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IMMUNOLOGY

ILC2s regulate a fibroblast progenitor niche in the pancreas
Thomas Yip et al.

INTRODUCTION: Fibroblasts are central regulators of organ health and 
disease, although it remains unclear how different fibroblast subsets 
are controlled within tissues. Recently, both murine and human 
fibroblast atlases have revealed the presence of a conserved fibroblast 
subset that is present in many organs and disease states, marked by 
Pi16+Dpp4+Ly6c+ gene expression, and computationally predicted to 
have progenitor capacity. Notably, these fibroblasts are also reported 
to express high Il33, encoding the alarmin IL-33, which can stimulate 
Group 2 innate lymphoid cells (ILC2s). ILC2s are tissue-resident 
immune cells that can promote fibroblast activation and are also 
emerging as regulators of epithelial stem cell niches.

RATIONALE: The exocrine pancreas contains endogenous fibroblast 
populations and although fibroblasts play key roles in pancreatic 
inflammation or neoplasia, little is known about their spatial 
organization or ontogeny. Moreover, ILC2s can influence pancreatic 
endocrine function and pancreatic cancer. We asked where ILC2s 
localized in the pancreas in relation to different fibroblast subsets, 
and how their potential interactions influenced fibroblast biology 
during homeostasis, inflammation, and carcinogenesis.

RESULTS: We found that ILC2 colocalized with fibroblasts expressing 
the genes Pi16+Dpp4+Ly6c+ in an interstitial niche of the exocrine 
pancreas, which encapsulates the organ parenchyma. Activation of 
ILC2 through alarmin IL-33 resulted in the specific activation of 
Pi16+Dpp4+Ly6c+ fibroblasts, which had progenitor capacity and 
could differentiate into intraparenchymal Col15a1+ fibroblasts. In 
healthy mice, ILC2s were important for establishing baseline 
number of fibroblasts in the pancreas, which represented an 

inflammatory set point during acute pancreatitis. Moreover,  
the release of IL-33 during acute pancreatitis triggered the  
ILC2–Pi16+Dpp4+Ly6c+ fibroblast axis to repopulate and repair the 
organ after injury. We found that ILC2-derived IL-13 was important  
for stimulating Pi16+Dpp4+Ly6c+ fibroblast proliferation. However, 
ILC2-extrinsic negative feedback mechanisms also constrained 
fibroblast numbers during IL-33–driven inflammation. For instance, 
using fibroblast-targeted in vivo proximity labeling reagents, we 
found that Tim4+ tissue-resident macrophages may regulate 
Pi16+Dpp4+Ly6c+ fibroblast population dynamics through direct 
phagocytosis. Last, we found that the ILC2–Pi16+Dpp4+Ly6c+fibroblast 
niche expanded early during pancreatic carcinogenesis and locally 
enveloped pancreatic intraepithelial neoplastic (PanIN) lesions. 
Using lineage-trace mice, we found that Pi16+Dpp4+Ly6c+fibroblasts 
represent a potent precursor pool for specific cancer-associated 
fibroblast (CAF) subtypes. Moreover, ILC2 deficiency resulted in 
reduced CAF density in an orthotopic model of pancreatic ductal 
adenocarcinoma (PDAC).

CONCLUSION: We found that ILC2s are important regulators of 
fibroblast biology in the pancreas, and both colocalize and control 
Pi16+Dpp4+Ly6c+ fibroblasts, which represent an important source 
of Col15a1+ fibroblasts or specific CAF subtypes. Hence, tissue-resident 
ILC2s and other immune cells are important choreographers of 
local fibroblast topography. 
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ILC2 regulate fibroblast biology in the pancreas. ILC2s colocalize with Pi16+Dpp4+Ly6c+ fibroblasts in interstitial and capsular niches of the exocrine pancreas. ILC2-derived 
IL-13 stimulates Pi16+Dpp4+Ly6c+ fibroblasts, which can differentiate into intraparenchymal Eng+Col15a1+ fibroblasts; this ILC2–fibroblast axis sets tissue fibroblast densities 
at steady-state, reinforces fibroblast repopulation after acute injury, and influences CAF development and abundance in cancer.
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ILC2s regulate a fibroblast 
progenitor niche in the pancreas
Thomas Yip1, Julie Stockis1†, Charlotte Simpson1,  
Erika E. McCartney2, Shwetha Raghunathan1,  
Martha M. Rangel-Sosa1, Sydney N. Hummel1‡,  
Julia Moreno-Vicente1, Gianmarco Raddi1§, Celine Garcia1,  
Rugile Linkute1, Silvain Pinaud1¶, Maye F. Cheng2, Lesley A. Hill3,  
T. Michael Underhill3, Hans-Reimer Rodewald4,  
Christoph Schneider5, Claus Jørgensen6, Andrew N.J. McKenzie7, 
Sophie E. Acton8, Patrick Seale9,10, Menna R. Clatworthy11, 
Matthew B. Buechler2,12*, Timotheus Y. F. Halim1*

Local fibroblast development and densities influence organ 
health and disease, although it remains unclear how tissue 
fibroblast topography is controlled in situ. Here, we defined 
Group 2 innate lymphoid cells (ILC2s) as key regulators of 
fibroblast homeostasis in the pancreas. ILC2s colocalized with 
fibroblasts expressing the genes Pi16+Dpp4+Ly6c+ in an 
interstitial niche of the exocrine pancreas, which encapsulates 
the organ parenchyma. ILC2s specifically regulated the 
expansion of Pi16+Dpp4+Ly6c+ fibroblasts, which have progenitor 
capacity, while restraining differentiated intraparenchymal Col15a1+ 
fibroblasts during inflammation. These circuits reinforced 
fibroblast numbers after injury and set an inflammatory 
threshold. The ILC2 and Pi16+Dpp4+Ly6c+ fibroblast progenitor 
niche expanded around tumors and controlled cancer-
associated fibroblast ontogeny and density. Hence, ILC2-
fibroblast dialogue represents a regulatory node that locally 
orchestrates tissue homeostasis and pathology.

Fibroblasts represent a heterogeneous population of tissue-resident 
cells found in almost all organs (1) with roles in tissue structure, organ 
homeostasis, inflammation, and tissue repair (2). Conversely, their 
dysregulation drives fibrotic diseases and tumorigenesis (2, 3). The 
stromal niche is attuned to both specific organ sites and diverse physi-
ological or pathological cues. An increased appreciation of stromal cell 
diversity under both homeostatic and pathological conditions has 
renewed questions about fibroblast ontogeny (4). A fibroblast subset 
marked by expression of the genes Pi16, Dpp4, and Ly6c1 is present 
in multiple organs at rest or in disease states (1); however, how this 
population is locally maintained and its biological or pathological 
functions remains unknown.

Tissue-resident lymphocytes, including Group 2 innate lymphoid 
cells (ILC2s), are important mediators of tissue homeostasis (5–7). 
ILC2s inhabit epithelial stem cell niches at mucosal barrier sites, 
where they directly influence epithelial cell biology (8, 9). Moreover, 
ILC2-derived interleukin (IL)–13 promotes fibroblast activation and 
fibrosis; additionally, ILC2 are directly activated by epithelial or 
fibroblast-derived cytokines, including the damage-associated alarmin 
IL-33 (10–14). Hence, local fibroblast-ILC2 interactions are proposed 
to drive a feed-forward loop that underpins tissue fibrosis. However, 

much remains unknown about the function of ILC2 during steady-
state, resolution of inflammation, and cancer.

The exocrine pancreas produces digestive enzymes and consists of 
acinar and ductal epithelial cells that make up the bulk of this organ. 
Fibroblast subsets are locally maintained (1) and participate in injury-
driven inflammation (15). Stressed or necrotic fibroblasts release IL-33 
(16), which implies the concomitant liberation of other damage-associated 
molecular patterns (DAMPs). Nevertheless, how local fibroblast composi-
tion dictates the acute injury response remains uncertain. Moreover, 
molecularly and functionally diverse cancer-associated fibroblast (CAF) 
subtypes play crucial roles in pancreatic ductal adenocarcinoma (PDAC); 
however, many questions remain about their ontogeny (17, 18).

Results
ILC2 colocalized with IL-33+ fibroblasts in an interstitial  
niche of the pancreas
We used 2-photon microscopy of Il13tdTom/+Il33Cit/+ mouse pancreata 
to visualize the anatomical location of ILC2s in relation to IL-33–
producing cells (Fig. 1A and fig. S1A). Mice were pretreated with IL-33 
to enhance fluorescent Il13-tdTomato signal, required for ILC2 visual-
ization. Although ILC2s are reported in the islets of Langerhans and 
surrounding large blood vessels (13, 19), our data indicated that 
IL-13tdTom+ cells were enriched in the interstitial septae and capsule 
that surround the organ parenchyma. Moreover, we found that 
IL-33Cit+ cells inhabited the same collagen-rich niche and colocalized 
with IL-13tdTom+ cells (fig. S1B). Given the limitations in imaging depth 
of 2-photon microscopy, we also performed multiplex immunofluores-
cence (IF) imaging of larger tissue sections. We identified ILC2s by 
expression of the transcription factor Gata3 and exclusion of the T cell 
marker CD3 (Fig. 1B). Corroborating our 2-photon microscopy data, 
we observed that most pancreatic ILC2 positioned closely with IL-33+ 
cells, which also expressed podoplanin (Pdpn), a marker for fibroblasts 
(fig. S1C) (1, 20), in the septal/capsular space (Fig. 1C and fig. S1D). A 
smaller proportion of ILC2 could be detected in the adventitial cuff, 
parenchyma, or near the islets of Langerhans. Last, using three-
dimensional (3D) imaging of clarified pancreas, we similarly observed 
ILC2 in the capsular regions of the exocrine pancreas in untreated 
mice (Fig. 1D, fig. S1E, and movie S1).

Flow cytometry profiling of untreated pancreata indicated that most 
IL-33Cit+ cells coexpressed Pdpn and the pan-fibroblast marker PDGFRα 
(Fig. 1, E and F, and fig. S1F), thus confirming their fibroblast identity. 
A smaller percentage of IL-33Cit+ cells were CD45−CD31−PdpnhighPDGFRα 
mesothelial-like cells. IL-33 protein was largely sequestered to the 
nuclei of Pdpn+ cells, in line with its role as alarmin cytokine (fig. S1G). 
We intravenously administered mice with anti-CD45.2-PE to profile 
the pancreatic tissue-resident immune compartment by flow cytometry 
(Fig. 1G and fig. S1H). CD45+CD3−B220−NK1.1−Lineage−CD127+Gata3+ 
ILC2 were almost exclusively tissue-resident. We also found a small 
fraction of tissue-resident Gata3+ Th2 cells (fig. S1I); similarly, ILC2 
were the major population of Il13tdTom+ cells in PBS-treated and IL-
33–treated mice (fig. S1J). Conversely, other circulating immune cells 
such as B cells readily stained for CD45.2. In terms of myeloid cells, 
we identified tissue-resident macrophages and dendritic cells (fig. 
S1H); multiplex IF indicated that F4/80+Lyve-1+ macrophages (21) also 
inhabited the interstitium (fig. S1K). Last, RORγt+ ILC3 were present 
in the pancreas-draining lymph nodes but almost absent in the pan-
creata of both PBS-treated and IL-33–treated mice (fig. S1L). In summary, 
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Fig. 1.  ILC2s colocalize with IL-33+ fibroblasts in an interstitial niche of the pancreas. (A) Pancreas explants from Il13tdTom/+Il33Cit/+ mice pretreated with IL-33 on days 3 
and 2 were imaged by 2-photon microscopy immediately after dissection at different depths (see z-stack orientation, right). Dotted line indicates interstitial septae, arrows 
highlight representative tdTom+ cells. CellMask was used to stain cell membranes of vasculature and parenchymal acinar cells. Scale bar, 100 μm. (B and C) Formalin-fixed, 
paraffin-embedded (FFPE) pancreata from C57Bl/6 mice pretreated as in (A) were sectioned and analyzed using multiplex immunofluorescence (IF) imaging. A representative 
region is shown in (B), indicating localization of Gata3+CD3− ILC2 (arrow highlights representative ILC2s), Podoplanin (Pdpn), and IL-33 staining. HALO image analysis on tissue 
sections determined the proportion of ILC2s in the indicated anatomical regions (C). Scale bar, 50 μm. (D) Maximum intensity projection of 3D images of an optically clear thick 
section from an untreated C57Bl/6 mouse pancreas stained for GATA3 and CD3 (left). GATA3+CD3− cells were reconstructed as ILC2s and stratified based on their location as 
parenchymal (light pink) and interstitial (cyan); parenchyma (purple) and interstitium (white) were reconstructed based on tissue autofluorescence (middle). The indicated 
region of interest (yellow) was magnified and rotated to provide a clearer view of interstitial ILC2s (right). Scale bar, 100 μm (left and middle); 30 μm (right). (E and F) Pancreata 
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ILC2 comprise a tissue-resident immune population that colocalizes 
with IL-33+ fibroblasts in a distinct anatomical niche of the exo-
crine pancreas at both steady-state or IL-33–driven inflammation 
(Fig. 1H).

Topographical and transcriptomic analysis of the pancreas inferred 
niche-specific interactions between ILC2 and fibroblast subsets
To understand more about the potential symbiotic relationship be-
tween fibroblasts and ILC2, we performed single-cell RNA sequencing 
(scRNA-seq) on nonimmune cells enriched from the exocrine pancreas 
of untreated C57Bl/6 mice (fig. S2A). Using unsupervised clustering, 
we found nine discrete populations (Fig. 2A). We annotated all known 
exocrine pancreatic nonimmune cell types, including epithelial acinar 
and ductal cells, endothelial cells, neuronal cells, mesothelial cells, 
pericytes, and fibroblast clusters (Fig. 2B). In line with our exocrine 
enrichment, we detected few endocrine cells. Focusing on Pdpn+Pdgfra+ 
fibroblasts, we observed two distinct subclusters that segregated based 
on the expression of Pi16 and Col15a1, among other genes (Fig. 2C and 
data S1). The Pi16+ fibroblast cluster is described in a pan-tissue fibro-
blast atlas as a putative precursor for more differentiated Col15a1+ 
fibroblasts (1). Our dataset indicated that Pi16+ fibroblasts also selec-
tively expressed Il33, Ly6c, and Dpp4 (Fig. 2D). Conversely, we found 
that Col15a1+ fibroblasts coexpressed Eng, which encodes the corecep-
tor Endoglin (CD105), among other genes. Pdpn+Eng+ cells were 
observed throughout the parenchyma of the exocrine pancreas in 
untreated C57Bl/6 mice, whereas Pdpn+Dpp4+IL-33+ cells localized 
in the capsule and interstitium close to ILC2 (mean distance 20 to 
30 μm) (Fig. 2 E and F, and fig. S2, B to D).

Col15a1+ and Pi16+ fibroblast subsets were both enriched in genes 
encoding cell adhesion, ECM processes, and cell migration signatures. 
Pi16+ fibroblasts showed specific associations with protein translation, 
tissue repair, and axonogenesis pathways, whereas Col15a1+ fibroblast-
specific pathways included ossification and angiogenesis (fig. S2E). 
Moreover, Col15a1+ fibroblasts expressed some genes related to retinol 
metabolism and storage (fig. S2F), in line with recognized properties 
of pancreatic stellate cells (22); nevertheless, other stellate cell markers 
such as alpha smooth muscle actin (Acta2) and fatty acid binding 
protein 4 (Fabp4) were not highly expressed by fibroblasts in the pan-
creas at steady-state. Thus, Col15a1+ fibroblast likely represent mature 
fibroblasts of the pancreas whereas Pi16+ fibroblasts constitute a puta-
tive progenitor that colocalizes with tissue-resident ILC2 in a discrete 
anatomical niche.

We next performed scRNA-seq on flow cytometry–enriched CD45+

CD3−B220−NK1.1−Lineage−CD127+ pancreatic ILCs from untreated 
C57Bl/6 mice (fig. S2A). This ILC-enriched dataset also revealed ILC2 
as the major ILC subset at steady-state. Using CellChat, we inferred 
two-way communication networks between ILC2 and different cell 
types of the exocrine pancreas (figs. S3 and S4, A to C). Focusing on 
Pi16+ and Col15a1+ fibroblast subsets, we found that ILC2 might en-
gage both subsets in the healthy pancreas through numerous juxtra-
crine or paracrine mechanisms, including IL-6-family ligands (Lif, 
Osm), the EGFR-ligand amphiregulin (Areg), TGF-β superfamily 
ligands (Tgfb1, Bmp7), and macrophage inhibitory factor (Mif). 
Stereotypical ILC2-derived cytokine networks, such as Il13. were rela-
tively weak in the steady-state pancreas. Conversely, Pi16+ fibroblasts 
were predicted to signal to ILC2 through extracellular matrix (ECM) 
components including fibronectin 1 (Fn1) and different collagens, as 
well as Il33, chemokines, and other factors.

Multiplex IF analysis indicated that Fn1 was enriched in the inter-
stitial extracellular matrix and localized in the same region as Dpp4+ 
fibroblasts, in physical association with ILC2 (fig. S2G). We utilized 
Il5tdTom-iCre/+R26uLIPSTIC mice (23), where Il5tdTom-iCre+ cells, which are 
primarily ILC2 in healthy control mice, expressed a bacterial sortase 
(SrtA) which enabled them to covalently transfer a biotinylated peptide 
tag to physically interacting recipient cells (Fig. 2G and fig. S2, H and 
I). We found that pancreatic ILC2 did not label many Ly6c+ or Ly6c− 
fibroblasts, or other cell types in PBS-treated control mice (Fig. 2H and 
fig. S2H). Even during acute IL-33–driven inflammation, we observed 
no direct ILC2-fibroblast interactions, although CD172a+CD11b+ cDC2 
acquired a biotin signal (Fig. 2I and fig. S2H).

ILC2 influenced fibroblast homeostasis and promoted the in situ 
expansion of putative Pi16+Dpp4+Ly6c+ fibroblast progenitors
Based on our proximity labeling experiments, we hypothesized that 
tissue-resident ILC2 regulated a Pi16+Dpp4+Ly6c+ fibroblast progeni-
tor niche not by cell contacts, but primarily through secreted factors 
in the pancreas. We refined our flow cytometry panel to distinguish and 
investigate the different fibroblast subsets (Fig. 3, A to C). Staining for 
additional surface markers, we identified both Ly6c+Dpp4+Thy1.2high 
(Pi16+Dpp4+Ly6c+) and Ly6c−Dpp4lowThy1.2+CD105high (Col15a1+Eng+Ly6c−) 
clusters in untreated C57Bl/6 mice; Ly6c+ fibroblasts also highly ex-
pressed IL-33Cit+ in reporter mice (fig. S5A), whereas Pi16 and Col15a1 
were expressed by flow sorted Ly6c+Dpp4+ or Ly6c−Dpp4− subsets, 
respectively (fig. S5B). Moreover, unsupervised clustering of flow 
cytometry data clearly distinguished the two fibroblast populations 
(fig. S5C). Hence, we could accurately identify and interrogate pancre-
atic Pi16+Dpp4+Ly6c+ and Col15a1+Eng+Ly6c− fibroblasts in mice 
using flow cytometry.

We quantified pancreatic ILC2 and fibroblasts in C57Bl/6 [wildtype 
(WT)], Il7rCre/+Rorafl/fl (ILC2-deficient) and Il7rCre/+ (Cre-only control) 
mice (Fig. 3D). Pancreatic ILC2 were nearly absent in Il7rCre/+Rorafl/fl 
mice and reduced in Il7rCre/+ compared with C57Bl/6 mice, likely due 
to reduced surface IL-7Rα expression (fig. S5D), which is required for 
the maintenance of lymphocytes (24). We observed a strong positive 
correlation between the numbers of ILC2 and both Pi16+Dpp4+Ly6c+ 
(Ly6c+) and Col15a1+Eng+Ly6c− (Ly6c−) fibroblasts in the pancreas at 
steady-state; conversely, there was no correlation between ILC2 and 
endothelial cell numbers (Fig. 3D and fig. S5E). These findings were 
supported using alternative ILC2-deficient Rag2−/−Il2rg−/− mice or 
ILC2-hypomorphic Il5tdTom-Cre/+Rosa26lsl-DTA mice (Fig.  3D and 
fig. S5E), indicating that ILC2 deficiency correlated with reduced 
fibroblasts densities. When considering myeloid cells in a correlation 
matrix, we also found effects of ILC2 numbers on dendritic cells and 
macrophages, as previously reported in other tissues (25, 26) (fig. S5, 
F and G). Overall, this suggested that ILC2 influenced steady-state 
fibroblast density.

We administered IL-33 to mice to activate ILC2. Pancreatic ILC2 
expressed the IL-33 receptor (Il1rl1) (fig. S2A) and up-regulated IL-13 
production after activation (fig. S5H). Fibroblasts, which do not 
express Il1rl1 (fig. S5I), increased Ki67 staining, indicative of prolifera-
tion, after IL-33 administration (Fig. 3E). Although Ki67 staining was 
observed in both Ly6c− and Ly6c+ fibroblasts after IL-33 administra-
tion, there was more in the Ly6c+ fibroblast subset, especially at early 
time points. We did not observe Ki67 staining in endothelial cells but 
detected some staining in acinar and ductal cells (fig. S5J). To assess 
whether ILC2 were important for fibroblast cycling, we stimulated 

from untreated Il33Cit/+ and C57Bl/6 (Il33+/+) control mice were analyzed by flow cytometry to determine the phenotype of IL-33Cit+ cells (E), and the absolute number of 
fibroblasts was calculated (F). Datapoints represent individual mice. (G) Untreated C57Bl/6 mice were injected with anti-CD45.2-PE antibody before sacrifice to label circulating 
cells; pancreata were analyzed by flow cytometry for CD45.2 expression on the indicated immune cell types (related to fig. S1I). (H) Diagram of pancreatic ILC2-fibroblast niche. 
Dot plots show representative gating strategy; numbers indicate percent of gated cells. Additional gating strategy for (F) shown in fig. S1F. Imaging data are representative of two, 
three, and two individual mice (A), (B), and (D), respectively. Bar graphs indicate mean (±SEM) and show data representative of two independent experiments (n = 4 per group) (F).
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Il7rCre/+Rorafl/fl or Il7rCre/+ mice with IL-33 (Fig. 3F). Although IL-33 
induced Ly6c+ fibroblast cycling in control mice, this effect was ablated 
in the absence of ILC2. To validate these results in different mouse 
models we used C57Bl/6 mice, Rag2−/− mice, which lack adaptive 
lymphocytes but retain IL-33-responsive ILC2 and alymphoid 
Rag2−/−Il2rg−/− mice (Fig. 3G); here, IL-33 administration rapidly in-
duced similar cycling of Ly6c+ fibroblasts in C57Bl/6 and Rag2−/− mice, 
while Rag2−/−Il2rg−/− mice failed to respond. Last, Diphtheria toxin–
mediated depletion of ILC2 in Il5tdTom-iCre/tdTom-iCreRosa26lsl-DTR mice 
also impaired fibroblast cycling compared to IL-33–treated controls 

(Fig. 3H and fig. S5K). Overall, these data indicated that ILC2 control 
fibroblast homeostasis and mediate the acute effect of IL-33 on 
Pi16+Dpp4+Ly6c+ fibroblast proliferation in the exocrine pancreas.

Pi16+Dpp4+Ly6c+ fibroblasts with progenitor capacity could 
trans-differentiate and repopulate the exocrine pancreatic 
fibroblast compartment
We next integrated our pancreatic fibroblast dataset with published 
data from a pan-organ atlas that identified putative Pi16+ “universal” 
fibroblasts (1) (Fig. 4A). Our data closely overlapped, while pseudotime 
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analysis also revealed that pancreatic Pi16+Dpp4+Ly6c+ fibroblasts 
may serve as precursors for Col15a1+Eng+Ly6c− fibroblasts in silico 
(Fig. 4, B and C). In our dataset, Pi16+Dpp4+Ly6c+ fibroblasts coex-
pressed the stem/progenitor cell maker aldehyde dehydrogenase 1 
family member a3 (Aldh1a3) (27) and were preferentially labeled by 
fluorescent ALDH substrate in  vivo over Ly6c−Dpp4− fibroblasts 
(Fig. 4, D and E, and fig. S6, A and B). We used BrdU pulse-chase ex-
periments to determine the fate of Ly6c+ fibroblasts, which coex-
pressed Pdpn and Pdgfra, after IL-33–induced proliferation (Fig. 4F 
and fig. S6, C and D). Mirroring Ki67 expression, we found that Ly6c+ 
fibroblasts selectively incorporated BrdU in response to IL-33 administra-
tion. At later time points, we found that BrdU+ fibroblasts down-regulated 
Ly6c, indicative of transition toward Col15a1+Eng+Ly6c− fibroblasts. After 

3 weeks, a fraction of BrdU+ fibroblasts had transitioned from Ly6c+ 
to Ly6c− (Fig. 4G). Using multiplex IF we found that BrdU mainly 
stained interstitial Pdpn+ fibroblasts at day 2. Moreover, we observed 
the appearance of BrdU+Pdpn+ fibroblasts in the exocrine pancreas 
parenchyma by day 21 (Fig. 4, H and I); reduced BrdU+ fibroblasts 
ratios suggested their migration from the interstitium to the paren-
chyma over time (fig. S6E).

We used Dpp4CreERT2/+Rosa26lsl-tdTom mice to lineage-trace Dpp4+ 
fibroblasts; tamoxifen administration induced expression of tdTom in 
fibroblasts, which were primarily Dpp4+Ly6c+ at early time points 
(Fig. 4, J and K, and fig. S6F). The percentage of tdTom+ Dpp4−Ly6c− 
fibroblasts increased after 140 days and decreased the Ly6c+-to-Ly6c− 
ratio (Fig. 4, K and L). Moreover, Pi16 expression decreased as cells 
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transitioned from Ly6c+Dpp4+ into Ly6c−Dpp4− cells, which instead 
expressed higher levels of Col15a1 (Fig. 4M). Hence, we concluded that 
Pi16+Dpp4+Ly6c+ fibroblasts can act as bona fide fibroblast progeni-
tors in the pancreas.

ILC2 and macrophage-dependent mechanisms regulated 
Pi16+Dpp4+Ly6c+ fibroblast homeostasis
Given the known and inferred role of the ILC2-derived cytokine IL-13 
on fibroblast activation, we tested Il13−/− mice for IL-33–driven cell 
cycling (fig. S7A). IL-13-deficiency partially reduced fibroblast prolif-
eration for both Ly6c+ and Ly6c− subsets, suggesting that other ILC2-
derived factors could contribute. We excluded a role for IL-4 in 
fibroblast proliferation after IL-33 administration using a neutralizing 
antibody (fig. S7B). We found a similar reduction in fibroblast 

proliferation in Nmur1iCreIl4/13fl/fl mice, in which ILC2s are deficient 
in IL-4 and IL-13 (fig. S7C), implying an important role for ILC2-
derived IL-13. We assessed fibroblast subsets under homeostatic condi-
tions in Il13−/− and C57Bl/6 mice, which revealed a reduction in both 
Ly6c+ and Ly6c− fibroblast numbers, although endothelial cell num-
bers were comparable in both genotypes (fig. S7, D and E).

We used cocultures of ex vivo purified pancreatic ILC2 and fi-
broblasts to interrogate direct cross-talk mechanisms (fig. S7, F 
and G). The addition of C57Bl/6-derived WT ILC2 resulted in an 
increase in cell density over fibroblast monoculture, whereas co-
culture with Il13−/− ILC2 yielded an intermediate phenotype (fig. 
S7G). We performed bulk RNA-seq on purified fibroblasts to un-
derstand how ILC2 influenced fibroblast differentiation states through 
IL-13–dependent and -independent mechanisms and performed 
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Representative haematoxylin and eosin (H&E)-stained FFPE sections representing steady-state (0 hours), acinar cell necrosis and acute injury (day 1), acinar-to-ductal metaplasia (day 3), 
and resolution of tissue architecture (day 7) (B) Flow cytometry quantification of the absolute number of pancreatic fibroblast subsets at the indicated timepoints (C). (D to F) C57Bl/6 or 
Il33−/− mice were injected with PBS or caerulein followed by detection of IL-13 and IL-5 mean fluorescence intensity (MFI) in ILC2 using intracellular flow cytometry at the 6-hour timepoint 
(D); similarly, at 24 hours we measured fibroblast proliferation by intracellular staining for Ki67 (E), which was quantified in the indicated genotypes and conditions (F). (G and H) Untreated 
or caerulein-treated C57Bl/6 mice were sacrificed at the indicated time points, followed by flow cytometry enrichment of nonimmune cells and subsequent droplet-based single cell 
transcriptomic analysis (13,779, 6572, 21,627, and 5424 cells, respectively). RNA velocity analysis was performed on datasets from the indicated timepoints (H); similarly, with major 
cluster identities color coded (G). (I and J) C57Bl/6 mice were treated with caerulein followed by administration of BrdU and sacrificed at the indicated timepoints (I). BrdU+ 
fibroblasts (pre-gated as in Fig. 6D) were identified by flow cytometry analysis (J); representative dot plots (left) indicating BrdU expression in Ly6c+ and Ly6c− fibroblasts, which 
allowed quantification of ratios at days 1 and 3 (right). (K) Dpp4CreERT2/+Rosa26lsl-tdTom mice were treated with tamoxifen on days 0, 1, and 2, with or without repeated caerulein administration 
on day 20 to induce acute pancreatitis and subsequent recovery for flow cytometry analysis of the percentage of Ly6c+ cells among tdTom+ fibroblasts on day 35 (see fig. S9G).  
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gene set enrichment analysis (GSEA) using published and our own sig-
natures of Pi16+Dpp4+Ly6c+ fibroblasts (fig. S7, G to K, and data S2). The 
presence of ILC2 enriched for progenitor signatures, whereas monocul-
ture skewed gene expression toward differentiated Col15a1+Eng+Ly6c− 
fibroblast signatures. Comparison of WT and Il13−/− ILC2 cocultured 
fibroblasts indicated that IL-13 helped promote a Pi16+Dpp4+Ly6c+ fi-
broblast cell state in ex vivo cultures (fig. S7L).

Given that IL-33–mediated ILC2 activation induced proliferation of 
Pi16+Dpp4+Ly6c+ fibroblasts, we asked whether chronic stimulation 
would result in fibrosis. Long-term dosing with IL-33 did not result in 
fibrosis of the exocrine pancreas, whereas flow cytometry revealed a 
reduction in absolute Ly6c− fibroblast numbers (fig. S7, M and N). 
Indeed, we observed progressive reductions in absolute Ly6c− fibro-
blast numbers on day 3 and 5 after IL-33 administration, whereas 
Ly6c+ fibroblast numbers were unchanged or even slightly reduced, 
despite the large fraction of cycling cells (fig. S7O). Hence, negative 
feedback mechanisms could locally counterbalance the profibrotic 
effects of IL-33.

We used PdgframGFP-CreERT2/+ Rosa26uLIPSTIC mice to identify other 
cells that interacted with fibroblasts. Similar to Il5-uLIPSTIC mice, 
PdgfraFlag-SrtA+ fibroblasts did not biotinylate ILC2 (fig. S7P), but did 
biotinylate F4/80+MHCII+/low macrophages in the pancreas after IL-33 
administration (fig. S7, P and Q). Moreover, biotin-tagged F4/80+ mac-
rophages increased GFP signal, which suggested the uptake of Pdgfra-
GFP+ cells (fig. S7R). More precise analysis in PdgframGFP-CreERT2/+ mice 
indicated that Tim4+MHCII+/low tissue-resident macrophages acquired 
more GFP signal (fig. S7S). Depletion of tissue-resident Tim4+MHCII+/

low macrophages in the pancreas increased the number of proliferating 
and total Ly6c+ fibroblasts after IL-33 administration (fig. S7, T to V). 
This indicated that tissue-resident macrophages functioned to limit 
Pi16+Ly6c+Dpp4+ fibroblast numbers post inflammation.

IL-33 activated ILC2 indirectly constrained Col15a1+Eng+Ly6c− 
fibroblast numbers
We next asked whether ILC2 were involved in the effect of IL-33 on 
Ly6c− fibroblasts. Three different ILC2-deficient mouse models, 
Il7rCre/+Rorafl/fl, Rag2−/−Il2rg−/−, and Il5tdTom-iCre/tdTom-iCreRosa26lsl-DTR 
mice, did not show specific reduction in Ly6c− fibroblasts following 
IL-33 treatment compared with their respective controls (fig. S8, A to 
C). Hence, although ILC2-derived IL-13 promoted Pi16+Dpp4+Ly6c+ 
fibroblasts, additional ILC2-dependent mechanisms constrained 
Col15a1+Eng+Ly6c− fibroblasts under inflammatory conditions.

We used computational approaches to predict how ILC2 communi-
cate with fibroblasts (fig. S8D and fig. S9). In addition to IL-13, we 
identified IL-6-family, TGF-β superfamily, CGRP, and EGFR cytokines 
as candidates. Exogenous IL-13 promoted growth in ex vivo pancreatic 
fibroblast monocultures; however, Areg, BMP2 or CGRP had no effect 
in vitro or in vivo (fig. S8, E to H). Also, LIGHT (Tnfsf14), which con-
trols PI16+ reticular cells (28), did not influence fibroblast growth or 
expression of Pi16 (fig. S8, F and I). Pancreatic ILC2 also secreted 
leukemia inhibitory factor (Lif), oncostatin M (Osm), and IL-13 when 
stimulated with IL-33 and IL-7; notably, we detected low IL-13 produc-
tion with only IL-7 stimulation (fig. S8J). Recombinant OSM in-
hibited pancreatic fibroblast proliferation in monocultures and 
promoted apoptosis (fig. S8, E and K). Moreover, OSM receptor (Osmr) 
and LIF receptor (Lifr) transcripts were selectively expressed by 

Col15a1+Eng+Ly6c− fibroblasts in the normal pancreas (fig. S8L), and 
OSM or LIF administration reduced pancreatic Ly6c− fibroblasts, 
while not affecting the Ly6c+ subset (fig. S8, M and N).

ILC2-specific deletion of Lif or germline Osm deletion failed to res-
cue IL-33–mediated reductions in Ly6c− fibroblast numbers (fig. S8O). 
Fibroblast-specific deletion of gp130 (required for OSM and LIF signaling) 
also did not rescue IL-33–mediated fibroblast reduction (fig. S8P), although 
treatment with Tofacitinib (Jak-inhibitor) or SC144 (gp130 inhibitor) 
partially rescued Ly6c− fibroblast reduction (fig. S8Q). Moreover, unlike 
OSM, addition of LIF to ex vivo fibroblast cultures had no effect (fig. S8R). 
From these data we reasoned that the effect of IL-33 and ILC2 on 
Ly6c− fibroblasts is likely mediated by other cell types that rely on gp130.

ILC2 promoted the expansion of Pi16+Dpp4+Ly6c+ fibroblasts with 
progenitor potential in acute pancreatitis
IL-33 is sequestered in nuclei and is released in bioactive form upon 
nonapoptotic cell death (14). We hypothesized that IL-33 released fol-
lowing injury promotes ILC2-driven proliferation of the Ly6c+ fibro-
blast progenitor niche. Acute pancreatitis is a common and serious 
disease that can be modeled in mice by administration of the chole-
cystokinin analog caerulein, causing overproduction and ectopic 
activation of digestive enzymes by acinar cells, and profound tissue 
necrosis on day 1 (Fig. 5, A and B, and fig. S10A). Fibroblasts were 
ablated rapidly, but recovered as the exocrine pancreas underwent 
epithelial repair, marked by acinar-to-ductal metaplasia (day 3) and 
organ regeneration by day 7 (Fig. 5C and fig. S10B). The fraction of 
Ly6c+ fibroblasts was higher during acute pancreatitis. We observed 
ILC2 activation 6 hours after induction of acute pancreatitis in C57Bl/6 
mice, as determined by intracellular straining for IL-13 and IL-5, which 
was reduced in Il33−/− mice (Fig. 5D). Fibroblast proliferation, observed 
largely in the Ly6c+ fraction on day 1, was also reduced in Il33−/− com-
pared with C57Bl/6 mice after caerulein administration (Fig. 5, E and F). 
Similarly, temporal ILC2 depletion using Il5tdTom-iCre/tdTom-iCreRosa26lsl-DTR 
mice also impaired fibroblast proliferation (Fig. 5F and fig. S10C).

scRNA-seq at different timepoints during acute pancreatitis dam-
age, tissue repair, and resolution identified seven fibroblast clusters 
in the integrated dataset, five of which represented subsets of 
Col15a1+Eng+Ly6c− fibroblasts (Fig. 5G and fig. S10D). The major 
Col15a1+Eng+Ly6c− cluster rapidly contracted during acute pancreati-
tis. RNA velocity on fibroblasts at individual timepoints during acute 
pancreatitis revealed dividing Pi16+Dpp4+Ly6c+ fibroblasts that re-
populated both the progenitor niche and Col15a1+Eng+Ly6c− fibro-
blasts immediately after injury (Fig. 5H). Cell cycling diminished by 
day 3, and Col15a1+Eng+Ly6c− fibroblast cluster 2 represented a likely 
transitory state, as also indicated by intermediate expression of Ly6c 
(fig. S10E). Pulsing mice with BrdU 12 hours after caerulein adminis-
tration labeled primarily Ly6c+ fibroblasts on day 1 (Fig. 5, I and J). 
Subsequent analysis of BrdU+ fibroblasts on day 3 indicated an in-
crease in the proportion of BrdU+ Ly6c− fibroblasts (Fig. 5J); notably 
BrdU staining intensity decreased only among the Ly6c+ fibroblast 
population, suggesting that their differentiation into Ly6c− fibroblasts 
likely accounted for the change in ratio (fig. S10F). We obtained similar 
results using an alternative Dpp4CreERT2/+Rosa26lsl-RFP lineage trace 
model (Fig. 5K and fig. S10G).

We observed dynamic induction of fibrosis-associated genes, includ-
ing fibril-forming Type I/III collagens, and Acta2 (alpha smooth muscle 

(L) Expression of the indicated genes by Pi16+ and Col15a1+ fibroblast clusters were visualized at the indicated timepoints. (M) Regulome activities within the Pi16+ and Col15a1+ 
fibroblast clusters at the indicated timepoints were assessed using SCENIC analysis. Dot plots show representative gating strategy; numbers indicate percent of gated cells. Data in  
(E and J) were pre-gated on live, CD45−Epcam−CD31−Pdpn+PDGFR(α) cells, as in Fig. 3A. Datapoints represent individual mice (C), (D), (F), (J), and (K). Bar graphs indicate mean 
(±SEM). (C) n = 61,20,29,23; data pooled from 15 independent experiments. One-way ANOVA with Tukey’s multiple comparisons test. (D) n = 5,5,7; data pooled from two 
independent experiments. One-way ANOVA with Tukey’s multiple comparisons test. (F) n = 11,17,13,9,9; data pooled from five independent experiments. One-way ANOVA with Tukey’s 
multiple comparisons test. (J) n = 17,18; pooled from three independent experiments. Two-tailed Student’s t test. (K) n = 14,12; data pooled from six independent experiments using 
male mice. Two-tailed Student’s t test. *, P ≤ 0.05, **, P ≤ 0.01, ***, P ≤ 0.001, ****, P ≤ 0.0001. Scale bar, 50 μm.
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Fig. 6.  Steady-state fibroblast density set an inflammatory threshold for acute injury and serve as precursors for specific CAF subsets in pancreatic cancer. (A and 
B) Mice of the indicated genotypes were injected with PBS or caerulein, followed by histological assessment of acinar cell necrosis at the indicated timepoints (A) or analysis of 
serum amylase activity at 24 hours (B). (C) Mice of the indicated genotypes were injected with PBS or caerulein, followed by histological assessment of acinar cell necrosis at 
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actin, αSMA) in the Col15a1+Eng+Ly6c− cluster on days 1 and 3 (Fig. 5L 
and fig. S10E). Other collagens were enriched in Pi16+Dpp4+Ly6c+ 
fibroblasts, including Col14a1, which is involved in fibrillogenesis (29). 
We also observed a substantial increase in Ccl2 and Ccl7 transcripts 
on day 1 only, whereas other chemokines such as Ccl11, Cxcl1, and 
Cxcl12 were constitutively expressed at all timepoints (fig. S10E). These 
data suggested that an inflammatory, myofibroblast phenotype was 
dynamically regulated during tissue repair.

We performed SCENIC (30) transcriptional network analysis on 
both Pi16+Dpp4+Ly6c+ and Col15a1+Eng+Ly6c− clusters at each time-
point (Fig. 5M and fig. S10H). At steady-state Pi16+Dpp4+Ly6c+ fibro-
blasts were enriched in stem/progenitor–associated transcriptional 
networks (Zeb1, Foxo1, and Klf3) (31–34) and Smad1 (downstream of 
BMP signaling). Conversely, Col15a1+Eng+Ly6c− fibroblasts were en-
riched in networks driven by Fosl2, Ets1 and Peg3 (fibroblast function) 
(35–37), Xbp1 (negative regulator of Foxo1) (38), Meis2 (inverse rela-
tionship with BMPs) (39) and Stat3 (downstream of EGF- and IL-6-
family cytokines). Both subsets rapidly down-regulated their distinct 
regulatory networks early during acute pancreatitis and induced a 
shared transcriptional program enriched in E2F-family members 
(regulation of cell cycle, senescence, and apoptosis) (40), Creb3-family 
(ER stress, protein secretion) (41), and Stat1 (downstream of interfer-
ons, IL-6-family, and IL-13Rα1/IL-4Rα (42) signaling). Both subsets 
largely pivoted back to their original regulatory networks by day 3, 
although Stat1-driven signatures were elevated in both subsets on day 7.

ILC2-enforced fibroblast density established a set point for acute 
injury–induced damage
ILC2-deficient mice, which had fewer fibroblasts at baseline, showed 
less acinar cell necrosis and serum amylase activity (disease bio-
marker) compared with controls (Fig. 6, A and B, and fig. S11A). Acute 
ILC2-depletion in Il5tdTom-iCre/tdTom-iCreRosa26lsl-DTR mice (which also 
lack expression of Il5) did not reduce acinar cell necrosis (fig. S11B), 
indicating that acute ILC2 activation was disconnected from the tissue 
necrosis phenotype. ILC2s were important for early eosinophilia and 
monocyte recruitment after induction of acute pancreatitis. However, 
using antibody-depletion or eosinophil deficient mice, we excluded a 
substantial role for these immune cells on acinar cell necrosis during 
acute pancreatitis (fig. S11, C to F). Macrophages, which as producers 
of IL-6, TNFα and IL-1β in the pancreas, could contribute to acinar cell 
necrosis (43). Nevertheless, in vivo neutralization of these cytokines 
individually, or TNFα and IL-1β combined, had no effect on disease 
severity (fig. S11, G and H). Granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) deficient (Csf2−/−) mice presented with similar 
acinar cell necrosis compared with control animals, excluding poten-
tial ILC2-derived GM-CSF (fig. S11I). Moreover, neutrophil depletion 
using anti-Gr-1 or anti-Ly6G, or depletion of T or NK cells, was also 
ineffective at reducing acinar cell necrosis (fig. S11F). Collectively, these 
data suggested that ILC2 influenced AP-dependent acute pancreatitis–
dependent acinar cell necrosis through a mechanism unassociated 
with their canonical inflammatory role.

Besides IL-33, other DAMPs such as HMGB1 (Hmgb1) were highly 
expressed by pancreatic fibroblasts at rest (fig. S11J); these or pathogen-
associated molecular patterns (PAMPs) are critical amplifiers of acinar 
cell necrosis during acute pancreatitis (43). Coadministration of bacte-
rial lipopolysaccharide (LPS) with caerulein increased disease severity 
(fig. S11K). Sparse detection of cleaved caspase 3 among necrotic acini 
indicated a disposition toward nonapoptotic cell death (44) (fig. S11L). 
Acinar cells express Toll-like receptors, including Tlr4 (45), and 
SCENIC analysis of acinar scRNA-seq data revealed induction of mul-
tiple NF-κB regulons early during acute pancreatitis (fig. S11, M and 
N, and fig. S12). This suggested that nonapoptotic fibroblast death can 
exacerbate early sterile inflammation–induced tissue necrosis in acute 
pancreatitis.

Hypothesizing that steady-state fibroblast densities could influence 
inflammation, we used Il13−/− mice that also have reduced fibroblast 
numbers at baseline (fig. S6D). Similar to ILC2-deficient mice, Il13−/− 
mice were protected against acinar cell necrosis (Fig. 6C). We used 
OSM to specifically induce apoptotic depletion of Ly6c− fibroblasts 
before administering caerulein to WT mice, which reduced both serum 
biomarkers and acinar cell necrosis (Fig. 6D and fig. S11O). We used 
FapDTR mice, in which Diphtheria toxin–induced reductions in total 
pancreatic fibroblasts before caerulein administration also reduced 
acinar cell necrosis (fig. S11P). Conversely, Il33−/− and WT mice had 
comparable baseline fibroblasts numbers, and similar levels of acinar 
necrosis during acute pancreatitis (fig. S11, Q and R). Notably, Il33−/− 
mice showed impaired eosinophilia after caerulein administration 
(fig. S11S), again discounting a substantial role for eosinophilia on aci-
nar cell death. Thus, we concluded from complementary experimental 
approaches (table S1) that fibroblast density at steady-state repre-
sented a sensor for sterile tissue damage.

Pancreatic carcinogenesis triggered ILC2 - Pi16+Dpp4+Ly6c+ fibroblast 
niche expansion and differentiation into CAF
Given that PDAC is associated with a highly fibrotic tumor microen-
vironment, we asked whether ILC2 and Pi16+Dpp4+Ly6c+ fibroblasts 
were engaged during pancreatic tumorigenesis. Using Ptf1aCre/+Kraslsl-

G12D/+ (KC) mice, which develop pancreatic intraepithelial neoplastic 
(PanIN) lesions (46), we detected low-grade PanINs among normal 
adjacent pancreatic parenchyma by histological analysis (Fig. 6E 
and fig.  S13A). PanINs were encapsulated by a dense network of 
Dpp4+IL33+Pdpn+ fibroblasts, whereas αSMA+Pdpn+ fibroblasts, remi-
niscent of myCAFs, infiltrated the PanIN cores (Fig. 6, F and G). ILC2 
densities increased in the expanded Dpp4+ fibroblast niches that en-
veloped PanIN lesions, whereas Th2 cells were also readily detected 
(Fig. 6G). These data indicated that early tumorigenesis in KC mice 
was marked by a profound expansion of Dpp4+IL33+Pdpn+ fibroblasts 
and ILC2, whereas the presence of Th2 cells suggested the establish-
ment of an adaptive type-2 immune polarized niche as has been re-
ported in inflamed neonatal skin (47).

Although antigen-presenting (ap)CAFs in PDAC can arise from me-
sothelial cells, the origin of myCAFs and inflammatory (i)CAFs remains 

implanted with KPC cells as indicated, followed by dissection of tumor and surrounding pancreas; tissues were assessed by flow cytometry and pre-gated for tdTomato-positive 
Pdpn+Pdgfra+ fibroblasts (FB) (gating strategy in Fig. 3A). The indicated populations (left) and their relative proportions (right) are shown. (J to N) Tumours from orthotopically 
implanted, tamoxifen-pulsed Dpp4CreERT2/+Rosa26lsl-tdTom mice were collected on day 21; droplet-based scRNA-seq was performed on flow-enriched tdTomato-positive (17,384 
cells from four hashed tumors) and negative (7044 cells from four hashed tumors) fibroblast fractions. UMAP dimensionality reduction on the combined fractions revealed 
clusters of cells (J) that were annotated based on expression of lineage-specific genes (K) Dpp4 expression FeaturePlot (L). UMAP projections for tdTomato-positive and 
negative fractions (M). RNA velocity analysis was performed on the entire dataset (N). (O) Mice of the indicated genotypes were orthotopically implanted with KPC cells on day 
0, followed by analysis of total numbers of CAF subsets by flow cytometry on day 21. (P) Graphical abstract. Bar graphs indicate mean (±SEM). Datapoints represent individual 
mice (A to D and O). (A) n = 6,8,8,8,7,12,11; data pooled from two independent experiments. Two-tailed Student’s t test. (B) n = 5,8,4,9; data pooled from two independent 
experiments. Two-way ANOVA with Šidák’s multiple comparison test. (C) n = 9,9,10; data pooled from two independent experiments. One-way ANOVA with Tukey’s multiple 
comparisons test. (D) n = 5,20,20 (left), n = 20,20 (right); data pooled from three independent experiments. One-way ANOVA with Tukey’s multiple comparisons test (left), 
two-tailed Student’s t test (right). (O) n = 15,15; data pooled from three independent experiments. Two-tailed Student’s t test. ns, not significant; *, P ≤ 0.05, **, P ≤ 0.01,  
***, P ≤ 0.001, ****, P ≤ 0.0001.
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unclear (18). Hypothesizing that steady-state Pi16+Dpp4+Ly6c+ fibro-
blasts contribute to CAF ontogeny, we orthotopically implanted 
Pdx1CreKraslsl-G12D/+Trp53lsl-R172H/+ (KPC) mouse-derived pancreatic 
tumor cells (48) into Dpp4CreERT2/+Rosa26lsl-tdTom mice, which were 
pulsed with tamoxifen early after surgery to label Dpp4+ fibroblasts 
(fig. S13B). Histological and IHC analysis of the resultant tumors re-
vealed that Dpp4 lineage–derived tdTom+ cells formed dense networks 
that enveloped and infiltrated the tumor mass (fig. S13, C and D). Using 
multiplex IF staining, we found that tdTom+ cells expressed Pdpn 
whereas Dpp4 protein was mainly coexpressed at the edge of the tumor 
margin, or in surrounding unaffected interstitial or capsular niches, but 
lost on tdTom+ cells within the tumor core (Fig. 6H and fig. S13E). 
Moreover, enhanced expression of αSMA in tumors suggested the con-
version into myCAFs.

We found, by flow cytometry, that although most Dpp4 lineage-
traced Pdpn+CD140a fibroblasts retained Dpp4 and Ly6c protein ex-
pression in the surrounding pancreas, the majority of tumor-resident 
cells down-regulated these markers (Fig. 6I and fig. S13F). We also 
traced Pi16-expressing fibroblasts by subcutaneously implanting KPC-
derived tumor cells into Pi16iCre/+Rosa26lsl-YFP mice (fig. S14, A to J). 
Although cutaneous YFP+ cells predominantly expressed Dpp4 and 
Ly6c under steady-state conditions, these cells gave rise to the majority 
of LRRC15+ myCAFs (49), which also exhibited transcriptional changes 
associated with transdifferentiation from Pi16+Dpp4+Ly6c+ fibroblasts 
(fig. S14, K and L). Hence, we concluded that Pi16+Dpp4+Ly6c+ fibro-
blasts served as a local progenitor pool for specific CAF subsets.

We performed scRNA-seq on tdTom-positive and negative fibroblast 
fractions from orthotopic tumors in Dpp4CreERT2/+Rosa26lsl-tdTom mice 
(fig. S13G). Unsupervised clustering of the integrated dataset revealed 
different CAF subsets, including previously described iCAFs, myCAFs, 
and a distinct mesothelium-derived apCAF cluster (17) (fig. S13G and 
fig. S6, J and K). We also found two CAF clusters that expressed tran-
scripts associated with senescence or high levels of the transcription 
factor Sox6, among other genes. tdTom-positive cells down-regulated 
Dpp4 transcript and could differentiate into iCAF and myCAF lineages 
(Fig. 6, L and M). Moreover, Sox6 CAFs derived selectively from Dpp4 
lineage-traced fibroblasts (Fig. 6M and fig. S13H). We computationally 
inferred differentiation trajectories using RNA velocity (Fig. 6N) and 
CellRank (fig. S13I) (50), a method that incorporates both RNA pro-
cessing and cell state dynamics, which indicated that Dpp4+ fibroblasts 
were a prominent precursor of iCAF, myCAF, and Sox6+ CAFs 
(fig. S13J).

Given the relationship between ILC2 and Pi16+Dpp4+Ly6c+ fibro-
blasts, we investigated how ILC2 influenced CAF biology in pancreatic 
cancer. Orthotopic implantation of KPC cells into Il7rCre/+Rorafl/fl mice, 
lacking ILC2, showed a reduction in myCAF and iCAF numbers com-
pared to those in Il7rCre/+ mice (Fig. 6O). Mesothelial-derived apCAF 
numbers were unchanged. These data indicate that the ILC2-
Pi16+Dpp4+Ly6c+ fibroblast niche is locally engaged early during pan-
creatic tumourigenesis, and both differentiates and contributes to the 
CAF compartment in PDAC.

Discussion
We found that Pi16+Dpp4+Ly6c+ fibroblasts can differentiate into both 
Col15a1+Eng+Ly6c− fibroblasts, which resemble pancreatic stellate 
cells at steady-state, and distinct CAF lineages in pancreatic cancer. 
As with other “stem-like” compartments, Pi16+Dpp4+Ly6c+ fibroblasts 
inhabited a defined anatomical niche that was also enriched in ILC2s. 
We found that ILC2s were important for maintaining steady-state fi-
broblast numbers in the pancreas. Although tonic production of IL-13 
contributed to this function in an IL-33–independent manner, ILC2 
also served as sensors of insults to the tissue fibroblast compartment. 
IL-33–dependent activation of ILC2 reinforced the Pi16+Dpp4+Ly6c+ 
fibroblast progenitor niche to replenish tissue fibroblast numbers, rep-
resenting a prototypical homeostatic circuit. The ILC2-Pi16+Dpp4+Ly6c+ 

fibroblasts niche expanded profoundly around PanIN lesions, indicat-
ing a capacity to sense and respond to early pancreatic carcinogenesis. 
Delineation of bona fide differentiation relative to transdifferentiation 
and phenotypic elasticity of Pi16+Dpp4+Ly6c+ fibroblasts remains to 
be fully understood. Moreover, the functions and mechanistic 
underpinning(s) of Pi16+Dpp4+Ly6c+ fibroblasts in other organs and 
contexts is of substantive interest.

DAMPs alert surrounding cells to tissue damage, exemplified by 
necrotic cell death–driven sterile inflammation (51); our data now 
posit that necrosis of tissue fibroblasts represents a potent early source 
of DAMPs that are sensed by both immune and nonimmune cells. As 
previously shown with adipocytes (52), our data are consistent with 
fibroblast density setting an important tissue tone for inflammation. 
Indeed, obesity and fibrosis are risk factors or amplifiers of tissue 
damage (53).

Dialogue within tissue niches is greatly influenced by cell proximity 
and contact. Although ILC2 and Pi16+Dpp4+Ly6c+ fibroblasts did not 
physically interact, Tim4+ tissue-resident macrophages contacted fi-
broblasts during inflammation and constrained the number of rapidly 
dividing Pi16+Dpp4+Ly6c+ fibroblasts under inflammatory conditions, 
likely through phagocytosis. Although ILC2-derived IL-13 promoted 
early Pi16+Dpp4+Ly6c+ fibroblast proliferation, ILC2 constrained 
Col15a1+Eng+Ly6c− fibroblast numbers, possibly through indirect 
mechanisms involving IL-6–family cytokines and tissue-resident mac-
rophages. This functional dualism further illustrates the central ho-
meostatic role of ILC2 on the pancreatic fibroblast niche, with 
important ramifications on acute tissue injury and tissue homeostasis.

Pancreatic ILC2 are described in the anatomically distinct islets of 
Langerhans (19, 54) and perivascular niche (13), although these rep-
resent a fraction of total pancreatic ILC2. While pancreatic ILC2s 
represent a relatively minor population of immune cells in untreated 
mice, we find that the ILC2- Pi16+Dpp4+Ly6c+ fibroblast niche ex-
panded around preneoplastic lesions. Notably, ILC2s are reported to 
have pro- or anti-tumor roles in pancreatic cancer (55, 56), indicating 
our incomplete understanding of ILC2 in the pancreas. Nevertheless, 
pathologies of the exocrine pancreas, such as chronic pancreatitis and 
pancreatic ductal adenocarcinoma are marked by stromal reactions 
that promote disease progression (17,  18,  49). We find that 
Pi16+Dpp4+Ly6c+ fibroblasts contribute to a substantial fraction and 
subsets of CAFs in PDAC, and determining how the ILC2-fibroblast 
circuit is engaged throughout disease progression is of outstand-
ing interest.

Materials and methods
Animals
Dpp4CreERT2 mice (57) (provided by Prof. Seale), PdgframGFP-CreERT2 mice 
(58) (provided by Prof. Acton), Osm−/− mice (59) (provided by Prof. 
Jorgensen), Il6stfl/fl mice (60) (provided by Prof. Muller), Il5tdTom-iCre 
mice (61) (JAX, 030926), Nmur1iCre-eGFP mice (62) (JAX, 038197), FAPDTR 
mice (63) (provided by Prof. Fearon), Rosa26lsl-DTR mice (JAX, 008040) 
Rosa26lsl-DTA mice (JAX, 009669), Rosa26fl-G5-Thy1.1-fl-FLAG-SrtA ‘universal 
LIPSTIC’ mice (23) (JAX, 038221), Rosa26lsl-tdTom mice (JAX, 007914), 
Ptf1aCre/+Kraslsl-G12D mice (provided by Prof. Brindle), Liffl/fl mice (64), 
Il33Cit/Cit (65) and Il13tom/tom mice (66) (provided by Prof. McKenzie), 
Areg−/− mice (provided by Prof. Clatworthy), Il7rCre/+ mice (67) 
(provided by Prof. Rodewald), Il7rCre/+Rorafl/fl mice (Rorafl/fl provided 
by Prof. McKenzie (68)), Rag2−/− mice (Charles River), and Rag2−/−Il2rg−/− 
mice (69) (provided by Prof. DiSanto), Gata1tm6Sho/J (JAX, 005653) 
mice, all on the C57Bl/6 background, were maintained in the Cancer 
Research UK – Cambridge Institute (CRUK-CI) animal facility under 
specific-pathogen-free conditions. Pi16IresCreRosa26lsl-eYFP mice were 
maintained at the University of Toronto under specific-pathogen-free 
conditions (see below). C57Bl/6 background Csf2−/− mice were main-
tained at University of Zurich Laboratory Animal Sciences Center 
under specific-pathogen-free conditions. WT C57Bl/6J mice were 
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purchased from Charles River Laboratories. Animal work was con-
ducted under project licenses PD7484FB9 or PF7993249 at the 
CRUK-CI (with approval from the Cancer Research UK - Cambridge 
Institute, Animal Welfare Ethical Review Body) all in accordance with 
UK Home Office regulation, or with approval from the cantonal vet-
erinary office of Zurich (ZH054/2022 and ZH111/2022), or approval 
from the Animal Care Committee at the Centre for Phenogenomics 
(TCP) and the University of Toronto. Mice were sex and age matched 
whenever possible, and most mice were used at 8-14 weeks of age. All 
mice were humanely euthanized by rising CO2 exposure and cervical 
dislocation as confirmation of death. Mice housed at the University of 
Toronto were kept in specific-pathogen free cages on a 13:11 hour light-
dark cycle and were temperature controlled at ~22°C. Mice housed at 
the CRUK-CI were kept at in specific pathogen-free, individually ven-
tilated cages on a 12h light/dark cycle, 55% ± 10% humidity, and were 
temperature controlled at ~21 ± 2 °C. Mice were kept on a standard 
diet with ad libitum water (unless indicated otherwise for specific 
procedures) with nesting material and cage enrichments provided. 
Mice were allowed to acclimate for at least 1 week in the animal facility 
before the beginning of any experiment.

Generation of Pi16IresCre knock-in mice
C2 ES cells were targeted using standard protocols to generate the 
Pi16<tm1(icre/ERT2)Tcp> allele (MGI:7466219) (67). The target vec-
tor included 3-kb 5′ (chr17:29543925 to 29546924, mm39) and 7-kb 
3′ (chr17:29546925 to 29553924±, mm39) homology arms with a 
knock-in sequence comprised of an internal ribosomal entry site 
(IRES) and the iCre/ERT2 CDS with an SV40 polyadenylation signal 
and an FRT-flanked PGK-neo selection cassette between rox sites 
located between the iCre open reading frame and the ERT2 open 
reading frame. This was designed so that prior to Dre-mediated 
recombination, a constitutively active iCre is expressed under con-
trol of the Pi16 transcriptional regulatory elements. We refer to this 
cassette as CreX-neo-ERT2. Quality control of the ES cells was done 
by short- and long-range PCR and quantitative PCR to assess copy 
number of the targeting cassette (Neo, ThermoFisher Mr00299300_cn) 
and chromosomes 1 (ThermoFisher Mm00037405_cn), 8 (ThermoFisher 
Mm00256539_cn), 11 (ThermoFisher Mm00004107_cn) and Y 
(ThermoFisher Mm00527282_cn) to assess ploidy. Sequencing of 
homology arm-genome junctions of long-range PCR (5lr and 3lr) 
and full short-range PCR (sr1 and sr2) amplicons completed QC 
(table S2).

Chimeras were generated by aggregation with CD-1 (70) diploid 
embryos and embryo transfer to in-house bred CD-1 pseudopregnant 
recipients (71) following published protocols. Chimeras were bred 
to C57BL/6NBrdCrl-Tyr<c-Brd> (Charles River 493) and black pups 
(evidence of ES cell genome transmission) were genotyped with 
short-range PCR and quality-controlled using long-range PCR and 
neomycin copy number. To remove the neomycin selection cassette, 
sperm from quality-controlled B6N-Pi16<tm1(icre/ERT2)Tcp> was 
used for in vitro fertilization with C57BL/6NCrl oocytes. Zygotes with 
polar bodies were electroporated in 400 ng/μL Flp mRNA (Miltenyi 
BIotec Inc. 130-106-769), cultured overnight, and 2-cell embryos 
transferred into in-house bred pseudopregnant CD-1 mice. Born pups 
were genotyped by PCR to confirm the neo cassette was removed. 
The resulting allele P i16<tm1.1(icre )Tcp> (MGI:7466221), nick-
named CreXERT2, has the IRES and iCre open reading frame fol-
lowed by a rox-flanked SV40 polyA signal (STOP) after the stop codon 
of the Pi16 open reading frame. This constitutively active Cre is ex-
pressed under control of the Pi16 promoter without concern about 
interference from the ACTB promoter driving the neomycin resis-
tance gene. Two founder lines were generated (E3 and D4) and 
crossed to Rosa26lsl-YFP reporter animals. Both founders elicited 
robust YFP expression in the skin. All experiments solely used the 
E3 founder line.

In vivo procedures
Recombinant (rm) IL-33 (0.2 μg, BioLegend), rmOSM (0.5 μg, BioLegend), 
rmAREG (0.5 μg, BioLegend), BrdU (2 mg, Thermo Scientific) were 
administered by intraperitoneal injection in 200 μl of PBS as indicated. 
Labeling of circulating leukocytes to evaluate tissue-residency was 
achieved by i.v. injection of 3 μg anti-CD45.2-PE (clone 104, BioLegend) 
antibody 3 min prior to sacrifice. Tamoxifen (Sigma-Aldrich) was pre-
pared in 10% ethanol (Sigma-Aldrich) and 90% corn oil (Sigma-Aldrich) 
at 20mg/mL, dissolved by sonication, and administered at 4 mg by 
oral gavage at the indicated timepoints. Lineage tracing experiments 
of Dpp4CreERT2 reporter mice were performed in matched experimental 
batches. For acute pancreatitis experiments, mice were given subcu-
taneous analgesia of 50 μg/kg buprenorphine before hourly injections 
of 75 μg/kg Caerulein (Sigma) or endotoxin-free PBS for 6 hours. For 
experiments involving depletion of Tim4+ macrophages alongside IL-
33 administration, mice were administered 250 μg anti-CSF1R anti-
body (clone AFS98; BioXCell #BE0213) via intraperitoneal injection 
on days -4, -2, and 1, and 200 ng rm-IL-33 on days 0 and 1, followed 
by sacrifice for flow cytometry analysis on day 3 as indicated. For ex-
periments involving pharmacological inhibition of IL-6 family pathways, 
tofacitinib (Stratech) or SC144 (Selleck Chemicals) were administered 
at 200 μg daily from the start of IL-33 administration. For diphtheria-toxin–
mediated depletion experiments, diphtheria toxin (Sigma-Aldrich) was 
administered at the indicated doses.

Subcutaneous tumor model
6–10-week-old Pi16IresCre/+Rosa26lsl-YFP were inoculated subcutane-
ously in the left unilateral flank with 1x105 KPC (a generous gift from 
T. McGaha) tumor cells in a 1:1 suspension of PBS and Geltrex Flex LDEV-
Free Reduced Growth Factor Basement Membrane Matrix (Gibco, 
A4000046701). Tumours were removed 21-23 days after implantation.

Orthotopic tumor model
For orthotopic allografts, mice were anaesthetized with isoflurane and 
an incision was made in the left abdominal area to expose the pan-
creas. 10 μl of 1:1 PBS and Matrigel cell suspension (2.5x104 cells) was 
injected into the tail of the pancreas. PDAC cell-lines (6419c5 or 
2838c3, (48)) were originally derived from C57Bl/6 background 
Pdx1CreKraslsl-G12D/+Trp53lsl-R172H/+Rosa26YFP/YFP (KPCY) mice. The peri-
toneal membrane was sutured with absorbable Vicryl Rapide suture 
(Ethicon, W9913) and the skin was closed with tissue glue (GLUture, 
Zoetis) and wound clips (FST, 12022-09). Mice were given pre- and 
post-surgical analgesia of meloxicam (2 mg/ml) and buprenorphine 
(0.03 mg/ml), and wound clips were removed one-week post-surgery.

LIPSTIC
For studying of physical cell-cell interactions by proximity labeling 
using Il5tdTom-icre/+Rosa26uLIPSTIC/+ and PdgfraeGFP-CreERT2/+Rosa26uLIPSTIC/+ 
mice, 7-12-week-old mice were administered tamoxifen and/or IL-33 
at the indicated timepoints. Mice were intraperitoneally administered 
with 100 μL 20 mM Biotin-Ahx-LPETGS-NH2 (LifeTein) every 20 min 
for 2 hours prior to sacrifice, and mice sacrificed 20 min after the 
final dose.

Histology
Tissues were fixed in 10% neutral buffered formalin and embedded in 
paraffin before sectioning into 4 μm slices. Sample embedding, section-
ing, and hematoxylin and eosin staining were conducted by the CRUK-CI 
Histology Core. Mouse CK19 (clone TROMA-III, DSHB) staining was 
performed on Leica’s automated Bond-III platform. Acinar necrosis 
was quantified on H&E sections using Halo Software (Indica Labs).

Single cell preparation
Pancreas: Pancreata were weighed, then mechanically dissociated, fol-
lowed by digest in 5 ml of HBSS containing collagenase I (375 U/ml), 
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DNase I (0.15 mg/ml) and Soybean Trypsin inhibitor (Sigma, 0.05 mg/
ml) for 30 min at 37°C on a shaker (220 rpm), followed by dissocia-
tion on a syringe and needle, filtration through a 70 μm strainer and 
RBC lysis.

Lymph node: Cell suspensions were prepared by mechanical dissocia-
tion, followed by digest in 0.5 ml of RPMI-1640 containing collage-
nase I (375 U/ml) and DNase I (0.15 mg/ml) for 45 min at 37°C on a 
shaker (1100 rpm), followed by red blood cell (RBC) lysis.

Flow cytometry: Single cells were incubated with anti-mouse CD16/32 
(Thermo Fisher) to block Fc receptors. For intracellular staining we 
used the Foxp3/Transcription Factor Kit (Thermo Fisher). For cyto-
kine staining we used the BD Cytofix/Cytoperm kit (BD) after re-
stimulation of single cell suspensions for 2h at 37C with PMA/
ionomycin in the presence of protein transport inhibitors (eBioscience 
Cell Stimulation cocktail). Data was acquired on a BD Fortessa, BD 
Symphony, or Cytek Aurora instrument. Cells were quantified using 
CountBright beads. Data was analyzed using FlowJo X (Tree Star).

The following antibodies were used in this study, with clones, venders, 
and fluorochrome as indicated:

Thy1.2 (30-H12, eBioscience, FITC), PDGFR(α) (APA5, BV421 (BioLegend), 
PE (BioLegend), Super Bright 702 (Invitrogen)), CD31 (390, BV605 
(BioLegend), Pacific Blue (BioLegend), BUV737 (eBioscience)), CD31 
(MEC13.3, BioLegend, MEC13.3), EpCAM (G8.8, BioLegend, BV711, 
PE-Cy7), Ly6c (HK1.4, BV785 (BioLegend), BV421 (BioLegend), PE-Cy7 
(eBioscience), BUV737 (BD)), Sca-1 (D7, BioLegend BV711), DPP4 
(H194-112, APC (BioLegend), PE/Cy7 (BioLegend)), CD105 (MJ7/18, 
BioLegend, PE, PE/Dazzle 594), CD133 (315-2C11, BioLegend, PE/
Dazzle 594), Podoplanin (8.1.1, PE/Cy7 (BioLegend), APC/Fire 750 
(BioLegend), APC (BioLegend), Super Bright 600(Invitrogen)), Ki67 
(B56, BD, BUV395), Ki67 (SolA15, eBioscience, AF700), BrdU (BD, 
FITC), Biotin (Bio3-18E7, Miltenyi Biotec, PE), CD8 (53-6.7, PerCP-
eFluor710 (eBioscience), BUV395 (BD), BB700 (BD)), CD45 (30-F11, 
BV510 (BioLegend), PE-Cy7 (BioLegend), BUV395 (eBioscience)), NK1.1 
(PK136, BUV395 (BD), BUV661 (Invitrogen)), CD4 (RM4-5, eBioscience, 
AF700), B220 (A3-6B2, eBioscience, APC-eFluor780), CD19 (6D5, 
BioLegend, Spark Blue 550), CD127 (SB/199, BD, PE-CF594, APC), 
KLRG1 (2F1, BioLegend, BV605), ST2 (RMST2-2, eBioscience, PE), Gata3 
(TWAJ, eBioscience, eFluor660), Foxp3 (FJK-16s, eBioscience, AF488, 
APC, PerCP-eFluor 710), RorgT (Q31.378, BD, BV650), CD172α (P84, AF488 
(BioLegend), BB700 (BD)), Siglec-F (1RNM44N, eBioscience, SB600), 
Siglec-F (S17007L, BioLegend, BV421), XCR1 (ZET, BioLegend, BV650), 
CD64 (X54-5/7.1, Biolegend, BV711), CD11b (M1/70, Biolegend, BV785, Spark 
NIR 685), I-A/I-E (CI2G9, BD, BUV395, BV480, BB700), CD11c (N418, 
AF700 (eBioscience), Spark UV 387 (BioLegend)), F4/80 (BM8, APC-
eFluor780 (eBioscience), PE/Fire 810 (BioLegend)), Ly6G (1A8-Ly6g, 
PE-eFluor610 (eBioscience), BUV805 (BD)), Tim4 (RMT4-54, BB700 
(BD), PerCP-eFluor710 (eBioscience)), Thy1.1 (OX-7, BioLegend, PerCP), 
LRRC15 (M25, Genentech, unconjugated). Lineage cocktail contained 
CD5 (53-7.3), CD19 (1D3), CD11b (M1/70), CD11c (N418), FcεR1α (MAR-
1), F4/80 (BM8), Ly-6C/G (Rb6-8C5), and Ter119 (TER-119), all on 
eFluor450 (eBioscience). Dead cells were excluded with the fixable 
viability dye UV455, LIVE/DEAD Fixable Blue, or eFluor780 
(eBioscience).

ILC2s and fibroblast isolation and coculture
Primary fibroblasts were isolated by fluorescence-activated cell sorting 
(FACS) on Live, CD45-EpCAM-CD31-Pdpn+Pdgfra+ fibroblast popula-
tions with a BD FACSAria II cell sorter. For ILC2 cultures, ILC2s were 
first expanded in vivo by intraperitoneal injection of 200 ng rmIL-33 
on day 0, 1, 6, and 7, and pancreata harvested on day 9. ILC2s were 
isolated by FACS, gating on Live, CD45+CD3-Lineage-CD127+KLRG1+ 
cells (Lineage = CD5, CD19, F4/80, Gr-1, CD11b, CD11c, Ter119, NK1.1, 
B220, FcεR1α).

For fibroblast monocultures in vitro, fibroblasts were seeded at an 
initial density of 20,000 cells/well in 48-well flat bottom plates in 
DMEM/F-12 supplemented with 10% FCS plus penicillin and strepto-
mycin (P/S) and allowed to adhere for 48 hours. Subsequently, culture 
media was washed and replaced with DMEM supplemented with 10% 
FCS plus P/S. For cultures with cytokines, fibroblasts were cultured in 
cell culture media containing rmIL-13 (Peprotech), rmAREG (BioLegend), 
rmBMP-2 (BioLegend), recombinant rat CGRP (Cambridge Bioscience), 
rmLIGHT (BioLegend), rmLIF (BioLegend), and rmOSM (BioLegend), at 
concentrations indicated in respective figures. Growth kinetics were 
monitored on the Incucyte S3 System (Sartorius) using phase conflu-
ence as a readout, and growth normalised to initial phase confluence. 
Detection of phosphatidylserine exposure in apoptotic cell death was 
performed using the Incucyte Annexin V Red Dye (Sartorius). For ILC2 
monocultures in vitro, ILC2s were isolated as described above and 
seeded at 10000 cells/well in 96-well U-bottom plates in RPMI supple-
mented with 10% FCS plus P/S.

For ILC2-fibroblast cocultures, fibroblasts were isolated as described 
above and allowed to adhere in DMEM-F12 supplemented with 10% 
FCS for 48 hours prior to coculture. Media was washed off, and ILC2s 
added to fibroblast cultures at a density of 2000 cells/well. Coculture 
media was supplemented with 10% FCS and 10 ng/ml rmIL-33 
(BioLegend). Growth kinetics were monitored on the Incucyte S3 
System (Sartorius) using phase confluence as a readout.

For culture of fibroblast obtained from Pi16 reporter mice, tissues 
were pooled from 2-3 mice and digested in 15-min intervals in 5 ml of 
digest mix, as described above. Cells from digested adipose (subcutane-
ous) and skin were plated in a 6-well plate at 6e5-1e6 cells per well 
(Corning, CLS3526). Cells from digested adipose (epididymal), lung, 
lymph node, and pancreas were plated at 5e6-20e6 cells per 100 mm 
dish (Greiner Bio-One, 07-001-017). All cells were plated in DMEM 
(Gibco, 11995065) supplemented with 10% FBS (D-10). Cells were 
washed with PBS after 24 hours to remove debris and nonadherent 
cells. D-10 was replenished every 3-5 days. Cells were detached using 
0.25% Trypsin-EDTA (Gibco, 25200056) for 5 min at 37°C prior to 
passaging at 80% confluency or for flow cytometry at indicated 
timepoints.

In vitro assays
ELISA was used for quantification of IL-13, LIF, and OSM concentra-
tion in cell culture supernatants (R&D Biosystems), in accordance with 
manufacturer’s instructions. Quantification of serum amylase activity 
was performed using a colorimetric amylase assay kit (Abcam).

Microscopy
For imaging of whole pancreas explants, Il13tdTom/+Il33Citrine/+ mice 
were injected with 200 ng rmIL-33 intraperitoneally for 2 days and 
sacrificed 3 days after the first injection. One day prior to sacrifice, 
mice were injected intraperitoneally with Hoechst 33342 (100 μg, 
Thermo Scientific). CellMask Deep Red (10μg, Invitrogen) was injected 
intravenously 30 min prior to sacrifice to label membranes of vascu-
lature and acinar cell parenchyma. Pancreas explants were imaged on 
an inverted laser-scanning confocal microscope (Stellaris 8, Leica 
Microsystems) with an attached pulsed Coherent Chameleon Ultra II 
laser, using a 25X 0.95NA water immersion objective lens. Hoechst, 
citrine, and tdTomato were excited at 2-photon excitation wavelengths 
of 800 nm, 950 nm, and 1040 nm respectively.

Multiplex immunofluorescence imaging was performed on formalin-
fixed paraffin-embedded sections using Opal multiplex IHC kits (Akoya 
Biosciences), following manufacturer instructions. Paraffin-embedded 
sections were deparaffinised through xylenes and rehydrated through 
decreasing graded alcohol. Deparaffinised sections were then subject 
to antigen retrieval using 10 mM sodium citrate (pH 6) or TRIS-EDTA 
(pH9) buffers, depending on the primary antibody used. Before primary 
antibody incubation, tissue sections were blocked with blocking/antibody 
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diluent (ARD1001EA) for 20 min at RT. Subsequently, primary antibod-
ies were incubated at working dilutions, durations, and temperatures 
described in (table S3). After washing, HRP-conjugated secondary 
antibody was then incubated for 15 min (anti-rabbit and anti-rat 
polymer-HRP) or 30 min (anti-Syrian Hamster-HRP). Sections were 
washed prior to addition of Opal reagents (1:100 in Opal amplifica-
tion buffer).

Multiplex immunofluorescence sections were imaged on an inverted 
laser-scanning confocal microscope (Stellaris 8, Leica Microsystems) 
using a 25X 0.95NA water immersion objective lens. Large sections of 
tissue were imaged for downstream analysis as a maximum intensity 
projection (typically a z-stack of 10 μm, 40-60 tiles). Image analysis 
was performed using the HALO software (Indica Labs). Cell types were 
identified using the HighPlex-FL algorithm and fine-tuned for cell 
types of interest detailed in the main text. Regions of pancreatic tissue 
were manually annotated into interstitial, parenchymal, islet, and vas-
cular territories based on histological appearance using DAPI and 
podoplanin channels to delineate structural boundaries.

For experiments involving immunofluorescence and imaging of Pi16 
reporter mice, mouse samples were submitted to TCP Pathology Core 
for histology and immunohistochemistry. The samples were processed 
in a TissueTek VIP 6 tissue processor (Sakura Finetek), paraffin-
embedded and 5 μm-thick sections were collected onto charged slides 
(Assure, Epic Scientific). The sections were deparaffinized in a 
TissueTek Prisma instrument (Sakura Finetek), submitted to heat-
induced epitope retrieval with citrate buffer pH 6.0 (10mM Sodium 
Citrate, 0.05% Tween-20) and incubated in a pressure cooker for 10 
min, followed for 30 min at room temperature. The sections were 
incubated in Protein Block (Agilent, X090930-2) to minimize nonspe-
cific antibody binding before each primary antibody incubation.

Primary antibodies goat anti-GFP (1:500, Abcam, ab6673) and rabbit 
anti-CD31 (1:100, Abcam, ab28364) were diluted in Antibody Diluent 
solution (Agilent, S302283-2) and incubated sequentially. Slides were 
incubated overnight in anti-GFP primary antibody at 4°C. On the fol-
lowing day, the tissue sections were washed in 1x TRIS-buffered saline 
with 0.1% Tween-20 (TBST), then incubated in anti-goat IgG conju-
gated with Alexa Fluor 647 (Invitrogen, A32849) diluted at 1:200 in 
Antibody Diluent for 1 hour at room temperature. After rinsing in 
TBST, the sections were incubated in Protein Block prior to overnight 
incubation in anti-CD31 primary antibody overnight at 4°C. On the 
following day, tissue sections were washed in TBST, incubated in anti-
rabbit IgG conjugated with Alexa Fluor 555 (Invitrogen, A32732) di-
luted at 1:200 in Antibody Diluent for 1 hour at room temperature, 
rinsed in TBST then counterstained with DAPI (Sigma, D9542). Tissue 
autofluorescence was quenched in Sudan black B saturated solution 
in 70% ethanol (Sigma, 199664) for 25 min at room temperature, then 
coverslips were mounted with Vectashield Vibrance anti-fade mount-
ing medium (Vector, H-1700). Slides were scanned at 20X using an 
Olympus VS120 slide scanner equipped with a Hamamatsu ORCA-R2 
C10600 digital camera (Evident).

Cleared pancreatic thick slices and imaging analysis
Untreated C57BL/6 mice were intracardially perfused with cold PFA 
4% in PBS. Digestive systems were collected and post-fixed in PFA 4% 
overnight followed by three washes in PBS; then pancreases were dis-
sected. Organs were embedded in agarose 4% and cut as 500 μm slices 
in a vibrating blade microtome. Slices were dehydrated (10 min con-
secutive baths of 20%, 40%, 60%, 80%, 100% methanol in PBS), bleached 
(5% hydrogen peroxide in methanol) for 1 hour and then hydrated 
(10 min consecutive baths of 100%, 80%, 60%, 40%, 20% methanol in 
PBS, followed by a bath of PBS). Slices were incubated for 1h in permea-
bilization solution (0.2% Triton X100, 23 g/L glycine, 20% DMSO in 
PBS), blocked overnight in blocking buffer (0.2% Triton X100, 5% don-
key serum, 5% goat serum, 10% DMSO in PBS) and incubated overnight 
in primary antibodies (table S4) diluted in 5% DMSO, 3% donkey serum 

in PtwH solution (0.2% Tween-20, 10 mg/L heparin in PBS). Tissues 
were washed 4 times (30 min) in PTwH solution, incubated overnight 
in secondary antibodies diluted in 3% donkey serum in PTwH, followed 
by 4 more washes in PTwH solution. Permeabilization, blocking and 
antibody incubations were done at 37°C in agitation. For their clarifica-
tion, slices were dehydrated, incubated in 66% dichloromethane di-
luted in methanol for 3h, and then incubated in 100% dichloromethane 
for 10 min for their delipidation. Slices were finally incubated in ethyl 
cinnamate overnight for refractive index adjustment. Cleared slices 
were mounted in a glass slide covered by a coverslip with two cover-
slips acting as spacers on each side; ethyl cinnamate was used as 
mounting media and the coverslips were sealed to the glass slide with 
a melted mix of paraffin:vaseline (50:50).

Sections were imaged as Z-stacks with a 20X multi-immersion objec-
tive (glycerol as immersion medium) in a confocal Stellaris 8 micro-
scope (Leica). 3D volumes were analyzed using the software Imaris 
(10.2.0). The parenchymal and interstitial volumes were automatically 
reconstructed based on tissue autofluorescence of the green and red 
channels by using the ‘surface’ tool. ‘Spots’ tool was used to automati-
cally identify all GATA3+ cells; GATA3+ cells were then filtered based 
on CD3 expression as positive or negative by using the ‘intensity sum 
of square’ value for CD3 channel. GATA3+CD3- cells were reconstructed 
as ILC2s, GATA3+CD3+ cells were not reconstructed. ILC2s were 
automatically stratified as parenchymal (light pink) or interstitial 
(cyan) based on whether their 3D location was within the reconstructed 
parenchymal or interstitial volumes.

Bulk-RNA-seq
For bulk RNA-sequencing of fibroblasts recovered following coculture, 
fibroblasts, and ILC2s were detached by incubation at 37oC with 0.25% 
trypsin. Fibroblasts were then sort-enriched, gating on Live, CD45-
Pdpn+Pdgfra+ cells. RNA was extracted using RNeasy Plus Micro kit 
(Qiagen) and 10 ng RNA used as input material for library preparation. 
Libraries were generated with the NEBNext® Single Cell/Low Input 
RNA Library Prep Kit for Illumina (NEB) according to manufacturer’s 
instructions. The pooled libraries were quantified with KAPA Library 
Quantification Kit for Illumina (Kapa Biosystems) and sequenced 
(paired end 50nt) on an Illumina NovaSeq 6000 system (Illumina).

For bulk RNA-sequencing of pancreatic ILC2s isolated from un-
treated and IL-33–treated mice, pancreatic ILC2s were sorted as live, 
CD45+, CD3-, B220-, Lineage (CD5, CD11b, CD11c, Gr-1, Ter119, CD19, 
F4/80, FcεR1α)-, NK1.1-, CD127+, KLRG1+ cells. RNA was extracted 
using the RNeasy mini kit (Qiagen, 74104) and DNAse was eliminated 
using the Turbo DNase kit according to manufacturer’s instructions 
(ThemoFisher, AM1907). Libraries were generated with the NEBNext® 
Single Cell/Low Input RNA Library Prep Kit for Illumina (NEB) ac-
cording to manufacturer’s instructions. Library quantification and 
quality check of the libraries were done using the Bioanalyser DNA 
1000 kit (Agilent Technologies, 5067-1505) and the KAPA library quan-
tification kit for Illumina (KAPA Biosystems, KK4828) respectively. 
The libraries were then pooled and sequenced on 2 lanes of the 
HiSeq 4000 system (single end 50nt).

The quality of raw sequence data was assessed using FastQC (v 0.11.9). 
Raw sequence was trimmed for adapter content using Trimmomatic 
(v 0.39) and aligned to the GRCm38.p6 genome using STAR (v 2.7.7a). 
Quantification of gene expression was performed using Salmon. 
Differential gene expression analysis was carried out using DESeq2175 
(v 1.34.0) in R (v 4.1.2). 1 sample each from the WT and IL-13 coculture 
groups were excluded based on high expression of ILC2 transcripts, 
including Il13, indicating ILC2 contamination among sorted fibro-
blasts retrieved from coculture.

Subsequently, a heatmap of differentially expressed genes was cre-
ated using the ComplexHeatmap package176 (v2.15.2), filtering on dif-
ferentially expressed genes (padj < 0.05) with a minimum expression 
threshold of 200 DESeq2 normalised counts. Gene set enrichment 
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analysis was performed using the fgsea package177 (v1.24.0). Gene 
signatures of Pi16+ and Col15a1+ fibroblasts were obtained from 
Buechler et al. (1) (as reported in the original publication in supple-
mentary table 4; Markers_Col15a1vsPi16 and Markers_Pi16vsCol15a1).

Predictions of receptor-ligand interactions from bulk RNAseq data 
were performed using the CellChat (72) package (v1.6.1) using default 
parameters except where otherwise described. As CellChat was devel-
oped for use in single-cell applications, overexpressed genes were de-
fined as genes for which at least one sample has a normalised 
expression count exceeding 500. Computation of communication prob-
ability was also performed using the ‘truncatedMean’ method, with 
trim=0 and raw.use = TRUE, and filterCommunication set at min.cells=1.

For bulk RNA-sequencing of fibroblasts of subcutaneously implanted 
KPC tumor cells, tumors were isolated and digested using 0.1 mg/ml 
DNase I (Roche, 10104159001), 0.8 mg/ml Dispase II (Gibco, 17105041), 
and 0.2 mg/ml Collagenase P (Roche, 11249002001) in RPMI with 2% 
FBS. Tissues were digested in 3 ml of digestion mix for 8 min at 37°C 
after which cell suspension was removed and filtered through a 70 μM 
cell strainer (Miltenyi Biotec, 130-110-916) into cold PBS with 2% FBS 
and 2 mM EDTA. An additional 3ml of digestion mix was added to 
remaining tissue and incubated for 12 min before cell suspension was 
removed as before. A final 3 ml of digestion mix was added to tissue 
for a final 15-min incubation prior to the removal and filtration of re
maining cell suspension. ACK lysis buffer (Gibco, A1049201) was used 
to lyse red blood cells. Cells were counted using a ViCell XR (Beckman 
Coulter), prior to staining for flow cytometry or Fluorescent Activated 
Cell Sorting (FACS). Cells were gated as live, CD45-CD24-CD31-EpCAM-
PDPN+ and then YFP+LRRC15+, YFP+LRRC15- or YFP-LRRC15+ 
and sorted by FACS. RNA was isolated using RNeasy Plus Mini Kit 
(Qiagen, 74136). Quantity and quality of RNA was assessed using an RNA 
nano chip on an Agilent Bioanalyzer (Agilent). Sequencing libraries 
were prepared using trueseq stranded total RNA library preparation 
kits with RiboZero as per the manufacturer’s instructions (Illumina). 
Samples were sequenced on an Illumina NextSeq2000 sequencer for 
40 million paired end reads with a sequencing depth at read lengths 
59bp × 59bp. Protein-coding genes were retained for downstream 
analysis using a custom list of mouse protein-coding genes generated 
from NCBI. Differential gene expression analysis was performed us-
ing the DESeq2 package (v.1.49.3). A regularized log (rlog) transfor-
mation was applied to normalized counts, and sample-level variability 
was assessed by principal component analysis (PCA). Gene set enrich-
ment analysis (GSEA) was conducted using the clusterProfiler 
(v.4.17.0) and fgsea (v.1.35.6) R packages. Normalized enrichment 
scores from GSEA were visualized in custom plots using ggplot2 
(v.3.5.2).

Single-cell RNA-seq analysis
For single-cell RNA sequencing data of nonimmune cells over the 
course of acute pancreatitis, acute pancreatitis was first induced in 
mice via administration of caerulein as described above. Mice were 
sacrificed and pancreata harvested at 24 hours, 3 days, and 7 days 
following the induction of acute pancreatitis. Cell suspensions were 
sort-enriched on live (Live/Dead Fixable eF780-), nucleated (DRAQ5+), 
nonhaematopoetic (CD45-) cells. For single-cell RNA sequencing of 
ILCs from untreated mice, cell suspensions were sort-enriched on live, 
CD45+, CD3-, B220-, Lineage (CD5, CD11b, CD11c, Gr-1, Ter119, CD19, 
F4/80, FcεR1α)-, CD127+, NK1.1- cells. Single-cell encapsulation was 
performed using the Chromium Single Cell B Chip Kit (10x Genomics, 
PN-1000073), followed by library preparation using the Chromium 
Single Cell 3′ GEM Library & Gel Bead Kit v3 (10x Genomics, PN-
1000075). Pooled libraries were then sequenced (paired end 50nt) on 
a NovaSeq 6000 system.

Initial mapping and counting of 10x Genomics scRNA-seq reads was 
performed using Cell Ranger v3.1.0. Data was then imported into 
Seurat (73) for downstream analysis. For scRNA-seq of the nonimmune 

compartment, quality control was performed on individual datasets, 
filtering for single cells with between 1000 and 6000 expressed genes, 
and with less than 10% expressed mitochondrial transcripts. Doublets 
were identified and excluded using the scDblFinder package (74). 
Subsequently, datasets were integrated in Seurat, and principal com-
ponents 1 to 15 were provided as input for dimensionality reduction 
via UMAP with default parameters in Seurat. Cells were clustered 
using the Louvain method on a shared nearest neighbor graph using 
default parameters (resolution = 0.3).

Differentially expressed genes for Col15a1+ and Pi16+ fibroblast 
clusters were identified by first obtaining pseudobulk gene expression 
for each cluster on a per-sample level (AggregateExpression), then 
performing differential gene expression testing using the DESeq2 pack-
age. Data was visualized as a volcano plot using the EnhancedVolcano 
package. The top 500 up-regulated or down-regulated genes ranked 
by fold-change in gene expression were then used for functional gene 
ontology enrichment analysis with the clusterProfiler (v4.6.2) package, 
using the Molecular Signatures Database (MSigDB) C2:Biological 
Processes gene sets.

For scRNA-seq of ILCs in the untreated pancreas, initial quality 
control was performed by filtering for single cells with less than 5% 
expressed mitochondrial transcripts. Data were then log-normalised, 
and principal components 1 to 25 were provided as input for dimen-
sionality reduction via UMAP with default parameters in Seurat. Cells 
were clustered using the Louvain method on a shared nearest neighbor 
graph using default parameters (resolution = 0.2).

For scRNA-seq of lineage-traced fibroblasts of Dpp4CreERT2/+ 

Rosa26lsl-tdTom/lsl-tdTom mice, mice were orthotopically implanted with 
2838c3 PDAC tumor cells. Mice were administered 4mg of tamoxifen 
by oral gavage on days 7-9 and sacrificed on day 21. Tumour single-cell 
suspensions were sort-enriched on live (Live/Dead Fixable eF780-), 
CD45-, EpCAM-, CD31-, Pdpn+, Pdgfra+ cells, and separately sorted 
into tdTomato+ and tdTomato- sort fractions per tumor. Individual 
sort fractions were loaded for on-chip multiplexing (GEM-X OCM 3′ 
Chip Kit v4 4-plex), single-cell encapsulation, and library preparation 
following manufacturer’s instructions (GEM-X Universal 3′ Gene 
Expression v4 4-plex Reagent Kits). Pooled libraries were then se-
quenced (paired end 50nt) on a NovaSeqX system. A custom reference 
was constructed with the GRCm39-2024-A reference genome con-
taining an appended entry for tdTomato and the WRPE of the Ai9 
mouse using cellranger mkref, and reads aligned, demultiplexed, 
counted using cellranger multi (Cell Ranger v9.1.0). Data was subse-
quently imported into Seurat, subsetting for cells with fewer than 10% 
mitochondrial transcripts, at least 1000 UMIs, and that express at least 
200 genes. Gene expression was log-normalised, and principal com-
ponent analysis was performed on the top 2000 most variable genes. 
Individual Seurat objects were then integrated using Harmony (75) 
through IntegrateLayers, and the first 30 Harmony dimensions 
used as input for dimensionality reduction via UMAP. Subsequently, 
cells within the tdTomato- sort fraction that expressed tdTomato tran-
script and therefore represent likely sort contaminants were reanno-
tated within the tdTomato+ group for downstream analysis. This 
clustering resulted in the identification of distinct populations 
mesothelial-derived (originating from Msln+ cells) and fibroblast-
derived (originating from Pdgfra+Pi16+Ly6c1+Dpp4+) cells, of which 
fibroblast-derived cells were further subclustered for downstream  
analysis.

Analysis of publicly available scRNA-seq datasets
Single cell transcriptomes from healthy pancreas were obtained from 
processed data (1) (fibroXplorer.com) and integrated with fibroblast 
transcriptomes of untreated or PBS-injected mice, preserving original 
cluster identities. Pseudotime analysis was subsequently performed 
using the Monocle 3 package (76), defining Pi16+ fibroblasts as the 
starting node.
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SCENIC analysis
Potential gene regulatory networks active in fibroblast subsets over 
the course of caerulein-induced acute pancreatitis were predicted us-
ing the SCENIC package (30). For each time point, 500 Pi16+ fibro-
blasts and 1500 Col15a1+ fibroblasts were downsampled from the 
original integrated object. The R implementation of SCENIC was run 
with default parameters, except for gene regulatory network inference, 
where GRNBoost was performed in Python due to its superior runtime. 
Due to the stochastic nature of the gene regulatory network inference 
step, slightly varying results are produced each run. In line with the 
developers’ suggestions, the SCENIC pipeline was run several times, 
and potential regulons were considered ‘high confidence’ if they 
occurred in >80% of runs. All regulons presented in figures were in-
ferred in >80% of runs.

RNA velocity
Counting of spliced and unspliced RNA abundances in single cell tran-
scriptomes was performed using velocyto (77). Subsequently, trajectory 
inference was performed with scVelo (78), using the generalised dy-
namical model for transcriptional dynamics. UMAP embeddings ob-
tained from Seurat were imported for visualization of cell trajectories.

Milo
Differential abundance analysis between tdTomato+ and tdTomato- groups 
within scRNAseq datasets was performed using the miloR (79) pack-
age, using parameters of k=20 and d=30 for buildGraph, prop=0.1, 
k=20, d=30, refined=T for makeNhoods, and d=30 for calcNhood-
Distance. As tdTomato+ and tdTomato- cells can be matched by tumor 
of origin, testNhoods was performed with the argument design = ~ 
original_tumor + tdTom_grouping.

CellRank
Modelling of CAF population fates was performed using CellRank 
2 (80). scVelo was used to set up the VelocityKernel, and a combined 
kernel created from velocity and connectivity kernels (0.8 * vk + 
0.2 * ck). 12 macrostates were fitted using the GPCCA estimator, and 
a macrostate corresponding to the Dpp4+ fibroblast population set as 
the initial macrostate in accordance with the experimental ground 
truth. Subsequently, terminal macrostates were predicted, and per-1 
cell fate probabilities computed.

Statistics
Analysis for two groups were calculated using an unpaired two-tailed 
Student’s t test; comparisons of more than two groups were calculated 
using a one-way analysis of variance (ANOVA) with Tukey post-
analysis. All data were analyzed using GraphPad Prism 9 (GraphPad 
Software). Results with P ≤ 0.05 were considered statistically significant 
(*), P ≤ 0.01 = **, P ≤ 0.001 = ***, P ≤ 0.0001 = ****.
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Editor’s summary
Type 2 innate immune cells (ILC2s) function to couple host defense with tissue homeostasis. Yip et al. investigated
cross-talk between ILC2s and fibroblasts within the mouse pancreas. ILC2s localized alongside a distinctive population
of fibroblasts with the capability to differentiate into other fibroblast subtypes. They also helped these progenitor
fibroblasts to proliferate and contributed to determining their total numbers within tissues. This ILC2-fibroblast axis was
important for homeostasis and tissue repair after injury, and was also able to contribute to the differentiation of cancer-
associated fibroblasts. —Sarah H. Ross
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