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In brief

PDAC interacts with stromal cells through
secreted factors. Li et al. find that AGR2
secreted from tumor cells acts on CAFs to
stimulate IGF1 secretion, which promotes
the progression of PDAC. Targeting the
AGR2/IGF1 loop restores anti-tumor
immunity in PDAC, possessing potential
therapeutic significance.
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SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) is highly aggressive and characterized by pronounced desmopla-
sia. PDAC cells communicate with cancer-associated fibroblasts (CAFs) in a paracrine/reciprocal manner,
substantially promoting tumor growth and desmoplastic responses. This study highlights the critical role
of anterior gradient 2 (AGR2), an endoplasmic reticulum protein disulfide isomerase, secreted by PDAC cells
to activate CAFs via the Wnt signaling pathway. Activated CAFs, in turn, secrete insulin-like growth factor 1
(IGF1), which enhances AGR2 expression and secretion in PDAC cells through the IGF1 receptor (IGF1R)/c-
JUN axis. Within PDAC cells, AGR2 acts as a thioredoxin, aiding the folding and cell surface presentation of
IGF1R, essential for PDAC’s response to CAF-derived IGF1. This reciprocal AGR2/IGF1 signaling loop inten-
sifies desmoplasia, immunosuppression, and tumorigenesis, creating a harmful feedback loop. Targeting
both pathways disrupts this interaction, reduces desmoplasia, and restores anti-tumor immunity in preclin-

ical models, offering a promising therapeutic strategy against PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive
cancer characterized by abundant desmoplastic stroma, a
dense network of extracellular matrix populated by cancer-asso-
ciated fibroblasts (CAFs) and immune cells. Aberrant activation
of CAFs occurs early in PDAC development.” Still, it remains un-
clear why only PDAC cells trigger such a strong desmoplastic re-
action compared to other pancreatic cancers (e.g., acinar cell
carcinoma). This suggests a unique role for PDAC cells as “orga-
nizers” that sculpt their surrounding stroma.? In vitro models us-
ing multivariate phosphoproteomics revealed that oncogenic
Kras-driven PDAC cells activate CAFs via paracrine signaling
through Sonic hedgehog (Shh), a potent growth and fibrosis fac-
tor. Activated CAFs then secrete insulin-like growth factor 1
(IGF1), promoting tumor cell proliferation and survival through
the IGF1 receptor (IGF1R)/AKT pathway.® While initial preclinical

results were promising,*> pharmaceutical inhibition of the Shh
pathway (sonidegib) or IGF1R (ganitumab) in combination with
gemcitabine failed to improve patient survival.®” These findings
suggest that targeting just one aspect of this complex crosstalk
between tumor and CAFs is insufficient.

Three main CAF subtypes have been characterized: myofibro-
blastic CAFs (myCAFs), inflammatory CAFs (iCAFs), and antigen-
presenting CAFs (apCAFs).®° Driven by transforming growth fac-
tor B (TGF-B) and interleukin-1 (IL-1), myCAFs and iCAFs are
believed to be derived from tissue-resident fibroblasts in the
pancreas, with myCAFs being structure supportive and iCAFs be-
ing immune regulatory.'® Lineage tracing revealed that mesothe-
lial cells can acquire fibroblast-like features through IL-1 and TGF-
B signaling, becoming apCAFs. These apCAFs can convert naive
CD4* T cells into regulatory T cells (Tregs) in an antigen-specific
manner."’ Given that iCAFs produce inflammatory mediators
involved in tumorigenesis, it is accepted that iCAFs play an
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Figure 1. Secreted AGR2 promotes pancreatic carcinogenesis by activating CAFs
(A) Representative immunohistochemical (IHC) images demonstrate AGR2-positive and -negative PDAC tumors (scale bars: 50 um).
(B) Survival curves of patients categorized by AGR2 expression in PDAC tumor samples via IHC (n = 99).
(C) Survival curves of patients stratified according to median AGR2 levels, measured by ELISA, in serum from individuals with PDAC (n = 172).

(D) Western blot analyses of AGR2 expression in human PDAC cell lines (Capan2 and Panc1) following CRISPR-Cas9-mediated AGR2 knockout (performed in
triplicate).
(E) Images and volumes of control versus AGR2-knockout subcutaneous xenografts derived from Capan2 and Panc1 cell lines in nude mice (n = 5 per group).
(F) Subcutaneous xenografts from AGR2-knockout Capan2 and Panc1 cells (AGR2%©), following re-expression of wild-type AGR2 (AGR2VT), AGR2 lacking a
nuclear localization signal (AGR22N-S), and AGR2 lacking a signal peptide (AGR225F) (n = 4 per group).
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oncogenic role, albeit this correlation has yet to be explicitly eluci-
dated. As for myCAFs, it depends rather on the dominant type of
collagen or specific marker that the given myCAFs express. Type |
collagen-expressing myCAFs restrain PDAC progression,'? while
type Il collagen-expressing ones promote metastasis.'® Notably,
a subset of myCAFs expressing leucine-rich repeat containing 15
(LRRC15) protein specifically promote tumor growth and immune
exclusion.'*'® Thus, it is appealing to specifically target those tu-
mor-promoting CAFs while sparing the tumor-restraining ones.
Anterior gradient 2 (AGR2) encodes an oncogenic protein disul-
fide isomerase located in the endoplasmic reticulum (ER) and
is known to be overexpressed in various cancers, including
PDAC.'®"" The function of AGR2 is highly dependent on its
cellular location. Within cells, AGR2 serves as an adaptor protein
facilitating the nuclear import of RNA polymerase Il, consequently
inhibiting p53 activation in the early stages of PDAC."® Specif-
ically, AGR2 is upregulated early in the transition from acinar-to-
ductal metaplasia (ADM) to pancreatic intraepithelial neoplasia
(PanIN). AGR2 can also be secreted by various cancer types,
leading to elevated levels of AGR2 in bodily fluids."”'**° Secreted
AGR2 activates RPTOR independent companion of MTOR com-
plex 2 (RICTOR)/mTOR complex 2 (mTORC?2) signaling in PDAC
and Whnt signaling in colorectal cancer, promoting tumor progres-
sion through autocrine mechanisms.?'?? Furthermore, AGR2 en-
hances the migration, elongation, and proliferation of CAFs. This is
supported by the uptake of secreted AGR2 by CAFs through
endocytosis, allowing it to bind directly to B-catenin through its
dimer residue. This interaction increases the stability and nuclear
accumulation of B-catenin in CAFs.?® Additionally, AGR2 stimu-
lates CAF motility by activating RhoA-mediated cytoskeletal rear-
rangement.”* Therefore, specifically targeting the paracrine func-
tions of AGR2 can potentially affect the behavior of CAFs in PDAC.
The aim of this study was to elucidate the signaling communi-
cation between PDAC and CAFs mediated by AGR2 and IGF1
through paracrine and reciprocal interactions. To achieve this,
we developed transgenic PDAC mouse models with either over-
expression or deletion of Agr2 in the pancreas and compared
them with wild-type mice. Additionally, we analyzed human
PDAC tissues along with clinicopathological data, transplanted
tumor-derived PDAC cells subcutaneously into immunodeficient
mice, and utilized both human and mouse organoid lines, as well
as established PDAC cell lines. This comprehensive platform
enabled us to investigate the desmoplastic reaction, immuno-
suppression, and tumorigenesis using a variety of biochemical,
molecular biological, histological, and high-throughput assays.

RESULTS

Secreted AGR2 promotes pancreatic carcinogenesis by
activating CAFs

Immunohistochemical (IHC) analysis demonstrated that 77% (76
out of 99) of human PDAC specimens were positive for AGR2 an-

¢ CellP’ress

OPEN ACCESS

tibodies (Figure 1A). Notably, AGR2 staining was predominantly
observed in PDAC cells rather than stromal cells. To confirm
this finding, we analyzed publicly available single-cell RNA
sequencing (scRNA-seq) data from PDAC samples (GEO:
GSE155698),%° which showed that AGR2 expression is primarily
derived from epithelial cells enriched for PDAC (Figure S1A).
While AGR2 expression levels in these samples were not associ-
ated with patient survival (Figure 1B), elevated serum AGR2
levels and patient survival were observed, with patients with
PDAC displaying elevated serum AGR2 levels associated with
reduced overall survival (Figure 1C, n = 172). This suggests an
oncogenic role for secreted AGR2 in PDAC. To investigate this,
we used CRISPR-Cas9 to knock out endogenous AGR2 in four
human PDAC cell lines (HPAC, Capan2, Panc1, and AsPC-1,
Figure 1D; Figure S1B). AGR2 knockout (AGR2X) led to a
significant reduction in tumor growth in corresponding xenograft
models (Figure 1E; Figure S1C), consistent with previous
studies.”® We then rescued AGR2 in knockout cells using vec-
tors with synonymous mutations at the CRISPR-Cas9 target
site. Wild-type AGR2 (AGR2"") and AGR2 lacking a nuclear
localization signal (AGR22N'S) restored oncogenic activity,
whereas AGR2 with a signal peptide deletion (AGR2*F), impair-
ing secretion, did not (Figure 1F; Figure S1D). Enzyme-linked
immunosorbent assay (ELISA) confirmed the secretion defect
in AGR2%SP (Figure 1G; Figure S1E). Xenograft tumors with effec-
tive AGR2 secretion (AGR2VT and AGR22N-S) showed higher
CAF infiltration and collagen deposition compared to those
with deficient (AGR22SF) or absent (AGR2K®) AGR2 secretion,
as determined by IHC staining and western blot analysis of mu-
rine pancreatic tissue (Figure 1H; Figures S1F and S1G). Despite
these differences, tumor proliferation rates remained un-
changed. These findings suggest that secreted AGR2 activates
CAFs, contributing to tumor maintenance.

Agr2 secretion correlates with the desmoplastic
reaction in genetic mouse models of PDAC

We engineered a transgenic mouse model that overexpresses
Agr2. A FLAG-tagged Agr2 cDNA construct, flanked by loxP-
STOP-loxP sequences, was inserted into the Rosa26 locus of
the mouse genome, resulting in the LSL-Rosa®¢*92 model.
Activation in pancreatic epithelial cells via p48°™ led to Agr2 over-
expression (Agr2°F). Additionally, we developed mice with floxed
Agr2 alleles for Cre-dependent knockout (Agr2~/"), as previously
described.'® We established the following three mouse models:
KC (048°™"*; LSL-Kras®'?P"*), KC; Agr2®E (p48°™"; LSL-
Kras®'2P: | SL-Rosa®*®4972), and KC; Agr2~/~ (p48°™"; LSL-
Kras®12D/+: Agr2io/fox) for comparison (Figure 2A).

At 8 weeks, KC; Agr2°F mice showed ADM and PaniN lesions
(Figure 2B; Figures S2A and S2B). These lesions were associ-
ated with proliferative CAFs, unlike in KC and KGC; Agr2*/*
mice. KC; Agr2°E mice had significantly higher serum Agr2
levels compared to KC and KC; Agr2~~ mice (Figure 2C).

(G) ELISA analyses of the supernatant from AGR2-knockout Capan2 and Panc1 cells re-expressing AGR2"T, AGR22N'S, and AGR25P (performed in triplicate).
(H) Representative IHC images and quantification of alpha-smooth muscle actin (z-SMA) staining score and collagen score within xenograft tumors across the

four groups (n = 4 per group, scale bars: 50 um).

Statistical significance was determined using a log rank test for (B) and (C) and a one-way ANOVA with multiple comparisons test for (E) through (H). Data are
presented as mean + standard deviation (SD). Significance levels are indicated as *p < 0.05, **p < 0.01, ***p < 0.001.
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Overexpression of Agr2 resulted in elevated pancreatic levels of
Agr2 and alpha-smooth muscle actin (-SMA) and reduced
a-amylase, indicating fibrosis and compromised exocrine func-
tion (Figure 2D; compare Figure 2B). This condition led to severe
diarrhea and weight loss in KC; Agr2°F mice, with a median sur-
vival of 59.5 days due to exocrine insufficiency. None of these
mice developed invasive PDACs. In the absence of Kras®'2?,
Agr2°E did not induce any observable physiological changes in
the pancreas, as confirmed by histologic analysis and staining
for the endocrine marker insulin and the exocrine markers keratin
19 and a-amylase (Figure S2C).

To provide in vivo evidence of the oncogenic potential of the
secreted form of Agr2, we used an adeno-associated virus
(AAV)-mediated transgene delivery system. Specifically, AAV
particles encoding murine Agr2™’T or Agr2®S? fused with
enhanced green fluorescent protein (EGFP) were injected into
the pancreata of 5-week-old KC mice (Figure 2E). All mice
were sacrificed for analysis at 8 weeks of age. In contrast to
KC mice injected with control AAV particles (EGFP), those in-
jected with AAV-Agr2T displayed marked histological changes,
including proliferative ADM and PanIN lesions accompanied by
desmoplastic reactions and a reduction in intact acinar cells
labeled by a-amylase (Figure 2F; Figure S2D). Notably, these ef-
fects were absent in mice injected with AAV-Agr2®S® particles.
Correspondingly, serum Agr2 levels were elevated in KC mice
treated with AAV-Agr2"V" compared to controls and AAV-
Agr2*P (Figure 2G). Due to the expansion of neoplastic ADM/
PanIN lesions, we observed diluted EGFP signals alongside
exogenous Agr2, as well as increased endogenous Agr2 expres-
sion, confirmed by western blot analysis of AAV-Agr2"™ pan-
creata (Figure 2H).

Since the phenotypes of KC and KC; Agr2 ™'~ pancreata were
indistinguishable at 8 weeks, we aged cohorts of KC; Agr2~/~
(n = 40) and KC (n = 34) mice for up to 1.5 years to examine
the long-term impact of Agr2 on pancreatic carcinogenesis (Fig-
ure 21). Long-term analysis showed that KC; Agr2~'~ mice had a
median survival of 540 days, longer than the 413 days of KC mice
(n = 34, Figure 2J). The incidence of PDAC in KC; Agr2’/’ mice
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was 12.5% (5/40), significantly lower than 32.4% (11/34) in KC
mice (Figure 2K). Lower serum Agr2 levels were observed in
KC; Agr2~'~ mice compared to KC mice with PDAC (Figure 2L).
PDAC tumors in KC; Agr2*/* mice had less CAF infiltration and
collagen deposition compared to KC mice, as shown by immu-
nofluorescence and Sirius red staining and western blot analysis
of murine pancreata (Figures 2M and 2N). These findings indi-
cate that secreted Agr2 contributes to CAF activation and des-
moplastic reaction of PDAC.

IGF1 promotes AGR2 secretion and enhances IGF1R
presentation on the cell surface

To elucidate the mechanism, we performed RNA sequencing
(RNA-seq) on AGR2X° Capan2 and Panc1 cells. We found 510
and 1,265 differentially expressed genes (DEGs) in these cells.
Gene set enrichment analysis highlighted “regulation of the
IGF receptor signaling pathway” and “insulin-like growth factor
| binding” as significantly enriched terms (Figure 3A). Western
blot analysis revealed that AGR2° reduced IGF1R protein levels
without affecting mRNA levels in PDAC cell lines (Figure 3B).
Flow cytometry and western blot analysis of the membrane frac-
tion confirmed reduced surface IGF1R after AGR2 depletion
(Figure 3C; Figure S3A).

AGR2, a thioredoxin-like protein, involved in protein folding
through disulfide bond formation,?”*® may potentially facilitate
IGF1R folding by interaction with its cysteine-rich region (IGF1R
residues 223-274).°° Co-immunoprecipitation (colP) assays
demonstrated that AGR2 interacts with the precursor form of
IGF1R (Figure 3D). Confocal microscopy revealed their co-locali-
zation in the ER (Figure 3E). Introducing AGR2 wild type or
mutants into AGR2XC cells revealed that only AGR2"T and
AGR2*N'S restored IGF1R levels, while AGR2%SP or a mutated
active site (AGR2°%') did not (Figure 3F). This suggests that
AGR2 supports IGF1R folding via its thioredoxin activity.
AGR2X° caused misfolded IGF1R accumulation, triggering ER
stress and ER-associated degradation. Proteasomal (MG132
and MLN4924), but not lysosomal (3-methyladenine [3-MA], bafi-
lomycin, and chloroquine), degradation inhibitors restored IGF1R

Figure 2. Agr2 secretion correlates with desmoplastic reaction in genetic mouse models of PDAC

(A) Schematic illustration of the genotypes for KC mice, KC; Ang’/’ mice, and KC; Agr2OE mice.

(B) Representative hematoxylin and eosin (H&E), Agr2, Krt19, and a-amylase-stained sections, along with «-SMA/BrdU-stained immunofluorescence images of
pancreata from KC, KC; Agr2~/~, and KC; Agr2°F mice (scale bars: 50 pm; n = 12 mice per group). The images were scored and thereby quantified (right).
(C) ELISA analysis of Agr2 levels in the serum of 8-week-old KC, KC; Agr2~'~ and KC; Agr2°F mice (n = 12 mice per group).

(D) Western blot analysis of «-SMA, a-amylase, and Agr2 expression in the pancreata of KC, KC; Agr2~'~, and KC; Agr2°F mice (n = 4 mice per group).

(E) Schematic representation of KC mice injected with AAV-EGFP, AAV-Agr2"VT, and AAV-Agr2ASP particles.

(F) Representative images of H&E staining, EGFP immunofluorescence, and IHC for Krt19, a-amylase, and «-SMA in the pancreata of KC mice injected with AAV-
EGFP, AAV-Agr2"T, and AAV—Agr2ASP particles (scale bars: 50 um; n = 3 mice per group). The images were scored and thereby quantified (right).

(G) ELISA analysis of Agr2 levels in the serum of KC mice injected with AAV-EGFP, AAV-Agr2VT, and AAV-Agr2*SF particles.

(H) Western blot analysis of a-SMA, a-amylase, Agr2, and EGFP expression in the pancreata of KC mice injected with AAV-EGFP, AAV-Agr2VT, and AAV-Agr2SP

particles.

(1 and J) Schematic representation and survival curves for KC and KC; Agr2~'~ mice over a 1.5-year follow-up period.

(K) PDAC incidence in KC (11/34, 32.4%) versus KC; Agr2’/’ mice (5/40, 12.5%).

(L) ELISA analysis of Agr2 levels in the serum of KC and KC; Agr2~/~ mice with PDAC (n = 5 mice per group).

(M) Representative H&E-stained sections showing PDAC tumors in KC and KC; Agr2”’ mice; Sirius red-stained sections showing collagen distribution in tumors;
«-SMA/BrdU-stained immunofluorescence images depicting proliferative a-SMA-positive cells in tumors (scale bars: 50 um; n = 5 mice per group).

(N) Western blot analysis of -SMA and Agr2 expression in tumors from KC mice and KC; Agr2

~/~ mice (n = 5 mice per group).

Statistical significance for (B), (C), (G), and (F) was assessed using a one-way ANOVA with multiple comparisons test, (J) with a log rank test, (K) with a chi-squared
test, and (L) and (M) with two-tailed, unpaired Student’s t tests. Data are presented as mean + SD. Significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001.
“ns” indicates no significance.
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levels (Figure 3G), highlighting the role of AGR2 in IGF1R folding
and membrane presentation.

IGF1 treatment increased AGR2 at mRNA and protein levels
and its secretion (Figures 3H and 3l; Figure S3B). Inhibiting
IGF1R with picropodophyllin (PPP) partially reduced IGF1’s ef-
fect on AGR2 expression and secretion (Figure S3C). IGF1 acti-
vated IGF1R and the non-canonical c-JUN pathway, as shown
by phosphorylation at Tyr1135 and Ser73, respectively.

Analysis of the AGR2 promoter region revealed multiple
c-JUN-binding sites, suggesting that AGR2 expression could
be regulated through the c-JUN pathway (Figure 3J). Indeed,
c-JUN knockdown reduced basal AGR2 levels and completely
inhibited IGF1-induced AGR2 expression (Figure 3K). Moreover,
stimulation of the c-Jun N-terminal kinase pathway, upstream of
c-JUN, with anisomycin, replicated the IGF1-induced AGR2
expression (Figure 3L). In contrast, wortmannin inhibition of the
phosphatidylinositol 3-kinase pathway, downstream of IGF1R,
did not affect AGR2 levels (Figure S3D). These data highlight
the specific regulatory role of c-JUN in mediating AGR2 expres-
sion in response to IGF1 signaling in PDAC cells.

Chromatin immunoprecipitation followed by quantitative PCR
analysis revealed that c-JUN binds to the AGR2 promoter, and
this binding is enhanced by IGF1 treatment (Figure 3M). This
interaction was confirmed using cleavage under targets and tag-
mentation assays, which targeted c-JUN in Panc1 cells. Regard-
less of IGF1 treatment, a distinct c-JUN occupancy peak was
observed upstream of the transcription start site at the AGR2 lo-
cus (Figure 3N). To determine the functional relevance of this
binding site, we constructed several AGR2 promoter mutants
and used luciferase reporter assays (Figure 30). These assays
pinpointed the critical role of the c-JUN-binding site located
within the —1,068 to +12 bp region relative to the AGR2 pro-
moter. Specifically, deletion within the —384 to —397 region
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significantly impaired promoter activity, underscoring the func-
tional importance of this c-JUN-binding site.

Our analyses demonstrate that IGF1 promotes AGR2 expres-
sion and secretion through the IGF1R/c-JUN signaling pathway
in PDAC cells. AGR2, in turn, interacts with the precursor form of
IGF1R in the ER and facilitates its membrane presentation, es-
tablishing a feedback loop within PDAC cells.

Secreted AGR2 promotes IGF1 production from CAFs
via the Wnt/B-catenin pathway

CAFs are a primary source of IGF1 in PDAC,* and AGR2 is known
to activate fibroblasts.'***° We hypothesized that PDAC-
secreted AGR2 induces IGF1 production in CAFs. Our data
confirm that PDAC-derived CAFs produce IGF1 in vitro (Fig-
ure 4A). Co-culturing CAFs with patient-derived PDAC organoids
significantly increased IGF1 secretion, as shown by elevated
IGF1 mRNA levels and ELISA measurements of IGF1 in the cul-
ture supernatant (Figure 4B). This activated the IGF1R signaling
pathway in PDAC cells, evidenced by western blot analysis
(Figure S4A).

The enhanced IGF1 production was reduced by using a spe-
cific AGR2-neutralizing antibody (Figure 4B). To explore this
further, CAFs were co-cultured with AGR2XC PDAC cells consti-
tuted with AGR2"T, AGR22N'S, or AGR24SF. IGF1 expression in
CAFs increased when co-cultured with PDAC cells expressing
AGR2"T or AGR22NS| indicating the importance of AGR2 secre-
tion. Co-culture with AGR2XC or AGR2*SF cells did not affect
IGF1 levels, which were reflected in the IGF1R signaling pathway
of PDAC cells, including phosphorylated IGF1R and c-JUN
levels (Figure 4C). Interestingly, we observed that co-culture
with AGR2-secreting PDAC cells (AGR2T or AGR22NS) consis-
tently elevated iCAF marker expression, including IL-6, comple-
ment factor D (CFD), and C-C motif chemokine ligand 2 (CCL2).

Figure 3. IGF1 promotes the secretion of AGR2, which in turn enhances the presentation of the IGF1R on the cell surface

(A) The Venn diagram of the upper panel illustrates the count of genes down-regulated in Capan2 and Panc1 cells post AGR2 knockout. The Gene Ontology (GO)
analysis of the lower panel identifies enriched biological processes, notably “regulation of IGF receptor signaling pathway” at transcriptional levels, after AGR2
knockout in these cell lines.

(B) Western blot and quantitative reverse-transcription PCR (qRT-PCR) analyses assess IGF1R and AGR2 expression in Capan2 and Panc1 cells following AGR2
knockout via the CRISPR-Cas9 system (performed in triplicate).

(C) Flow cytometry (FACS) quantifies cell membrane surface expression of IGF1R in Capan2 and Panc1 cells after AGR2 knockout (performed in triplicate).
(D) Co-immunoprecipitation assays reveal AGR2’s interaction with pro-IGF1R in Capan2 and Panc1 cells (performed in triplicate).

(E) Immunofluorescence imaging displays AGR2 and IGF1R distribution and ER labeling in Panc1 cells (scale bars: 50 um).

(F) Western blot analysis of IGF1R and AGR2 in Panc1 and Capan2 cells with controls (original cell lines), AGR2-knockout (AGR2") post-expression of AGR2™,
AGR22NS AGR245P, and AGR2°8™ mutation (performed in triplicate).

(G) Western blot analysis of IGF1R expression in AGR2 in Panc1 and Capan2 cells with AGR2 knockout (KO) treated with 3-methyladenine (3-MA) (15 mM),
bafilomycin A1 (30 nM), chloroquine (20 mM), MLN4929 (1 mM), or MG132 (5 mM) for 12 h (performed in triplicate).

(H) Western blot analysis of IGF1R, phosphorylated IGF1R, c-JUN, phosphorylated c-JUN, and AGR2 following 12 h of serum starvation and subsequent IGF1
stimulation (50 ng/mL, performed in triplicate).

(I) ELISA measures AGR2 secretion after serum starvation and treatment with PPP (1 uM) and IGF1 (50 ng/mL) over time (performed in triplicate).

(J) Identification of potential c-JUN-binding sites within the AGR2 promoter region.

(K) Western blot analysis of c-JUN, phosphorylated c-JUN, and AGR2 expression following c-JUN knockdown and IGF1 stimulation over time (performed in
triplicate).

(L) Western blot shows c-JUN, phosphorylated c-JUN, and AGR2 expression post anisomycin treatment over time (performed in triplicate).

(M) Chromatin immunoprecipitation followed by quantitative PCR (ChIP-gPCR) demonstrates c-JUN enrichment at AGR2’s transcription start sites (TSSs) before
and after IGF1 treatment (performed in triplicate).

(N) Integrative Genomics Viewer (IGV) tracks display c-JUN peaks in AGR2’s promoter region post IGF1 treatment.

(O) Dual-luciferase reporter assays in Capan2 and Panc1 cells evaluate AGR2 promoter activity under various lengths and site-specific mutations after IGF1
treatment (performed in triplicate).

Statistical analyses: (B) and (C) used a one-way ANOVA with multiple comparisons. (I), (M), (N), and (O) were analyzed using two-tailed, unpaired Student’s t tests.
Data are presented as mean + SD, with significance marked as *p < 0.05, *p < 0.01, **p < 0.001, and “ns” indicates no significance.
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However, this effect was reduced in co-cultures without AGR2
secretion (AGR2"° or AGR2%SP). Notably, no significant change
was observed in the expression of myCAF markers under these
conditions (Figure S4B).

Among several cytokines tested (recombinant IL-1a [rIL-1a],
recombinant TGF-B1 [FTGF-B1], and recombinant oncostatin
M), only recombinant AGR2 (rAGR2) significantly upregulated
IGF1 expression in CAFs (Figure 4D). In parallel, rAGR2 also
increased iCAF marker expression in CAFs, albeit with less po-
tency than the classic iCAF inducer IL-1a. (Figure S4C). Addition-
ally, rAGR2 treatment promoted CAF migration and collagen
synthesis without affecting proliferation, demonstrating a multi-
faceted role of AGR2 in modulating CAF functions (Figures 4E
and 4F; Figure S4D).

To identify the specific subtype of CAFs responsible for IGF1
production, we analyzed scRNA-seq data from 16 PDAC samples
described by Steele et al. (GEO: GSE155698).%° We found that
iCAFs exhibited significantly higher levels of IGF1 expression
compared to myCAFs (Figure 4G). When categorizing CAFs
based on mean IGF expression into “high” or “low” expression
groups, 41.73% of iCAFs were high expressers, compared to
only 13.3% of myCAFs (Figures S4E and S4F). Further analysis
of IGF1"9" versus IGF1'°" CAFs identified 106 DEGs (false discov-
ery rate [FDR] <0.01; fold change > log,(0.5)), 75 upregulated in
IGF1"9h CAFs, forming an “IGF1-CAF signature.” Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis of these
DEGs highlighted enrichment in “Wnt signaling” and “comple-
ment and coagulation cascades” (Figure 4G). Similar results
were obtained from scRNA-seq data of 22 PDAC samples in
Peng’s study (Genome Sequence Archive: PRJCA001063,
Figures S4G-54l).>"

To explore the effects of rAGR2 on the CAF transcriptome, we
performed RNA-seq after rAGR2 treatment, using TGF-$1 and
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IL-1a as controls. Principal component analysis demonstrated
that rAGR2-treated samples formed a distinct cluster separate
from rTGF-B1- or rlL-1a-treated samples (Figure 4H). Among
the altered genes, 224, including IGF1, were significantly upre-
gulated post rAGR2 treatment. Functional annotation of these
genes highlighted “Wnt signaling” as a key pathway (Figure 4l).
Supporting the role of Wnt signaling in rAGR2-induced IGF1
expression, analysis of the IGF1 promoter region uncovered
several potential binding sequences for lymphoid enhancer
binding factor 1 (LEF1), a key nuclear factor in the Wnt/B-catenin
pathway (Figure 4J). This suggests potential transcriptional acti-
vation by Wnt signaling components, aligning with our findings of
Wnt pathway enrichment in IGF1"9" CAFs and rAGR2-
treated CAFs.

Given the established mechanism where AGR2 internalizes
into NIH 3T3 cells through endocytosis, stabilizing B-catenin
via direct binding and enhancing its nuclear accumulation,?®
we investigated whether a similar process occurs in primary
PDAC-derived CAFs. Our findings reveal that CAFs internalize
rAGR2 in a dose-dependent manner, a process inhibited by
the endocytosis inhibitor Pistop2 (Figure S4J). Following
rAGR2 treatment, we observed increased B-catenin levels in
both the cytoplasm and nucleus of CAFs (Figure 4K). Further
experiments demonstrated that B-catenin knockdown and
the Wnt/B-catenin pathway inhibitor 1CG-001 impaired
rAGR2’s ability to promote IGF1 expression in CAFs (Fig-
ure 4L). This underscores the critical role of the Wnt/B-catenin
signaling pathway in mediating the effects of rAGR2 on IGF1
production.

Next, we engineered several IGF1 promoter mutants and as-
sessed their activity using luciferase reporter assays in CAFs.
Mutations within the LEF1/T cell factor (TCF) consensus
sequence significantly reduced IGF1 promoter activity,

Figure 4. Secreted AGR2 promotes IGF1 production from CAFs via the Wnt/B-catenin pathway

(A) Western blot analysis evaluates AGR2 and IGF1 levels in three human PDAC-derived CAFs and three PDAC cell lines (Capan2, HPAC, and Panc1) across three
independent experiments.

(B) gRT-PCR analysis of IGF1 expression and supernatant ELISA analyses of IGF1 secretion in human PDAC-derived CAFs co-cultured with two human PDAC
organoids and with or without treatment with Agr2-neutralizing antibody (5 pg/mL) for 48 h (n = 3 independent experiments).

(C) gRT-PCR assesses IGF1 expression in PDAC-derived CAFs co-cultured with AGR2-knockout Capan2 and Panc1 cells, following re-expression of AGR2™T,
AGR22N'S| and AGR24SF for 48 h (upper); Western blot analysis investigates IGF1R, phosphorylated IGF1R, c-JUN, phosphorylated c-JUN, and AGR2 levels in
AGR2-knockout Capan2 and Panc1 cells after co-culture with PDAC-derived CAFs (lower, n = 3 independent experiments).

(D) gRT-PCR explores IGF1 expression in two PDAC-derived CAFs after treatment with rAGR2 (500 ng/mL), rTGF-B1 (4 ng/mL), and riL-1a (200 ng/mL) for 24 h
(n = 3 independent experiments).

(E) Supernatant analysis quantifies collagen levels in two PDAC-derived CAFs following rAGR2 treatment (500 ng/mL) for 24 h (n = 3 independent experiments).
(F) Transwell assays examine cell migration in two PDAC-derived CAFs following rAGR2 treatment (500 ng/mL) for 24 h (n = 3 independent experiments).

(G) Left: scRNA-seq identifies iCAFs and myCAFs within 16 PDAC tissues (GEO: GSE155698), showing iCAFs with elevated IGF1 expression (>mean value).
Right: volcano plot displays genes differentially expressed between IGF1"9" and IGF1'°" CAFs (FDR < 0.01; log,FC > 0.5), accompanied by KEGG pathway
analysis of the IGF1-CAF signature.

(H) Principal component analysis (PCA) of transcriptomic data from CAFs treated with rAGR2, rTGF-B1, and rlL-1a (n = 3 per group).

(I) A heatmap shows genes significantly upregulated in CAFs after treatment with rAGR2, rTGF-B1, and rIL-1a (FDR < 0.01; log2FC > 0.5; left). Bioplant pathway
analysis elucidates upregulated gene pathways post rAGR2 treatment in CAFs (right).

(J) Identification of potential lymphoid enhancer binding factor 1 (LEF1)-binding sites within the IGF1 promoter region.

(K) Western blot analysis shows B-catenin expression in both nuclear and cytoplasmic fractions of PDAC-derived CAFs after AGR2 stimulation (500 ng/mL) for
0.5, 1, 3, and 6 h (n = 3 independent experiments).

(L) Western blot and qRT-PCR analyses evaluate B-catenin and IGF1 levels in PDAC-derived CAFs post B-catenin knockdown or following treatment with ICG-
001 (Wnt pathway inhibitor) and rAGR2 (500 ng/mL) for 24 h

(M) Luciferase reporter assays in three PDAC-derived CAFs transfected with wild-type and site-specific mutagenized IGF1 promoter sequences based on
(J) predictions, post rAGR2 treatment (500 ng/mL) for 24 h (n = 3 independent experiments).

Statistical analysis: one-way ANOVA with multiple comparisons test was used for (B), (C), (D), and (L); two-tailed, unpaired Student’s t tests were employed for (E),
(F), and (M). Data are presented as mean + SD, with *p < 0.05, *p < 0.01, **p < 0.001 indicating levels of statistical significance.
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underscoring the importance of this sequence in promoter func-
tionality (Figure 4M). Despite these insights, we were unable to
establish a direct interaction between B-catenin and rAGR2 in
CAFs using a colP assay.

In summary, PDAC-derived AGR2 influences multiple func-
tions of CAFs in a paracrine manner, notably IGF1 production,
by activating the Wnt/B-catenin signaling pathway.

High serum levels of AGR2 and IGF1 are associated with
enhanced desmoplastic reactions and
immunosuppression in PDAC

We hypothesized that AGR2/IGF1-mediated paracrine and
reciprocal signaling exacerbates desmoplastic reactions and
tumorigenesis in PDAC. Supporting this hypothesis, we found
that 8-week-old KC; Agr2°E mice had significantly elevated
serum Igf1 levels compared to KC mice (Figure 5A). Additionally,
phosphorylation levels of Igfir and c-Jun were significantly
higher in the pancreata of KC; Agr2°F mice (Figures S5A and
S5B). In contrast, KC; Agr2 '~ mice, which eventually developed
PDAC, had significantly lower serum Igf1 levels and phosphory-
lated levels of Igf1r and c-Jun compared to KC mice with PDAC
(Figure S5C).

To investigate clinical implications, we measured serum IGF1
levels in 145 patients with PDAC and noted a correlation with
AGR2 levels (Figure 5B). Using the median value as a threshold,
we categorized patients into four groups: AGR2M9"; |GF1hioh
(n = 45), AGR2"9"; IGF1'°% (n = 27), AGR2Y; IGF1"9" (n = 28),
and AGR2'°%; IGF1'°% (n = 45). We then examined the association
with tumor stroma by staining for CAF markers (2-SMA, podopla-
nin [PDPN], and collagen, the latter detected with Sirius red and
IL-6) and immune cell markers (CD3, CD4, CD8, FOXP3, CD68,
CD206, and CD20). The staining intensity of a-SMA, PDPN,
collagen, and IL-6 staining was significantly more pronounced
in AGR2"9": |GF1M9" tumors compared to AGR2'°%; IGF1'°% tu-
mors (Figure 5C). Additionally, AGR2""; IGF1"9" tumors ex-
hibited a reduced infiltration of T cells (CD3*, CD4*, and CD8")
and an increased presence of M2 macrophages (CD206%)
compared to AGR2'°Y; IGF1'°% tumors (Figure 5D). Importantly,
there was no statistically significant difference in the total counts
of macrophages (CD68"), B cells (CD20%), and Tregs (FOXP3*)
between the two groups (Figure 5D). This trend was similar in mu-
rine PDAC tumors derived from KC and KC; Agr2~'~ mice, which
showed an increased infiltration of T cells (Cd3*, Cd4™*, and Cd8*)
and B cells (B220*) in KC; Agr2~/~ tumors (Figure 5E), without sig-
nificant differences in total macrophage (F4/80*) or M2 macro-
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phage (Cd206*) or Treg (Foxp3*) counts. Our findings suggest
that AGR2/IGF1-mediated communication between cancer cells
and CAFs exacerbates the desmoplastic response and may
contribute to immunosuppression in PDAC.

Combined targeting attenuates desmoplastic reaction
and normalizes immunosuppressive microenvironment
To efficiently disrupt the crosstalk between PDAC cells and
CAFs while circumventing compensatory pathways, we devel-
oped a therapeutic strategy combining an IGF1R inhibitor and
an AGR2-neutralizing antibody. For preclinical testing, we first
studied murine pancreatic stellate cells (PSCs), which are pro-
posed as a source of CAFs in the PDAC stroma.®* We found
that cancer-naive PSCs expressed higher levels of Igf1, similar
to human CAFs, and that murine PDAC cells secreted substantial
quantities of Agr2 (Figure 6A).

We tested the effectiveness of this combined therapy in a co-
culture system consisting of KPC organoids (derived from
Ptf1aCeER™: | §| Kras®12D/*; p53flovlox mice, hereafter “KPC”)
and murine PSCs (Figure 6B). In co-culture, PSCs acquired a
CAF phenotype and enhanced Igf1 secretion, as shown by
increased mRNA levels and Igf1 protein concentration in the cul-
ture supernatant (Figure 6C). Treatment with either the IGF1R in-
hibitor (PPP), the Agr2-neutralizing antibody, or their combina-
tion reduced Igf1 production from CAFs. However, only the
combined therapy significantly attenuated oncogenic mitogen-
activated protein/extracellular signal-regulated kinase (Mek/
Erk) signaling and reduced Agr2 expression in KPC organoids
(Figure 6D).

We evaluated the impact of treatment on CAF subtypes by
analyzing the expression of specific subtype markers. The com-
bined therapy notably decreased expression levels of iCAF
markers, including llI-1a, 1I-6, and Lif, while the expression of my-
CAF markers remained unchanged (Figure S6A). Notably, this
dual inhibition strategy effectively suppressed the growth of
KPC organoids in 3D culture (Figure 6E).

To evaluate the therapeutic efficacy in vivo, we treated a
cohort of KPC mice with control antibodies (n = 5), Agr2-neutral-
izing antibodies alone (n = 3), IGF1R inhibitor alone (n = 3), and a
combination of Agr2-neutralizing antibodies and IGF1R inhibitor
(n = 5) for 2 weeks (Figure 6F). Remarkably, the combined ther-
apy significantly reduced tumor volume, whereas the individual
treatment exhibited only a modest effect.

ELISA assays revealed that Agr2-neutralizing antibodies
reduced serum levels of Agr2 in KPC mice. However, only the

Figure 5. High serum levels of AGR2 and IGF1 are associated with enhanced desmoplastic reactions and immunosuppression in PDAC
(A) ELISA analysis of Igf1 in serum from 8-week-old KC mice, KC; Agr2~/~ mice, and KC; Agr2°E mice reveals a significant difference (left, n = 12 mice per group).
Comparison between KC mice and KC; Agr2’/’ mice with PDAC also shows marked differences (right, n = 5 mice per group).

(B) Serum levels of AGR2 and IGF1 exhibit a correlation in 145 human patients with PDAC, analyzed using Pearson’s correlation coefficient.

1 low

(C) IHC images display a-SMA, podoplanin (PDPN), collagen, and IL-6 positivity in tumor areas, comparing AGR2"9"; IGF1"9" samples with AGR2'°"; IGF
samples, demonstrating a difference in desmoplastic reaction.

(D) IHC images illustrate the differential presence of CD3, CD8, CD4, FOXP3, CD68, CD206, and CD20-positive cells in tumors between AGR2"9"; IGF1Mo"
samples and AGR2'°%; IGF1'°" samples, indicating variations in immune cell infiltration (scale bars: 50 pm).

(E) IHC imaging further reveals the distribution of Cd3, Cd8, Cd4, Foxp3, B220, F4/80, and Cd206-positive cells in tumors from KC mice versus KC; Agr2’/’ mice,
emphasizing differences in immunological responses (scale bars: 50 um).

p values in left of (A) was calculated using a one-way ANOVA with a multiple comparisons test, p values in right of (A), (C), (D), and (E) were calculated using two-
tailed, unpaired Student’s t tests, and correlation coefficient in (B) was calculated using Pearson’s correlation coefficient. Data are presented as mean + SD.
*p < 0.05, *p < 0.01, **p < 0.001. ns, no significance.
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combined treatment of the Agr2-neutralizing antibody and
IGF1R inhibitor significantly decreased serum levels of Igf1 and
other iCAF-associated inflammatory cytokines including Il-1e,
Lif, granulocyte-macrophage colony-stimulating factor (GM-
CSF), and 11-6 (Figure 6G). The combined therapy also reduced
the desmoplastic reaction surrounding PDAC cells, as shown
by hematoxylin and eosin, «-SMA, Pdpn, and Sirius red staining
(Figure 6H).

Additionally, this combined treatment attenuated the immuno-
suppressive milieu within PDAC tissues. Specifically, we
observed a significant increase in the infiltration of T cells
(CD3"), CD4* T cells, and B cells (B220") post treatment, with
no significant change in Treg (Foxp3*) infiltration (Figure 6l).
Although CD8* T cells were not detected within PDAC tissues,
they were notably enriched in the peripancreatic lymph nodes
of treated mice, indicating enhanced anti-tumor immunity (Fig-
ure 6J). However, mature tertiary lymphoid structures were ab-
sent in both control and treated PDAC tissues. Meanwhile, com-
bined therapy led to a marked decrease in the phosphorylation
levels of Igf1r and p-c-Jun (Figures S6B and S6C), underscoring
the disruption of key signaling pathways.

DISCUSSION

Tumor cells in PDAC secrete proteins as paracrine signals to
regulate the tumor microenvironment (TME), resulting in a highly
desmoplastic and immunosuppressive state. Our study identi-
fied AGR2 as a crucial paracrine signaling factor that, along
with CAF-derived reciprocal IGF1 signaling, forms a detrimental
feedback loop, amplifying desmoplastic reactions, immunosup-
pression, and tumorigenesis in PDAC. Through in vitro and in vivo
analyses, targeting the AGR2/IGF1 signaling loop using AGR2-
neutralizing antibodies and IGF1R inhibitors showed promising
anti-tumor effects by reducing desmoplasia and enhancing
immunity.

Our preliminary findings reveal that AGR2 is a key protein
involved in the tumorigenesis of PDAC.'® AGR2 is ubiquitously
expressed in PDAC tumor cells and precancerous lesions,
conferring diverse functions. Recent research has unveiled
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AGR2’s role as a regulator of the inositol-requiring enzyme-18
(IRE1B), crucial for maintaining ER homeostasis and the survival
of mucin-producing intestinal goblet cells.**** These insights
are significant as the AGR2-IRE1p interaction is vital for the
mucus production program, central to the classical PDAC
phenotype characterized by gland-forming tumors within a
dense, collagen-rich stroma.”®*> Notably, AGR2 is a classical
marker, and its secretion, coupled with its role in maintaining
ER homeostasis, promotes CAF migration and collagen synthe-
sis, aligning with the histological features of the classical
subtype.®®

Our study further identified AGR2 as a tumor cell-derived
exocrine signal that plays a critical role in altering the immune
cellular composition of the TME. This was confirmed by the
strong correlation between AGR2 serum levels and immune
composition in human PDAC samples and by gene editing to
delete AGR2 in mice, replicating the phenotype.

Moreover, we have identified an IGF1-producing CAF subtype
responsive to PDAC-derived AGR2, distinct from previously
described CAF populations. Characterized by Wnt/B-catenin
pathway activation, this IGF1-positive CAF subtype appears to
play an immunosuppressive role in PDAC, which is partially over-
lapping with previously defined LRRC15-positive myCAFs.'*1°
Here, it underscores the need for further high-quality studies to
elucidate the differential impacts of these CAF subtypes on the
immune landscape and progression of PDAC. CAFs are pivotal
in reshaping the immune microenvironment of PDAC and pro-
moting tumorigenesis and malignant progression. Targeting
CAFs has been a long-desired therapeutic approach against
PDAC. It is increasingly recognized that CAFs are a heteroge-
neous subgroup, with evidence supporting three functionally
distinct subtypes based on single-cell sequencing data: my-
CAFs, iCAFs, and apCAFs.®'? These subpopulations are dy-
namic and can transform under stimuli such as IL-1 and
TGF-B.°" The signaling crosstalk between PDAC tumor cells
and CAFs exacerbates this process. Some CAF subtypes
contribute to the immunosuppressive state in PDAC. Our
study identified an IGF1-producing CAF subtype responsive
to PDAC-derived AGR2, characterized by Wnt/B-catenin

Figure 6. Combined targeting attenuates desmoplastic reaction and normalizes immunosuppressive microenvironment
(A) Western blot analysis reveals Agr2 and Igf1 levels in PSCs isolated from wild-type mice and three mouse PDAC cell lines, highlighting the differential

expression patterns.

(B) Schematic diagram shows the therapeutic strategy of combining IGF1R inhibitor and AGR2-neutralizing antibody.

(C) ELISA and gRT-PCR analyses demonstrate Igf1 levels in PSCs co-cultured with KPC PDAC-derived organoids. The impact of treatments with the IGF1R
inhibitor (PPP; 1 uM), Agr2-neutralizing antibody (5 png/mL) alone, or their combination for 48 h is shown (n = 3 independent experiments).

(D) Western blot results display the expression levels of p-Igfir, Igf1r, c-Jun, p-c-Jun, Akt, p-Akt, Erk, p-Erk, and Agr2 in mouse PDAC-derived organoids after co-
culture with PSC cells and subsequent treatments as mentioned in (C) (n = 3 independent experiments).

(E) Representative images and quantitative analyses show the growth dynamics of PDAC organoids co-cultured with PSC cells under various treatment con-
ditions over 0, 24, 48, and 96 h (scale bars: 50 um, n = 3 independent experiments).

(F) Tumor volume comparisons in KPC mice post caerulein-induced acute pancreatitis and subsequent treatments with Agr2 antibody (4 mg/kg; intraperitoneally
[i.p.], three times per week for 2 weeks), PPP (20 mg/kg; i.p., three times per week for 2 weeks), or their combination (n = 5 for control group, n = 3 for single
treatment groups, and n = 5 for combined treatment group).

(G) ELISA quantification of Agr2, Igf1, Il-1a, Lif, GM-CSF, and II-6 in serum samples from the four groups of KPC mice underscores the systemic effects of the
treatment modalities on cytokine levels (n = 5 for control group, n = 3 for single treatment groups, and n = 5 for combined treatment group).

(H and I) Representative stained sections and quantitative statistics of H&E, Pdpn, «-SMA, collagen, Cd3, Cd4, Foxp3, B220, and Cd206-positive cells within
PDAC tumors (scale bars: 50 um, n = 5 mice per group).

(J) Representative IHC highlights CD8-positive cells in lymph nodes adjacent to the tumors (scale bars: 50 um).

p values in (C), (F), and (G) were calculated using a one-way ANOVA with a multiple comparisons test, and p values in (H) and (I) were calculated using two-tailed,
unpaired Student’s t tests. Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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pathway activation and playing an immunosuppressive role,
partially overlapping with previously defined LRRC15-positive
myCAFs."'*'® This underscores the need for further studies to
elucidate the differential impacts of these CAF subtypes on the
immune landscape and PDAC progression.

Interestingly, our in vitro assays collectively demonstrate that
secreted AGR2 primarily affects iCAF function rather than my-
CAF activity. However, when Agr2 is genetically ablated in KC
mice or neutralized in combination with IGF1R inhibition in
KPC mice, we observe a reduction in the overall desmoplastic
reaction in PDACs rather than a specific reduction in the iCAF
population. These findings align with our observations in human
samples. We propose that AGR2/IGF1-mediated crosstalk be-
tween PDAC cells and IGF1-positive CAFs plays a role in initi-
ating and sustaining the desmoplastic response. Disruption of
this crosstalk likely induces secondary effects on the local im-
mune microenvironment, contributing to the observed reduction
in the desmoplastic reaction. Similarly, while rAGR2 does not
impact CAF proliferation in vitro, we observed increased CAF
proliferation in KC; Agr2OE pancreata compared to KC pancreata
in vivo. In addition to increased CAF proliferation, KC; Agr2OE
pancreata exhibited significant alterations in tissue structures,
including organ degeneration with proliferative ADM and PanIN
lesions as well as increased immune cell infiltration. These find-
ings suggest that the increased CAF proliferation in KC; Agr2°E
pancreata likely reflects the outcome of complex intercellular in-
teractions triggered by Agr2°F in epithelial cells. These seem-
ingly discrepant in vitro and in vivo data underscore the impor-
tant role of AGR2/IGF1-mediated crosstalk in supporting tissue
homeostasis and modulating immune responses.

Fibroblasts were identified as the main source of IGF1 in the
PDAC TME, with Shh secretion stimulating CAFs to produce
IGF1 in the context of KRAS mutation.® Our data provide insights
into IGF1 signaling regulation in PDAC. AGR2 not only acceler-
ates IGF1 synthesis by CAFs but also stabilizes IGF1R, ampli-
fying the signal. Thus, intervening in AGR2 can significantly
antagonize IGF1 signaling. We generated a monoclonal neutral-
izing antibody targeting AGR2 and validated its therapeutic effi-
cacy in combination with IGF1R inhibitors in co-culture systems
of organoids and CAFs, as well as in a spontaneous PDAC ani-
mal model. This approach significantly attenuated IGF1 signaling
in the TME, alleviating tumor progression. Pathological staining
revealed a significant increase in immunoreactive cell subpopu-
lations, including T cells and B cells, following treatment. These
results suggest a promising alternative approach for targeted
PDAC therapy.

Overall, we demonstrate the crucial role of tumor cell-secreted
AGR2 in the IGF1 signaling pathway of PDAC, discovering a
strategy for targeted therapy through the combination of
AGR2-neutralizing antibodies and IGF1R inhibitors.

Limitations of the study

This study primarily focuses on AGR2/IGF1-mediated cancer-
CAF interactions within primary PDACs rather than metastatic
sites. Recent findings by Khaliq et al. highlight the substantial
heterogeneity of the TME between primary and metastatic sites,
particularly in cancer-CAF interactions, suggesting a complexity
greater than previously recognized.®® Hence, it remains uncer-
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tain whether disrupting AGR2/IGF1 paracrine and reciprocal
signaling would be equally effective in metastatic PDACs. Addi-
tionally, the exact mechanisms by which AGR2/IGF1-mediated
cancer-CAF interactions modulate the local immune TME are
not yet fully understood, and we observed species-dependent
differences. For example, more immunosuppressive M2 macro-
phages were present in human AGR2"9": |GF1"9" PDACs,
whereas this trend was not detected in murine PDACs. Further
mechanistic studies in both human and murine PDAC models
are needed to clarify these observations.
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Pierce™ BCA Protein Assay Kits Thermo Fisher Scientific Cat# AB5453
Hyperactive Universal CUT&Tag Assay Kit Vazyme Cat# TD903
Sircol Collagen Assay Kit Biocolor Assays Cat# S5000

Duo-Lite Luciferase Assay System Vazyme Cat# DD1205
Deposited data

RNA Sequencing data This paper GEO: GSE267820
Cut-tag Sequencing data This paper GEO: GSE264148

Multimodal Mapping of the Tumor and
Peripheral Blood Immune Landscape in
Human Pancreatic Cancer

Single-Cell RNA-seq Highlights Intra-
tumoral Heterogeneity and Malignant
Progression in Pancreatic Ductal
Adenocarcinoma

NCBI Gene Expression Omnibus

Genome Sequence Archive

GEO: GSE155698

PRJCA001063

Experimental models: Cell lines

Panc1 ATCC Cat# CRL-1469; RRID: CVCL_0480
Capan2 ATCC Cat# HTB-80; RRID: CVCL_0026
AsPC-1 ATCC Cat# CRL-1682; RRID: CVCL_0152
HPAC ATCC Cat# CRL-2119; RRID: CVCL_3517
Mouse PDAC cell lines: 399, 921, and 1050 Ref. *° N/A
Mouse PSCs This paper N/A
Human PDAC CAFs This paper N/A
Human PDAC organoids Dr. Maximilian Reichert, Department of N/A

Medicine Il, Klinikum rechts der Isar,

Technische Universitat Minchen
Mouse PDAC organoids This paper N/A
Experimental models: Organisms/strains
Ptf1a°7* (p48°7%) Jens T. Siveke, Division of Solid Tumor N/A

A gr2flox/ﬂox
LSL-RosaCAG-Agr2
C57BL/6J

BALB/c Nude
Ptf1 aCreERTM/+

p 53f|ox/flox

Loxp-STOP-Loxp Kras®'2P (LSL-Kras®'?P)

Translational Oncology, University Hospital
Essen, Germany

EMMA

Cyagen Biosciences
Charles River
Charles River
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Strain #EM:04307; RRID: IMSR_EM:04307
N/A

Strain #213

Strain #401

Strain #019378; RRID: IMSR_JAX:019378
Strain #008462; RRID: IMSR_JAX:008462
Strain #008179; RRID: IMSR_JAX:008179

Oligonucleotides

Primers for real-time PCR analysis, see
methods details

Primers for CHIP PCR analysis, see
methods details

Human AGR2 sgRNA, see methods details

Human B-Catenin shRNA, see methods
details

Human c-JUN siRNA, see methods details

This paper

This paper

GENECHEM
GENECHEM

HANBIO

N/A

N/A

N/A
N/A

N/A

Recombinant DNA

AGR2"T expression vector
AGR24NLS expression vector
AGR24SP expression vector

OriGene Technologies
GENECHEM
GENECHEM

Cat# RC202023
N/A
N/A
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AGR2°8'* expression vector GENECHEM N/A

GV354 luciferase vector GENECHEM N/A

GV715 luciferase vector GENECHEM N/A

Software and algorithms

GraphPad Prism V.7

IBM SPSS V.27

Integrative Genomics Viewer

R statistical software version 4.1.2
DESeq2

Rsubread

HISAT2

GraphPad Software
IBM

IGV

The R Project
Bioconductor

Bioconductor

The University of Texas Southwestern
Medical Center

https://www.graphpad.com/
https://www.ibm.com/spss
https://igv.org
https://www.r-project.org
https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html
https://bioconductor.org/packages/
release/bioc/html/Rsubread.html

https://daehwankimlab.github.io/hisat2

Bowtie 2 v2.5.4 SourceForge https://bowtie-bio.sourceforge.net/
bowtie2

Seurat v4.0 Seurat https://satijalab.org/seurat

Harmony v1.0 Harmony https://portals.broadinstitute.org/harmony

Other

Gallios flow cytometer
Agilent Bioanalyzer 4150
Novaseq 6000 Sequencer

Beckman Coulter, USA
Agilent Technologies, CA, USA
lllumina, San Diego, CA USA

N/A
N/A
N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient material and tissues

We obtained 99 PDAC tissues for immunohistochemistry analysis of AGR2 from patients who underwent pancreatic resections at
Department of Surgery, Klinikum rechts der Isar. All sample diagnoses were confirmed histologically. The cohort included 58 males
and 41 females, with a mean age of 65.46 years (range: 44-86 years). Samples were processed by either snap-freezing in liquid ni-
trogen or fixation in paraformaldehyde solution for 24 h, followed by paraffin embedding for histological analysis. In addition, serum
samples were obtained for AGR2 and IGF1 measurements from 172 PDAC patients (108 males and 64 females, mean age: 62.60
years, range: 41-91 years) from Klinikum rechts der Isar, the First Affiliated Hospital of Nanjing Medical University, and Nanjing
Drum Tower Hospital for enzyme-linked immunosorbent assay (ELISA) analysis. For a subset of patients, matched tissue samples
and serum samples were used for immunohistochemical staining of tumor microenvironment markers. Comprehensive clinical
and pathological data were collected for all patients. The use of tissue and serum samples was approved by the local ethics com-
mittee (approval number: 80/17S and 409/19S-SR), and written informed consent was obtained from patients before surgery
(Department of Surgery, Klinikum rechts der Isar, Technical University Munich). In addition, this study was also approved by the local
ethics committee of Ulm University Hospital (approval number: 264/21, Department of Surgery, Ulm University) and University Hos-
pital of Heidelberg (approval number: S-035/2024, Department of General, Visceral and Transplantation Surgery, University of Hei-
delberg), and the Nanjing Drum Tower Hospital (approval number: 2021-423-01).

Transgenic mice

Mouse breeding was conducted at a specific pathogen-free (SPF) mouse facility at the Technical University of Munich. The pancreas-
specific Cre recombinase line Ptf1a°"* (also known as p48°™/*) was a generous gift from Prof. Dr. Jens T. Siveke (Division of Solid
Tumor Translational Oncology, University Hospital Essen, Germany). The inducible Cre recombinase line specific to the pancreas
(Ptf1aCER™) | oxp-STOP-Loxp-Kras®'2P (LSL-Kras®'2P) line and the p53™"°1°* jine were all acquired from Jackson Laboratory
(Bar Harbor, USA). The Agr27¥°* line was acquired from EMMA (Munich, Germany), while mice with LSL-Rosa®‘¢*9"2 were ob-
tained from Cyagen Biosciences (Santa Clara, USA). Wild-type (C57BL/6J) mice were obtained from Charles River (Sulzfeld, Ger-
many). All mouse experiments complied with the German Federal Animal Protection Laws and were approved by the Institutional
Animal Care and Use Committees of the government of Bavaria and the Technical University of Munich under reference number
55.2-1-54-2532-197-2016. To induce Ptf1« CreERT activity, 4 mg/20 g body weight tamoxifen (T564, Sigma-Aldrich, Steinheim, Ger-
many) was orally gavaged every 48 h three times at 5 weeks of age. Acute pancreatitis in 8-week-old transgenic mice was induced by
administering caerulein as previously reported.'® Briefly, caerulein treatment (Sigma Aldrich, C9026) was administered via eight
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hourly intraperitoneal injections (20 ug/mL, 100 uL per injection) over two consecutive days, whereas control mice received injections
of 0.9% NaCl solution under the same schedule.

In vivo transplantation assays

Male BALB/c nu/nu athymic mice (CAnN.Cg-Foxn1nu/Crl) at 6 weeks of age were used to establish subcutaneous models via sub-
cutaneous injection. Briefly, mice were anesthetized using isoflurane and 1 x 10° cells resuspended with 50 mL of Matrigel were in-
jected into the subcutaneous space of the left flanks. Four weeks after injection, the mice were euthanized, and the tumor tissues
were collected and photographed. Subsequently, the tissues were fixed and subjected to the next step of pathological staining.
The study was approved by the Ethics Review Committee for Animal Experimentation at Nanjing Drum Tower Hospital under refer-
ence number 2020AE01088.

Treatment of KPC mice

Both male and female Ptf1a°*ER™: | SL_Kras®12P’+; p53ioviox (KPC) mice were treated with tamoxifen and caerulein at five weeks
and eight weeks of age. Five weeks after caerulein injection, when a tumor can be touched, KPC mice were assigned to a treatment
group: control, PPP, Agr2-Ab, or PPP and Agr2-Ab combination. PPP was administered as an oil solution at 20 mg/kg by intraper-
itoneal injection three times per week, and Agr2-Ab was administered at 4 mg/kg by intraperitoneal injection three times per week.
Mice were euthanized after 17 days of treatment and the tumor volume was measured.

Cell lines and culture

The PDAC cell lines Panc1, Capan2, AsPC-1, and HPAC were purchased from ATCC (Beijing, China). Murine PDAC cell lines
including 399, 921, and 1050 were isolated from the PDAC tissues of p48°"®*; Kras®'2®*; Tsc1~/* mice, as previously described.*°
All cells were cultured in DMEM medium (Gibco/Thermo Fisher Scientific, Darmstadt, Germany) containing 10% FBS (Gemini Bio
Products, West Sacramento, CA, US) and 1% penicillin/streptomycin (Gibco). All cell lines were tested negative for mycoplasma
every month using the MycoProbe Mycoplasma Detection Kit (R&D Systems, Minneapolis, USA). STR analysis for human cell line
authentication was performed by GENEWIZ (Suzhou, China).

METHOD DETAILS

AAV vector production and transduction

Adeno-associated viruses (AAV) of serotype 8 for overexpression of Agr2VT (AAV8-Agr2VT) and Agr2*SF (AAVS-Agr2*SF) were pro-
duced by GENECHEM (Shanghai, China) within frame of custom service. The coding sequence of the wildtype Agr2 gene (Agr2*',
GenBank accession number: NM_011783), as well as the Agr2 variant lacking the signal peptide (Agr2ASP), were amplified and sub-
sequently cloned into the GV331 vector plasmid (CMV promoter-driven Agr2VT/Agr2*S? fused to EGFP, followed by the SV40 polyA
signal) using the Afel restriction enzyme. A plasmid devoid of the Agr2 coding sequence was used as the control. In 5-week-old
p48°T*: | SL-Kras®'2P"+ (KC) mice, we conducted AAV-mediated gene transfer via intrapancreatic injection, targeting three sites
in the pancreas of each mouse with an injection volume of 5 x 10'2 viral particles per site. Three weeks post-injection, the mice
were euthanized, and their pancreata and plasma were collected.

Human and mouse PDAC-derived organoid isolation and passage

Human PDAC-derived organoids were provided by Dr. Maximilian Reichert (Department of Medicine Il, Klinikum rechts der Isar,
Technische Universitat Miinchen). The protocol of isolation and passaging is described in our previous study.'® Mouse PDAC-
derived organoids were isolated from KPC mice. In brief, the mice were euthanized and the tissue were minced into pieces of roughly
0.5 mm®. Then the tissues were digested with collagenase Il in DMEM/F12 for 45 min at 37°C. After washing, the cells were resus-
pended using basement matrix (Corning, New York, USA), seeded in 24-well plates and incubated for 5-10 min at 37°C or until the
basement matrix is solidified.

Isolation of human CAFs

Human primary CAFs were isolated from PDAC tissues by the outgrowth method as previously described.“® Briefly, PDAC tissues
were obtained during surgery from patients with untreated resectable PDAC, and then minced into small pieces (0.5-1 mm®) and
cultured in DMEM/F12 supplemented with 10% FBS and 1% penicillin-streptomycin. After approximately 2 weeks, fibroblasts
migrated from the fragments of the tissue, were trypsinized and transferred to culture flasks for expansion. The isolated cells
were confirmed to be CAFs by detecting markers of pan-fibroblast (COL1A1, COL1A2 and PDPN) and macrophages (CD68) by
RT-PCR, and by detecting KRAS Exon2 by sanger sequencing to rule out carrying KRAS mutations. AsPC-1 cells were used as con-
trol for these tests. All functional assays of CAFs were performed before passage 6.

Isolation of mouse PSCs

Mouse PSCs were isolated from the murine pancreas by the density gradient method as described.*" Briefly, C57BL/6 mice were
euthanized and the pancreatic tissue was separated and cut into small pieces, and placed in a digestive solution (0.05% collagenase
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P, 0.1% DNase I, GBSS buffer) for digestion for 30 min. The digested tissue was filtered through a 100 um strainer, washed, centri-
fuged to obtain cell pellets, and then resuspended in 47.5% Histoden Z. The top solution (GBSS buffer containing 0.3% BSA) was
carefully added to the upper layer of the resuspension, and then centrifuged with slowly switched off. Cells were harvested from the
fuzzy band in the middle layer, washed and cultured in DMEM/F12 supplemented with 10% FBS and 1% penicillin-streptomycin.

Co-culture of tumor organoids and CAFs/PSCs

PSCs or CAFs at a concentration of 1 x 10° were seeded in Matrigel on top of the trans-well membrane with organoids growing in the
lower compartment in 24-well plates. After starvation with serum-free DMEM for 12 h, PSCs or CAFs in the upper chamber were co-
cultured with the organoids below. AGR2 antibodies and picropodophyllin (PPP, Cat# S7668, Selleck, Munchen, Germany) were
added to the co-culture system. The morphology of the organoids was photographed and collected in 5 random fields of view at
24, 48, 72, and 96 h of co-culture, and the area occupied by the organoids in each field was measured. After 48 h of co-culture,
RNA was extracted from the CAFs/PSCs in the upper chamber for RT-PCR analysis, proteins were extracted from the organoids
in the lower chamber for immunoblotting analysis, and the culture medium was collected for ELISA analysis.

AGR2 knockout cell lines

To achieve knockout of AGR2 in Panc1, Capan2, AsPC-1 and HPAC cells, lentiviral CRISPR/Cas9 was purchased from GENECHEM
(Shanghai, China) and were then infected into PDAC cells. The gRNA sequences targeting AGR2 were 1st-CTTGATGATTATTCAT
CACT; 2nd-CTCTATATAAATCCAAGACA. In brief, PDAC cells were cultured at 60% confluence in a 6-well plate, transfected with
lentivirus, and selected with puromycin (Sigma Aldrich, P8032). Subsequently, single clone cell lines with AGR2 knockout were ob-
tained using a limited dilution method.

shRNA and siRNA knockdown studies

To silence endogenous c-JUN and B-Catenin expression in PDAC cells or CAFs, we utilized siRNA targeting human c-JUN provided
by HANBIO (Shanghai, China) and lentivirus producing shRNA targeting human B-Catenin mRNA provided by GENECHEM
(Shanghai, China) with the hU6-MCS-CMV-Puromycin as the viral vector. The siRNA targeting c-JUN was 5'-GCAAACCUCAGCAA
CUUCATT-3'. The sequences targeted by the shRNA for B-Catenin were as follows: sh-B-Catenin#1, 5-GCTTGGAATGAGACTGCT
GAT-3, sh-B-Catenin#2, 5'- AGGTGCTATCTGTCTGCTCTA-3', sh-B-Catenin#3, 5'-CCATTGTTTGTGCAGCTGCTT-3". In summary,
PDAC cells or human CAFs were seeded in a 6-well plate at 60% confluence. After 24 h, the cells were transduced with a multiplicity
of infection (MQI) of 100. To establish stably transfected cells, cells were continuously cultured with 2 pg/mL puromycin. The effi-
ciency of gene knockdown was assessed using qRT-PCR and Western blot.

Plasmid generation

Human wild-type AGR2 expression vector (AGR2"YT, RC202023) was purchased from OriGene Technologies (Beijing, China). And
AGR22NES, AGR22SP and AGR2°%' were generated by GENECHEM (Shanghai, China) based on the wild-type vector as our previous
study described.® In order to prevent overexpression of AGR2 in AGR2-knockout PDAC cells from being recognized by sgRNA, we
performed synonymous mutations on the recognition site of sSgRNA#1.

ELISA assay

The concentrations of cytokines in culture media or human/mouse serum were detected using Quantikine ELISA kits (R&D Systems,
Minneapolis, US) directed toward human IGF-1 (#DG100B) and human AGR2 (#NBP2-78743), and toward mouse IGF-1 (#MG100),
IL-1a (#MLAOQO), IL-6 (#M6000B), LIF (#MLF00) and GM-CSF (#MGMO00) according to the manufacturer’s instructions.

Western blot

Total protein was extracted using RIPA Lysis, and subcellular fractions protein was extracted as mentioned above. Equivalent
amounts of protein were separated by SDS- PAGE and transfected to PVDF membranes. Then the membranes were incubated
with primary antibodies and secondary antibodies labeled with horseradish peroxidase, visualized using Immobilon ECL Ultra West-
ern HRP Substrate (#WBULP-100ML, Millipore/Merck, Darmstadt, Germany).

Flow cytometry analysis

To detect the distribution of IGF1R on the cell membrane surface, flow cytometry was performed. Briefly, AGR2 knockout and control
pancreatic cancer cells were trypsinized, harvested and incubated with IGF1R antibody or IgG antibody. Goat anti-rabbit Alexa Fluor
488 was used for further fluorescent labeling, and cells were then detected by flow cytometry. To determine the effect of rAGR2 on
the proliferation of CAFs, CytoTrackTM Red (Bio-Rad, Minneapolis, USA) was used to label the CAFs with or without rAGR2 treat-
ment for 24 h (500 ng/mL). Flow cytometry analysis was performed using a Gallios flow cytometer (Beckman Coulter, USA).

Luciferase reporter assay

Reporter plasmids with different lengths of the AGR2 promoter (position-2988~+12, —2160~+12, —1988~+12-1068~+12 relative to
the transcription initiation site) were constructed and cloned into the GV354 luciferase vector in GENECHEM (Shanghai, China),
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which expresses both the firefly and renilla luciferase gene. Additional mutant of the —1068~+12 construct of the AGR2 promoter
was also generated (position-384~-397). Additionally, reporter plasmids for the wildtype and mutant (position-1611~-1625,
—1437~-1451, —1063~-1077, —1026~-1040, —861~-875 and —662~-676 relative to the transcription initiation site) IGF1 promoter
were constructed and cloned into the GV715 luciferase vector, also provided by GENECHEM (Shanghai, China), which specifically
expresses the firefly luciferase gene. All constructs were validated through sequencing. PDAC cells or CAFs were seeded in a 24-well
plate and transfected 24 h later using Lipofectamine 3000 with 100 ng of the reporter construct, or an empty vector (GV354 or GV715)
as a negative control. Following treatment, luciferase activity was assessed using the Duo-Lite Luciferase Assay System (#DD1205,
Vazyme, Nanjing, China).

Immunohistochemistry and immunofluorescence staining of tissue

Mice and human tissues were fixed in 4% paraformaldehyde (PFA) for 24 h, then embedded in paraffin and sliced into sections with a
thickness of 2 um. The tissue sections were subjected to a heat treatment at 60°C for 1 h, followed by deparaffinization in roti-clear
solution and rehydration in a series of ethanol solutions. Antigen retrieval was carried out using either citrate buffer (pH 6.0; 10 mM
citric acid; 0.05% Tween 20) or Tris/EDTA (pH 9.0; 10 mM Tris; 1 mM EDTA; 0.05% Tween 20) in a microwave oven for 15 min. To
block endogenous peroxidases, the sections were incubated in 3% hydrogen peroxide, and nonspecific reactivity was blocked using
10% goat serum. Subsequently, the sections were incubated with the primary antibody overnight at 4°C. For immunohistochemistry
(IHC), the sections were then incubated with horseradish peroxidase-linked secondary antibodies against rabbit or mouse for 1 h at
room temperature, followed by a color reaction using diaminobenzidine and counterstaining with hematoxylin. The sections were
dehydrated and mounted after this process. For immunofluorescence (IF) staining, the sections were incubated with fluores-
cence-labeled secondary antibodies for 1 h at room temperature and mounted using a mounting medium containing DAPI. For quan-
titative IHC staining, we used H-Scores to calculate stromal-related staining (z-SMA, PDPN, IL-6 and Sirius Red). Briefly, the staining
intensity (ranked from 0 to 3) and staining area (percentage) were evaluated separately, and then the two were multiplied to obtain
H-scores. For IHC assessment of immune cells (CD3, CD4, CD8, FOXP3, CD68, CD206, CD20, B220 and F4/80), the numbers of
positive cells/mm? were calculated.

If staining of cells

The cells were seeded in glass bottom dishes (#150680, Thermo Fisher Scientific, Darmstadt, Germany) at approximately 60%
confluence. Once the cells adhered to the dish, they were fixed with 4% PFA and washed with PBS. Subsequently, the cells were
permeabilized with 0.1% Triton X-100 and blocked in 10% FBS for 2 h. Following this, the cells were incubated with primary anti-
bodies at 4°C overnight, and then with secondary antibodies and DAPI for 1 h at room temperature. Finally, cells were visualized
by a fluorescence microscope (Olympus, Tokyo, Japan).

qRT-PCR

Total RNA from cells or organoids is isolated using RNeasy Kit (#74104, QIAGEN, Hilden, Germany), and cDNA was synthesized using
RevertAid First Strand cDNA Synthesis Kit (#K1622, Thermo Fisher Scientific, Darmstadt, Germany) according to the manufacturer’s
instructions. Then, SYBR Green Master Mix (#A46110, Applied Biosystems/Thermo Fisher Scientific) was applied for two-step real-
time RT-PCR analysis using the LightCyclerTM480 system. The results were quantified using the 2"(delta)(delta)CT method with
housekeeping gene Gapdh as the control gene for internal normalization. Primers list: IGF1R (forward: 5'-AGTATGGAGGGGC-
CAAGCTA-3’; reverse: 5'- CCTGTTTTGGCCTGGACATAG-3'), AGR2 (forward: 5'- TCAACTCTGGCCAGGAACTC-3'; reverse: 5'-
TACTTGCCAGAGGCTTTCCC-3'), IGF1 (forward: 5- TTTCAACAAGCCCACAGGGT-3’; reverse: 5'- TTGAGGGGTGCGCAATA
CAT-3), IL-6 (forward: 5'- ACTCACCTCTTCAGAACGAATTG-3'; reverse: 5'- CCATCTTTGGAAGGTTCAGGTTG-3'), CFD (forward:
5'-GACAGCTGCAAGGGTGACTC-3'; reverse: 5'-GCTTCTTGCGGTTGCCG-3'), CCL2 (forward: 5'-CATGAAAGTCTCTGCCGCCC-
3'; reverse: 5'-GGGCATTGATTGCATCTGGCT-3'), MYL9 (forward: 5'- GCTCGGCTGAAACTCCTCAT-3'; reverse: 5'-CCTTATGA
CCCTGGTGTCGG-3'), ACTA2 (forward: 5-GAGGGAAGGTCCTAACAGCC-3'; reverse: 5-GTCCCGGGGATAGGCAAAGT-3'),
CTGF (forward: 5'-ACCGACTGGAAGACACGTTTG-3'; reverse: 5'-CCAGGTCAGCTTCGCAAGG-3'), GAPDH (forward: 5'-TCCAAA
ATCAAGTGGGGCGA-3'; reverse: 5-AAATGAGCCCCAGCCTTCTC-3'), Igf1 (forward: 5-CTGGACCAGAGACCCTTTGC-3'; reverse:
5'-GGACGGGGACTTCTGAGTCTT-3'), ll-1a. (forward: 5-AGGGAGTCAACTCATTGGCG-3'; reverse: 5-ACTTCTGCCTGACGAGCTTC-
3), -6 (forward: 5-CTGCAAGAGACTTCCATCCAGTT-3’; reverse: 5-GAAGTAGGGAAGGCCGTGG-3), Lif (forward: 5-AACT
GGCACAGCTCAATGG-3'; reverse: 5-AGGCGCACATAGCTTTTCC-3)), Ctgf (forward: 5-TGTACGGAGACATGGCGTAA-3'; reverse:
5'-GTGGGATAGTTCCTCCCACG-3), Tgf-g1 (forward: 5'-GCCTGAGTGGCTGTCTTITG-3'; reverse: 5-GGGGCTGATCCCGTTGA
TTT-3), Acta2 (forward: 5-TGCAGAAGACCTGGCCTCTA-3’; reverse: 5-GTGCCAGCAAAGGTCAGAGA-3'), Gapdh (forward:
5-AGGTCGGTGTGAACGGATTTG-3'; reverse: 5'-TGTAGACCATGTAGTTGAGGTCA-3/).

Protein extraction from subcellular fractions

The nuclear and cytoplasmic extraction from CAFs was performed using the Nuclear and Cytoplasmic Protein Extraction Kit (#P0027,
Beyotime, Shanghai, China). The membrane and cytosol extraction from PDAC cells was performed using the Membrane and
Cytosol Protein Extraction Kit (#P0033, Beyotime Biotech Inc, Jiangsu, China). Subsequently, immunoblot analysis was carried
out using the protein extracted from subcellular fractions.
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Chromatin immunoprecipitation (CHIP) qPCR

Control or IGF1-treated Panc1 or Capan2 cells (1 x 105 each were used for CHIP assays using the EZ-Magna ChIP A/G Chromatin
Immunoprecipitation Kit (#17-10086, Millipore, Darmstadt, Germany) following instructions provided by the manufacturer. Anti-lgG
and anti-c-JUN antibodies were used to immunoprecipitate chromosome fragments. The immunoprecipitated DNA was used as a
template for gqPCR. The primers sequences are available as follows: forward: 5- CTGTGCCAGCTCTAGCCAAA-3’; reverse:
5-GGTGGGATTGAGGTATGCCC-3'.

Co-immunoprecipitation

For co-IP, tissues or cells were lysed in Pierce IP lysis buffer (#87787, ThermoFisher Scientific, Darmstadt, Germany) containing pro-
tease and phosphatase inhibitors. The lysates were then centrifuged at 12,000x rpm for 15 min. Protein concentrations were deter-
mined using a BCA kit (#A65453, Thermo Fisher Scientific), and equal amounts of protein were incubated with specific antibody over-
night at 4°C with rotation. Afterward, 100 uL of pre-washed Pierce Protein A/G Agarose (#20421, ThermoFisher Scientific) were
added and further incubated with rotation for 2 h at room temperature. The beads were then washed five times with 0.5mL of IP
Buffer, and SDS loading buffer was added to the samples. Following a 10-min incubation at 95°C, the samples were subjected to
SDS-PAGE and subsequently analyzed by Western blot.

Transwell assay

For transwell analysis, 50,000 CAFs resuspended in serum-free DMEM were seeded in the upper chamber and DMEM medium with
20% FBS was added in the bottom chamber. After culture for 24 h, cells were fixed with 4% paraformaldehyde and stained with 1%
crystal violet. Cells were imaged and counted using a microscope and a 20x magnification.

RNA sequencing

For RNA sequencing of PDAC cells (Capan2 and Panc1) and human CAFs total RNA was extracted from PDAC cells and CAFs using
the RNeasy Kit (#74104, QIAGEN, Darmstadt, Germany) and RNA integrity was assessed using an Agilent Bioanalyzer 4150 (Agilent
Technologies, CA, USA). Only qualified samples were used for library construction. Paired-end libraries were prepared and
sequenced on a Novaseq 6000 sequencer (lllumina, San Diego, CA, USA), generating 150 bp paired-end reads. Clean reads were
aligned to the reference genome with HISAT2 in orientation mode, and FeatureCounts was used for read counting per gene.
FPKM was calculated based on gene length and mapped read count. Differential expression analysis was performed using DESeq2,
defining significantly differentially expressed genes as those with | log2FC | >1 and Padj <0.05.

Cut&Tag sequencing

Control or IGF1-treated Panc1 cells at a concentration of 5 x 10* were submitted for Cut&Tag analysis. c-JUN antibody was used to
purify DNA fragments that bind to c-JUN. Libraries were constructed using the Hyperactive Universal CUT&Tag Assay Kit from lllu-
mina (#TD903, Vazyme, Nanjing, China) according to the manufacturer’s protocol and sequenced on an lllumina NovaSeq6000 plat-
form in paired-end reads. Paired-end reads were aligned with Homo sapiens. GRCh38 genome using Bowtie2. Mapped reads were
visualized using the Integrative Genomics Viewer (IGV).

Detection of collagen in culture medium
The Sircol Collagen Assay Kit (#S5000, Biocolor Assays, Carrickfergus, UK) was used to detect the collagen concentration in culture
medium according to the manufacturer’s protocol.

Construction of AGR2 neutralizing antibody

The construction process of monoclonal AGR2-neutralizing antibodies took place at Abcam (Shanghai, China). In brief, rabbit Fc-
tagged AGR2 protein was expressed in HEK293T cells and purified. The purified AGR2 protein was then used for the immunization
of three rabbits, with each rabbit receiving 4-5 injections. Subsequently, splenectomies were performed to isolate lymphocytes, en-
riching for B cells with antigen-specificity. B-cell fusion and clone selection were carried out using the "straight to clone" method. The
supernatant of hybridoma cells was utilized for antigen binding selection based on ELISA and Western blot methods to obtain the
most specific clones, followed by sequencing of these cloned cells. Then, the synthesis of variable heavy and variable light chain
DNA was performed, and the cDNA was cloned into a commercially available human Fc vector (human IgG1). The expression
construct was validated by testing the expressions of the recombinant antibody. To obtain AGR2 monoclonal neutralizing antibodies,
production and purification of the clone were expanded.

Single cell data analysis

We analyzed single-cell RNA-seq data using R statistical software (version 4.1.2, Vienna, Austria) along with the Seurat v4.0 and Har-
mony v1.0 toolkits. The datasets were obtained from GEO: GSE155698 in the Gene Expression Omnibus (GEO) and PRJCA001063 in
the Genome Sequence Archive (GSA), both publicly available. We filtered out cells with fewer than 200 genes detected or mitochon-
drial gene expression above 10% and genes detected in <3 cells were also eliminated. The original data was then normalized using
the LogNormalize function (features = 3,000) and the Harmony function (max.iter.harmony = 20) from the Seurat package.
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Dimensionality reduction was performed using principal component analysis (PCA), and the resulting data were visualized using Uni-
form Manifold Approximation and Projection (UMAP) with the Seurat package in R. To identify distinct cell populations, we utilized the
FindClusters function within the Seurat package, applying a graph-based clustering algorithm with a resolution parameter set be-
tween 0.05 and 0.25. For visualization of candidate genes, dot plots and violin plots were generated using the dotplot function
and the VInPlot function, respectively, from the Seurat package. Lastly, we used a volcano plot to illustrate the differential expression
of significant genes between IGF1-positive and negative cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using either GraphPad Prism V.7 software (GraphPad, San Diego, CA, USA) or IBM SPSS V.27
software (IBM, New York, USA). The data are reported as means + standard deviation (s.d.), and significant differences were deter-
mined using the unpaired Student’s t test, one-way analysis of variance (ANOVA), or Pearson’s chi-square test. Kaplan-Meier survival
analysis was employed for all survival studies, with group comparisons made using the log -rank test. A p value <0.05 was considered
as statistically significant. For animal studies, the sample size was predetermined by our prior experiments. Statistical details of ex-
periments were described in Figure Legends.
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