroenterology. 126(1):318–321.
56 Andrae J, Gallini R, Betsholtz C. 2008. Role of platelet-derived 

growth factors in physiology and medicine. Genes Dev. 22(10): 

1276–1312.
57 Papanas N, Maltezos E. 2008. Becaplermin gel in the treatment of 

diabetic neuropathic foot ulcers. Clin Interv Aging. 3(2):233–240.
58 Han N, et al. 2021. High expression of PDGFA predicts poor prog

nosis of esophageal squamous cell carcinoma. Medicine 

(Baltimore). 100(20):e25932.
59 Gallini R, Lindblom P, Bondjers C, Betsholtz C, Andrae J. 2016. 

PDGF-A and PDGF-B induces cardiac fibrosis in transgenic 

mice. Exp Cell Res. 349(2):282–290.
60 Liang M, Wang B, Schneider A, Vainshtein I, Roskos L. 2020. A 

novel pharmacodynamic biomarker and mechanistic modeling 

facilitate the development of tovetumab, a monoclonal antibody 

directed against platelet-derived growth factor receptor alpha, 

for cancer therapy. AAPS J. 23(1):4.

61 Hammer AM, et al. 2017. Stromal PDGFR-alpha activation enhan

ces matrix stiffness, impedes mammary ductal development, 

and accelerates tumor growth. Neoplasia. 19(6):496–508.

62 Brown XQ, et al. 2010. Effect of substrate stiffness and PDGF on 

the behavior of vascular smooth muscle cells: implications for 

atherosclerosis. J Cell Physiol. 225(1):115–122.
63 Hosein AN, et al. 2019. Cellular heterogeneity during mouse pan

creatic ductal adenocarcinoma progression at single-cell reso

lution. JCI Insight. 5(16):e129212.
64 Kanzaki R, Pietras K. 2020. Heterogeneity of cancer-associated fi

broblasts: opportunities for precision medicine. Cancer Sci. 111(8): 

2708–2717.
65 Erez N, Truitt M, Olson P, Arron ST, Hanahan D. 2010. 

Cancer-associated fibroblasts are activated in incipient neopla

sia to orchestrate tumor-promoting inflammation in an 

NF-kappaB-dependent manner. Cancer Cell. 17(2):135–147.
66 Sun Q, et al. 2018. Prognostic value of increased integrin-beta 1 

expression in solid cancers: a meta-analysis. Onco Targets Ther. 

11:1787–1799.
67 Gharibi A, et al. 2017. ITGA1 is a pre-malignant biomarker that 

promotes therapy resistance and metastatic potential in pancre

atic cancer. Sci Rep. 7(1):10060.
68 Fuentes P, et al. 2020. ITGB3-mediated uptake of small extracel

lular vesicles facilitates intercellular communication in breast 

cancer cells. Nat Commun. 11(1):4261.
69 Bachy S, et al. 2022. βig-h3-structured collagen alters macro

phage phenotype and function in pancreatic cancer. iScience. 

25(2):103758.
70 Salmon H, et al. 2012. Matrix architecture defines the preferential 

localization and migration of T cells into the stroma of human 

lung tumors. J Clin Invest. 122(3):899–910.
71 Ohno S, et al. 2002. Role of stromal collagen in immunomodula

tion and prognosis of advanced gastric carcinoma. Int J Cancer. 

97(6):770–774.
72 Kuczek DE, et al. 2019. Collagen density regulates the activity of 

tumor-infiltrating T cells. J Immunother Cancer. 7(1):68.

Gamradt et al. | 15


	Stiffness-induced cancer-associated fibroblasts are responsible for immunosuppression in a platelet-derived growth factor ligand-dependent manner
	Introduction
	Methods
	Mouse models
	Atomic force microscopy
	Flow cytometric analysis
	Single-cell RNA sequencing
	LEGENDplex custom array
	Statistical analysis

	Results
	ALK4 signaling disruption in neoplastic cells leads to early increased collagen deposition and tissue rigidity
	Sustained PDGF signaling is increased in stiff tissue conditions
	Increased tissue stiffness is associated with the loss of PDGFRα surface expression on CAFs
	Loss of PDGFRα surface expression on siCAFs is a tumor cell-driven early event accompanied by PDGF ligand accumulation
	siCAFs hamper antitumor immune responses
	PDGF neutralization reduces tumor growth and favors CD8+ T-cell response
	Identification of siCAFs in the human setting

	Discussion
	Supplementary Material
	Funding
	Author Contributions
	Data Availability
	References




