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Regulatory T cell depletion alters the tumor microenvironment
and accelerates pancreatic carcinogenesis.
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Abstract

Regulatory T cells (Tregs) are abundant ion human and mouse pancreatic cancer. To understand
the contribution to the immunosuppressive microenvironment, we depleted Tregs in a mouse
model of pancreatic cancer. Contrary to our expectations, Treg depletion failed to relieve
immunosuppression, and led to accelerated tumor progression. We show that Tregs are a key
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source of TGF g ligands and, accordingly, their depletion reprogramed the fibroblast population,
with loss of tumor-restraining, smooth muscle actin-expressing fibroblasts (myCAFs). Conversely,
we observed an increase in chemokines Cc/3, Ccl6, and Ccl8leading to increased myeloid cell
recruitment, restoration of immune suppression and promotion of carcinogenesis, an effect that
was inhibited by blockade of the common CCL3/6/8 receptor CCR1. Further, Treg depletion
unleashed pathological CD4* Tcell responses. Our data points to new mechanisms regulating
fibroblast differentiation in pancreatic cancer and supports the notion that fibroblasts are a
heterogeneous population with different and opposing functions in pancreatic carcinogenesis.

Keywords

Pancreatic Cancer; Pancreatic Intraepithelial Neoplasia; Regulatory T cells; Immunosuppression;
Fibroblast; Myeloid cell; Tumor Associated Macrophage; C-C motif Chemokine Ligands; C-C
Motif Chemokine Receptor 1; CyTOF

Introduction

Pancreatic ductal adenocarcinoma (PDA) is one of the deadliest human malignancies with a
5-year overall survival rate of ~9% (1). PDA and its most common precursor lesions,
Pancreatic Intraepithelial Neoplasia (PanIN), are characterized by an extensively fibrotic
microenvironment, which includes abundant infiltrating immune cells. Success in targeting
the pancreatic cancer microenvironment has been inconsistent, and immunotherapy
approaches such as immune checkpoint inhibition have largely failed (2,3).

Oncogenic mutations are prevalent in pancreatic cancer (4-6) and are present with high
frequency in precursor lesions (7). Mouse models genetically engineered to express
oncogenic Kras in the pancreas —known as KC mice- develop PanIN lesions that progress to
invasive cancer over time (8,9). The formation of PanIN is accompanied by infiltration of
suppressive immune cells (10), while cytotoxic CD8* T cells are rare. Among these,
myeloid cells are present in high abundance in the microenvironment, including both
macrophages and myeloid derived suppressor cells/immature myeloid cells (10-16).

This immune suppression is functionally important, as activation of a CD8* T cell mediated
immune response is sufficient to block the onset of carcinogenesis (17-19) or induce tumor
regression (11,18,20-22). Genetic elimination of CD4" T cells results in the activation of
CD8* T cells and consequently prevents PanIN progression (17). Similarly, depletion of
Th17 cells, a CD4* T cell subset, inhibits pancreatic carcinogenesis (23). Further, analysis of
long-term pancreatic cancer survivors reveal that anti-tumor T cells persist in their peripheral
blood years after the initial diagnosis, further supporting the notion that activation of an anti-
tumor immune response might be effective (24). However, our limited understanding of the
mechanisms underlying immune suppression in pancreatic cancer limits our ability to
translate these findings to the clinic.

Regulatory T cells (Tregs), defined as CD4*CD25*Foxp3™ T cells, accumulate in mouse and
human PanIN and pancreatic cancer (10,17,25). Moreover, Treg frequency positively
correlates with tumor metastasis and poor prognosis in human PDA patients (26,27).
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Depletion of Tregs has been tested in a model of transplanted pancreatic cancer in mice,
where it led to a CD8* T-cell mediated anti-tumor immune response (21). However, the role
of Tregs during the onset and progression of pancreatic cancer, as well as in spontaneous
invasive tumors, had not been investigated, and is the focus of our study.

Regulatory T cells are abundant in human PanIN and pancreatic cancer

To study the relative abundance of Tregs, myeloid cells and CD8* T cells in human
pancreatic cancer, we performed Cytometry by Time-of-Flight (CyTOF) analysis. We
included 3 surgical samples from Whipple resections and 2 endoscopic ultrasound-guided
core needle biopsy samples. High-dimensional analysis using FlowSOM-viSNE (28,29)
revealed the presence of a CD45*CD3*CD4+*CD25" Treg population and several subsets of
myeloid cells in each sample (Fig 1A and S1A) while CD8* T cells were rare (Fig. 1A and
S1A). To determine the localization of immune cells within the tissue, we have recently
optimized the use of fluorescent multiplex immunohistochemistry system (Opal Multiplex
IHC, PerkinElmer) for tumor immunophenotyping (30). Using this platform, we stained 39
human pancreatic cancer samples, 37 PanIN samples, and 52 adjacent normal or chronic
pancreatitis samples —a non-cancerous inflammatory condition of the pancreas. Out of 52
chronic pancreatitis samples, only 14 had measurable Tregs (defined as CD3* CD8~
FoxP3™). In contrast, Tregs were present in most of the tumor samples and often observed in
close proximity of the tumor cells (Fig. 1B and S1B); their abundance positively correlated
with macrophages in the same tissue (Fig. S1C) and —with two exceptions— with CD8* T
cells (Fig. S1C). Interestingly, Tregs were abundantly present in the PanIN samples as well,
possibly indicating a role during the early stages of carcinogenesis (Fig. 1B, S1D and S1E).
Similarly, in PanIN-bearing Kras*/LSL-G12D:ptf13+/Cre (KC) mice (8) we observed abundant
Treg infiltration by Foxp3 immunostaining (Fig. 1C). To further characterize the Treg
population, we performed single cell sequencing analysis of spontaneous PanIN lesions in
iKras* mice (31), and iKras*;p53* (32) pancreatic cancer cells orthotopically transplanted in
syngeneic mice. In both experimental systems, we detected a cell population co-expressing
Cd4, Cyrtotoxic T-lymphocyte associated protein 4 (Ctlad), Foxp3and Interleukin-2 receptor
alpha (112ra), (Fig. 1D and Fig. S1F). Similarly, in human samples (data not shown), Foxp3
was co-expressed with CTLA4 and /L2RA, thus in bona fide Tregs [for a review of Treg
classification, see (33)],

Treg depletion accelerated pancreatic carcinogenesis.

To study the effect of Treg depletion on the formation of PanIN, we generated Kras
+ILSL-G12D ptf14*/Cre; Foxp3tM3(DTRIGFP)AYT (K C:Foxp3PTR) mice (Fig. 2A) (8,34). In these
animals, Tregs can be depleted at will by administering diphtheria toxin (DT). During tissue
homeostasis, Tregs play an important role in regulating the activity of the immune system
and preventing autoimmune disease (34). Accordingly, depletion of Tregs for 3 weeks,
starting at 4-5 weeks of age (Fig. 2B) in Foxp3PTR mice led to systemic inflammation
shown by hypertrophy of the lymphoid organs, such as increased spleen to body weight ratio
(Fig. 2C, Foxp3PTR mice). In Foxp3PTR pancreata, Treg depletion resulted in acinar cell
loss (Fig. 2D) and pancreatitis with distinct histologic changes such as acinar-ductal
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metaplasia (ADM) —de-differentiation of acinar cells to duct-like cells (Fig. 2D, E)- and
elevated immune infiltration (see immunostaining for CD45 in Fig. S2A) with characteristic
presence of CD138* plasma cells (Fig. S2B). In KC;Foxp3PTR mice, Treg depletion led to
increased spleen to body weight ratio, as well as increased pancreas to body weight ratio, a
measure of tumor burden (Fig. 2C). As expected, KC pancreata had sparse lesions,
consistent with their young age (Fig. 2D histopathological quantification and Fig. 2E). In
contrast, Treg depletion in KC;Foxp3PTR mice presented with extensive ADM and PanIN
(Fig. 2D-E and S2A, PAS staining), as well as abundant immune cell infiltration (Fig. S2A).

We reasoned that the pancreatitis caused by Treg depletion synergized with oncogenic Kras
to promote PanIN formation as shown in other experimental models of pancreatitis (35-40).
We then modified the experimental design to address the role of Tregs in pre-existing PanIN.
We administered Caerulein (a cholecystokinin agonist) by 8 hourly intraperitoneal injections
for one day to induce acute pancreatitis in 6-week old KC and KC;Foxp3PTR mice.
KC;CD4™~ mice were included as an additional control, as we have previously shown that
lesions in CD4 ablated animals fail to progress because of productive anti-tumor immunity
(17). The mice were allowed to develop PanIN lesions for 8 weeks post caerulein treatment
and then received DT for 10 days or 3 weeks (Fig. 2F). The two cohorts showed a similar
phenotype. Following this treatment, KC;Foxp3PTR mice had increased pancreas/body ratio
compared with either KC or KC;CD4~/~ mice (Fig. 2G). Histological analysis of the
pancreata showed acinar areas with interspersed lesions in KC and KC;CD4~/~ mice. In
contrast, KC;Foxp3PTR mice had widespread lesions that almost completely replaced the
pancreas parenchyma (Fig. 2H-1 and S2C).

Treg depletion alters the fibroblast populations in PanIN lesions.

PanIN lesions, like pancreatic cancer, are surrounded by a fibrotic microenvironment.
Accordingly, a-smooth muscle actin (SMA) staining of KC pancreata revealed characteristic
areas of SMA™ cells surrounding the epithelial lesions (Fig. 3A and B). Intriguingly, lesions
in KC;Foxp3PTR pancreata lacked SMA expression, whether carcinogenesis was or was not
accelerated by the induction of pancreatitis (Fig. 3A and B), while immunostaining for the
fibroblast marker PDGFR appeared unchanged (Fig. 3B). We then counted PDGFRB* cells
and SMA™ cells in KC and KC;Foxp3PTR pancreata, and calculated their ratio. The data
revealed no change in total fibroblast numbers, but a reduction in SMA* fibroblasts, a
finding that is consistent with reprogramming of the fibroblast population (Fig. 3B).
Consistent with the immunostaining data, a-SMA (Acta2) mRNA expression was lower in
KC:Foxp3PTR compared to KC pancreata. Extracellular matrix (ECM) genes such as
Collagen Type I (Coll) and Fibronectin 1 (Fnl), as well as genes related to fibroblast
activation and ECM synthesis such as Transforming growth factor p1 ( Tgf31) and
Connective tissue growth factor (Ctgf) were also down-regulated in KC;Foxp3PTR compared
to KC pancreata (Fig. 3C). We identified the cellular source of 7g731 and putative
responsive cells expressing the 7gfB receptors by single-cell RNA sequencing of mouse
PanIN and pancreatic cancer. 7gfb1 was expressed by both epithelial cells and T cells,
including Tregs. Conversely, the three 7g#3 receptors were expressed in the majority of
fibroblasts, as well as a subset of epithelial cells (Fig. 3D). Supporting these findings, TCGA
database (https://www.chioportal.org/datasets) analysis revealed a positive correlation
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between a Treg signature and expression of ACTAZ and TGFB signaling genes in human
tumors (Fig. S1G-I). SMANIN fibroblasts define the “myofibroblastic CAFs” (myCAFs)
population of cancer-associated fibroblasts, a phenotype that is driven by 7g75 (41,42). Our
data is consistent with the notion that Tregs are a source of 7g#B3and drive myCAF
differentiation of fibroblasts.

Immunosuppressive myeloid cells increase upon Treg depletion.

We then set out to determine the effect of Treg depletion on the immune microenvironment.
To compare the immune infiltration among different groups, we devised a protocol that
would result in a similar lesion load in the different genotypes, namely KC, KC;CD4™/~ and
KC;Foxp3PTR In brief, adult mice received 8 hourly caerulein injections in a day. Eight
weeks later, they were treated with DT for 1 week and then harvested for histology and flow
cytometry (Fig. 4A and S2D). PanIN lesions in mice lacking CD4* T-cell regress over time
ina CD8* T cell-mediated manner (17). Consistently, KC;CD4~/~ mice had increased CD8*
T cells and increased Interferon y (IFNvy) expressing CD8* T cells compared to KC mice
(Fig. 4B). In contrast, in KC;Foxp3PTR pancreata we observed only a modest increase in
CD8* T cells and no change in IFNy*;CD8* T cells compared to KC mice. In contrast, we
observed an overall increase in immune cells (CD45%) and an increase in CD4™ T cells, as
well as the expected loss of FoxP3* cells. These data indicated that little/no productive
immune response was elicited, notwithstanding the depletion of Tregs. By flow cytometry,
total myeloid cells (CD11b™) and macrophages (CD11b*F4/80%) (% of total cells) trended
towards an increase, while immature myeloid cells/myeloid-derived suppressor cells
(MDSCs) (CD11b*Ly6C*Ly6G*F4/807) were elevated in KC;Foxp3PTR and KC;CD4™/~
pancreata compared to KC (Fig. 4C). Immunostaining of KC and KC;Foxp3PTR pancreas
tissue showed an increase in CD8* T cells in proximity of the lesions, but we also observed
a comparable increase in F4/80* macrophages in those areas (Fig. S2E). Myeloid cells have
a known immune suppressive function (11,13,18), thus we hypothesized that an increase in
their number or suppressive potential might explain the difference in phenotype between
Treg depletion and CD4 elimination during pancreatic carcinogenesis.

To assess the changes in the myeloid compartment upon Treg depletion, we performed a
comparative transcriptomic analysis of the myeloid cells (DAPI"EpCAM~CD45*CD11b™)
sorted from KC and KC:Foxp3PTR tumors (Fig. 4D). The RNAseq results, including
Principal Component Analysis (PCA) plot and a volcano plot, illustrating differential gene
expression in myeloid cells are shown in Fig. S3A and B. Interestingly, we detected an
increase in Argl, Chi3I3 (also known as Ym1), Retnla and Programmed cell death 1 ligand
2 (Pdcd1lg2) expression in myeloid cells derived from KC;Foxp3PTR pancreata, while
Interleukin-1 (1/7) g was down-regulated (Fig. 4E). Further, we observed an increase in
Arginasel and Chil3I3 expression —markers of tumor associated macrophages (TAM) with
immunosuppressive function (43,44)- in both fibroblasts and macrophages (Fig. S2E). By
flow cytometry, we observed that cell surface Programmed death-ligand 1 (PD-L1) protein
expression was elevated in TAMs (CD457CD11b*F4/80%), epithelial cells (CD45"EpCAM™)
and fibroblasts (CD45"EpCAM~PDGFRa*) in KC;Foxp3PTR compared to KC pancreata
(Fig. 4F). Taken together, our data indicates that a compensatory immunosuppressive
program is activated upon Treg depletion in mice bearing PanIN lesions.

Cancer Discov. Author manuscript; available in PMC 2020 September 01.
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The changes in expression of individual genes could be explained either by gene expression
changes across the entire myeloid population, or by changes in the composition of cells
types within the myeloid population. To evaluate these possibilities, we proceeded to
immunophenotype our samples by CyTOF with 16 validated antibodies (Table S1). viSNE
analysis suggested there were at least 11 different populations in our dataset (Fig. 5A, B and
Fig. S3C) and FlowSOM analysis with supervised hierarchical clustering identified 21
separate populations (Fig. 5C). Among these, we identified multiple myeloid
subpopulations, including monocytic myeloid-derived suppressor cells (Ly6C*),
granulocytic MDSCs (Ly6G™), infiltrating monocytes (CD11b*), and macrophage/dendritic
cell subsets (F4/804iM+ and CD11c™, respectively). Interestingly, we found that both the
monocyte/MDSC and macrophage subpopulations could be further divided based on the
intracellular expression of arginase 1 (population 5 versus 6 and populations 15-18 versus
19-21). When we analyzed the frequency of each subpopulation in the KC versus
KC:FoxP3PTR mice, we found a consistent increase in the frequency of Argl™ myeloid
subsets after Treg depletion (Fig. S3D). By flow cytometry, we found that the percentage of
CD2067iNOS™ classically activated macrophages remained unchanged, while,
CD206™Arg1* macrophages increased more than 8-fold upon Treg depletion (Fig. 5D),
compared to KC control. More interestingly, we found a non-immune cell population
(CD45-CD11b*)—possibly a subset of stromal fibroblasts— also expressed higher level of
Argl in KC;Foxp3PTR pancreata upon Treg depletion (Fig. 5E). Therefore, Treg depletion
resulted in compensatory increase in a prevalently myeloid-driven immune suppression
program.

Treg depletion results in compensatory immune suppression in late-stage disease.

Treg depletion was recently reported to induce anti-tumor immune responses and inhibit
tumor growth in a transplantation model of pancreatic cancer (21). We thus reasoned that
either the stage of disease (onset vs advanced disease) or different models (spontaneous vs
transplanted tumors) explained the divergent findings. To investigate this apparent
inconsistency, we implanted a KPC (PtflaCre; LSL-Kras; P53R172H/*) (45) pancreatic
cancer cell line (7940B) (46) orthotopically into syngeneic C57BL/6 Foxp3PTR mice and
depleted Tregs 11 days later (Fig. S4A). At harvest (day 20) we observed smaller tumors in
the Foxp3PTR cohort (Fig. S4B), and an increase in the expression of CD8" T cell activation
markers /fny, Granzyme B (Gzmb)and Perforin (Prf1) (Fig. S4C). Consistent with
activation of anti-tumor immunity, concurrent depletion of CD8* T cells partially rescued
tumor growth (Fig. S4B). Flow cytometry analysis revealed increased CD8* T cells and
myeloid cells, including macrophages, upon Treg depletion (Fig. S4D). Immunostaining
confirmed increased immune infiltration and apoptosis in Treg depleted tumors (Fig. S4E).
At the same time, we observed fewer SMA positive fibroblasts and more expression of
immunosuppressive factors Chi3I3 (notably in tumor epithelial cells) and Argl in Foxp3PTR
tumors (Fig. S4E and F), which were consistent with our findings in the KC;Foxp3PTR
model. We then repeated a similar set of experiments in KPC;Foxp3PTR (PtflaCre; LSL-
Kras; P53R172H/+: Foxp3DTR) mice that develop spontaneous invasive pancreatic cancer.
Upon detection of a tumor by ultrasound imaging, we administered DT to deplete Tregs (or
used vehicle control) and followed tumor growth (Fig. S4G). In this setting, we observed
continued tumor growth even following Treg depletion. Upon harvesting and
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immunostaining, we observed both an increase in CD8* T cells and an increase in myeloid
cells (Fig. S4G). Our data are consistent with Treg depletion failing to elicit a productive
anti-tumor immune response at late stage disease, likely due to compensatory myeloid-
driven immune suppression.

Multiple CCR1 ligands are upregulated in epithelial cells and fibroblasts upon Treg

depletion.

To elucidate a potential causal link between the changes in the fibroblast and epithelial
compartments and the shift in immune composition upon Treg depletion, we flow sorted
epithelial cells (CD45"EpCAM™) and fibroblasts (CD45"EpCAM~PDGFRa*) from KC and
KC;Foxp3PTR pancreata (n=3 for each group) (Fig. 6A, B) and performed RNA sequencing.
We then analyzed the secretome transcripts in both compartments. Interestingly, overall gene
expression, as well as expression of secreted factors, showed a distinct pattern in both
epithelial cells and fibroblasts upon Treg depletion (Fig. 6C and Fig. S5A, B). Among more
than 400 differentially expressed secreted chemokines, cytokines and immunosuppressive
factors, we observed that the C-C motif chemokine ligands Ccl3, Ccl6, Ccl8, (Fig. 6D) were
among the top upregulated secreted factors in fibroblasts and/or epithelial cells upon Treg
depletion, while interleukins such as /1 were downregulated but to a lesser extent
compared to what we saw earlier in the myeloid cell compartment (Fig. 4E). We validated
these changes by gRT-PCR in 4-8 samples/genotype (Fig. 6E and S5C). Finally,
immunostaining confirmed upregulated expression of CCL8 in KC;Foxp3PTR pancreata
(Fig. 6F) compared to KC. Other notable changes in epithelial cells and fibroblasts were an
increase in immunosuppressive factors such as ArgZ and Chi3/3, as well as immune check
point molecules Cd274 (also known as PD-L1) and Pdcd1/g2 (Fig. 6E and S5C).

CCL3, CCL®6, and CCLS8 bind a common receptor, CCR1, and they are known chemo-
attractants for myeloid cells (47). We identified 4 subsets of myeloid cells in PanINs and 3 in
PDA by Single-cell sequencing analysis (Fig. S1F). Myeloid 1 = MDSCs (high expression
of ltgam, Cd14, Fcgr3, S100a8, Ly6g); myeloid 2 = macrophages (high expression of /tgam,
Cad68, Adgrel, Mrcl); myeloid 3 = dendritic cells (high expression of /fgax, H2-Eb1, Batf3,
Itgae, Clec9a) and myeloid 4 = monocytes (high expression of /igax, Ly6c2). Of note,
myeloid 4 was not detected in tumors, but only in PanIN samples. Single-cell sequencing
analysis of mouse PDA or PanINs confirmed that expression of Ccri was restricted to the
myeloid compartment and included MDSCs and macrophages (Fig. 6G). We validated these
findings /n vitro by qRT-PCR from bone-marrow-derived macrophages (MO0) polarized to
M1 with lipopolysaccharide (LPS), to M2 with Interleukin-4 (IL4) and to Tumor Educated
Macrophages (TEMs) with pancreatic cancer cell conditioned media. Ccr1 expression was
lowest in M1 macrophages, and highest in TEMs (Fig. 6H). Our single cell sequencing
analysis also revealed that myeloid cells are the main source of //Za both in PanINs and in
pancreatic cancer, while the receptor //1ris expressed in a subset of epithelial cells and in
the vast majority of fibroblasts (Fig S5D). The expression of //Za was not different in KC
and KC;FoxP3PTR myeloid cells, epithelial cells and fibroblasts (Fig. S5E). IL1a drives
differentiation of “inflammatory CAFs” (iCAFs), a pro-inflammatory subset of fibroblasts
which also expresses elevated IL6 (41), and //6 was similarly unchanged in our model (data
not shown). Thus, while fibroblasts in KC;FoxP3PTR become more inflammatory at least
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pertaining recruitment of myeloid cells, they might not fit exactly in the iCAF subtype,
consistent with the complexity of this cell type (42,48).

CCRL1 inhibition rescues Treg depletion-induced PanIN progression.

Our data to this point demonstrated that Treg depletion resulted in an increase in several
CCR1 ligands, and a corresponding influx of immune-suppressive myeloid cells. To
determine whether CCR1 activation is responsible for the increased myeloid infiltration and
increased tumorigenesis, we utilized a commercial CCR1 inhibitor, BX471 (hereby termed
CCR1i). We treated PanIN-bearing KC;Foxp3PTR mice with CCR1i for a week and at the
same time we depleted Tregs (Fig. 7A). At endpoint, KC;Foxp3PTR mice that received DT
and vehicle control showed enlarged pancreata and spleens compared to KC mice, an effect
that was reversed by CCRL1i treatment (Fig. S6A). Further, histopathological analysis
revealed more acini and less ADM/PanIN (CK19* cells) in KC;Foxp3PTR mice treated with
CCR1i (Fig. 7B and S6B). Immunostaining for CD45-F4/80 showed decreased total immune
infiltration and macrophages (Fig. 7B and S6C), although the level of immune infiltration
remained elevated compared to KC mice (gata not shown). Thus, CCR1 inhibition bypassed
Treg-depletion acceleration of carcinogenesis in KC mice driven by infiltration of
immunosuppressive myeloid cells.

CD4* T cells promote carcinogenesis upon Treg depletion.

Reprogramming of fibroblasts and consequent increased infiltration of myeloid cells
restored immune suppression upon Treg depletion. However, we were intrigued by the
increase in total CD4* T cells upon Treg depletion, and by the acceleration of carcinogenesis
in contrast with genetic or antibody-driven CD4* T cell depletion (17,23). We thus reasoned
that Tregs might normally restrain pathogenic Th2 or Th17 responses, both of which have
been associated with tumor progression in pancreatic cancer (23,49). By flow cytometry, we
observed an increase in CD3*CD8~CD4"Ifny* T cells in KC;Foxp3PTR pancreata compared
with both KC and KC;CD4™~ mice (Fig. S6D). Analysis of the cytokine profile in sorted T
cells from KC;Foxp3PTR pancreata revealed an increase in the Th2 cytokines //4, //10and
/113 and a reduction in Th1l cytokines such as //2and 7nfa, and well as //22and //17in
KC;Foxp3PTR mice. Our data is thus consistent with a mixed Th1/Th2 response, but the
cytokine profile suggests a prevalence of a Th2 response (50) (Fig. S6E). We then depleted
CD4* T cells from wild type, FoxP3PTR KC and KC;Foxp3PTR mice. Isotype control 1gG
was administered to the control cohorts and DT was administered for consistency with
previous experiments, as indicated (Fig. 7C). While Treg depletion causes pancreatitis,
CD4* T cell depletion had no effect on wild type mice. Similarly, CD4 depletion did not
accelerate carcinogenesis in young KC mice (prior to lesion formation), while Treg
depletion promoted widespread metaplasia, PanIN formation and accumulation of
fibroinflammatory stroma (Fig. 7D and S6F). Interestingly CD4" T cell depletion prevented
the formation of metaplasia and PanIN in KC;Foxp3PTR mice, as well as ameliorated the
pancreatitis in FoxP3PTR mice (Fig. 7D). CD4* T cell depletion also prevented the extensive
immune infiltration and T cell infiltration elicited by Treg depletion (Fig. S6G). Together,
our data point to multiple roles for Tregs within the pancreatic cancer microenvironment,
that include restraining pathogenic T cell responses caused by other CD4* T cell subsets.
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Discussion

Pancreatic cancer precursor lesions, such as Pancreatic Intraepithelial Neoplasia, are
surrounded by a fibroinflammatory stroma that persists in late-stage disease (for review see
(4)). While immune cells are prevalent surrounding the lesions, they are mostly suppressive
in nature (10). CD4* T cells, and among those regulatory T cells, are the most abundant T
cell population, while CD8* T cells are rare. Depletion of CD4* T cells inhibits PanIN
formation (17,23); although it is insufficient to activate anti-tumor immunity at later stages
(51). Treg depletion is sufficient to induce anti-tumor immunity in melanoma (52). Further,
Treg depletion in orthotopically transplanted tumors derived from the KPC model
(expressing both mutant Kras and p53 (45)) in syngeneic C57/BI6 mice causes CD8" T cell
mediated tumor regression (21), a finding that we reproduce here. Here, we generated
KC:;FoxP3PTR and KPC;FoxP3PTR mice, where Tregs can be depleted at will in the context
of spontaneous carcinogenesis. In contrast with previous findings, we show that Treg
depletion in mice before or after the development of PanIN caused accelerated neoplastic
progression. In invasive tumors in KPC;FoxP3PTR mice, Treg depletion failed to restrain
tumor growth. Analysis of the tissue revealed that an increase in CD8" T cells upon Treg
depletion was offset by a compensatory increase in other CD4* T cells, immunosuppressive
myeloid cells, and by reprogramming of the fibroblast population, from predominantly SMA
expressing to largely SMA low (Fig. 7E and 7F).

The role of fibroblasts in pancreatic cancer is complex and different studies have provided
contradictory results. Depletion of specific fibroblast subsets, such as the FAP* cell, resulted
in a reduction in tumor growth and improved response to immunotherapy (53). Conversely,
depletion of SMA* fibrablasts resulted in tumor promotion (54). A solution to this apparent
contradiction came from the observation that heterogeneous fibroblast populations are
present in the pancreatic cancer stroma (42,48). The SMA-high myCAF population is
predominantly driven by TGF@ and has been described as tumor restraining (42,54). We thus
measured 7GFB mRNA levels and found them reduced in the pancreas of Treg depleted
mice. Using single cell sequencing, we determined that tumor epithelial cells, myeloid cells
and T cells, including Tregs are the sources of TGFP1 within the tissue. Conversely,
epithelial cells and pancreatic fibroblasts express TGFp receptors. TGFp signaling in
epithelial cells is known to be tumor suppressive at early stages of carcinogenesis (55); thus,
a direct effect of TGFp reduction might partially explain the increase in carcinogenesis upon
Treg depletion. We also observed fibroblast reprogramming upon Treg depletion, from
tumor-restricting and SMANI" myCAFs to a tumor-promoting fate, providing in vivo
evidence of a phenomenon described in tumor organoids by the Tuveson laboratory (41).
Conversely, we did not observe changes in //1a, a key driver of iCAF differentiation (41).
We show that reprogrammed fibroblasts have increased secretion of chemokines that act as
chemoattractant for suppressive myeloid cells. In addition to an increase in myeloid cells,
Treg depletion also resulted in elevated expression of immune suppressive genes in
fibroblasts, such as Arginase 1 and Cd274 (PD-L1). Clinically, fibroblast reprogramming
using different approaches — such as vitamin D analogs, inhibition of focal adhesion kinase—
as well as remodeling of the extracellular matrix are actively being tested for pancreatic
cancer therapy (56-59).
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To obtain mechanistic insight into the paradoxical Treg depletion driven tumor progression,
we sequenced RNA of flow sorted fibroblasts from Treg depleted KC pancreata, and
uncovered increased expression in a number of chemokines, most notably Cc/3, Ccl6, Ccl8.
CCL3 (or macrophage inflammatory protein 1-alpha, MIP-1-alpha) and CCL8 (or monocyte
chemoattractant protein 2, MCP-2), are chemotactic for many different immune cells,
including macrophages and other myeloid cells (47). Cc/6is a potent chemoattractant for
macrophages and other immune cells in rodents (60). These three CCLs share a common
chemokine receptor, CCR1 (47), expressed by myeloid cells and implicated in myeloid cell
recruitment in in rheumatoid arthritis (61) as well as myeloma and colon cancer (62,63).
CCR1 inhibition reduced myeloid infiltrates and reduced PanIN progression, supporting the
notion that myeloid suppressive cells are a key mediator of immune suppression in
pancreatic cancer (11-13,18). Treg depletion also unleashed pathologic T cell responses that
we attributed to a Th2-type response based on the cytokine profile of the tissue. Th2 cells, as
well as Th17, have been implicated in the promotion of pancreatic carcinogenesis (23,49).
Thus, several parallel mechanisms might explain the paradoxical promotion of
carcinogenesis upon Treg depletion, and support the notion that Tregs might not be a key
mediator of immune suppression of pancreatic cancer (64).

In summary, our work reveals a complex cellular cross-talk within the neoplastic pancreas
that includes multiple mechanisms to induce immunosuppression. Currently, CCR2 and
CXCR2 inhibition is being tested in clinical trials for pancreatic cancer, based on positive
results in preclinical models (65-67). Based on our results, CCR1 blockade should be
considered as an additional potential target to inhibit myeloid cell infiltration in the
pancreas.

Materials and Methods

Mice

KC;Foxp3PTR mice were generated by crossing KC (Ptfla-Cre;LSL-KrasG12P) (8) with
Foxp3PTR mice (B6.129(Cg)-Foxp3M3(OTRIGFP)AYT/) - jackson Laboratory) (34).
KC;CD4~/~ mice were generated by crossing KC with CD4-deficient mice (B6.129S6-
Ca4imIKnwy - Jackson Laboratory).

Animal experiments

For Treg depletion, Foxp3PTR, KC;Foxp3PTR mice were treated with diphtheria toxin (DT)
(50 ng/g) (Enzo Life Science) by intraperitoneal injection (i.p.). DT injections were repeated
according to the specific experimental design shown in Figures. Control mice lacking
Foxp3PTR alleles received the same DT treatments. In KC, KC;Foxp3PTR and KC;CD4™/~
mice, mild acute pancreatitis was induced in 4-5-week-old mice by a series of 8 hourly
intraperitoneal injections of caerulein (Sigma-Aldrich, 75 ug/kg) over 1-day period. For
CCR1 inhibition, mice were subcutaneously dosed with CCR1 antagonist BX471 (Sigma-
Aldrich, 50 mg/kg) for 7 days at 12-hour intervals. DMSO was used as vehicle to dissolve
BX471 at a concentration of 50 mg/ml.
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To establish the orthotopic pancreatic cancer model, 1x10° of 7940B cells (C57BL/6J strain)
(46) derived from KPC tumor (Ptfla-Cre; LSL-Kras®12P; p53flox/+y were injected into
Foxp3PTR mice of compatible genetic background. Cells were tested for mycoplasma free
by MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza) and passage 15-20 were used
for all experiments. For CD8" T cell depletion, anti-CD8 mAb (BioXcell clone 2.43; 200 g/
mouse) was injected i.p. twice per week. For CD4™ T cell depletion, anti-CD4 mAb
(BioXcell clone GK1.5; 200 pug/mouse) was injected i.p. at least every three days.

In vitro macrophage polarization

Mouse bone marrow cells were treated with L929 conditioned media for 5 days for
macrophage differentiation; primary mouse pancreatic cancer cell iKras#1 (18) conditioned
media was used to further educate macrophages. In addition, LPS or IL4 was used to
polarize differentiated macrophages as previously described (68).

Histopathological analysis

Tissues were fixed overnight in 10% neutral-buffered formalin, embedded in paraffin and
sectioned. Hematoxylin and eosin (H&E), Periodic Acid Schiff (PAS), Gomori’s Trichrome,
immunohistochemical and immunofluorescent staining were performed on formalin-fixed,
paraffin embedded mouse pancreatic tissues as described before (17). Antibodies used are
listed in Supplementary Materials Table S1. For immunofluorescence, Alexa Fluor
(Invitrogen) secondary antibodies were used. Cell nuclei were counterstained with Prolong
Diamond Antifade Mountant with DAPI (Invitrogen). In addition, TSA Plus Fluorescein
system (PerkinElmer) was used when double immunofluorescence staining with primary
antibodies raised in the same species. Images were taken using Olympus BX53F
microscope, Olympus DP80 digital camera, and CellSens Standard software. The confocal
images were acquired using Olympus IX-71 confocal microscope with FluoView FV500/IX
software. Quantitative analysis for immunofluorescence staining was performed in at least 3
random non-overlapping fields (200x magnification) in each sample using ImageJ software
to measure the percentage of positive area. To quantify the positive cell number, we used
confocal images at 600x magnification. At least three samples per group were analyzed.
Histopathological quantification for H&E staining was performed by a pathologist (WY) on
de-identified images as previously described (69).

Opal Multiplexed IHC staining and multispectral imaging

A formalin fixed paraffin embedded tissue microarray containing human PDA, PanIN and
chronic pancreatitis was acquired from the University of Michigan. Blocks were sectioned
onto slides creating a 5 micron thickness per core. The slides were then processed using the
Opal 7 manual kit (PerkinElmer). Images were captured on the Mantra™ Quantitative
Pathology Work Station (Perkin Elmer) and analyzed using inForm® Cell Analysis™
software (Perkin Elmer), as previously described (30). For detailed methods, see
Supplementary Methods (complex phenotype design for multispectral imaging analysis in
Table S2).
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Flow cytometry and Fluorescence-activated cell sorting (FACS)

Single-cell suspensions of pancreata were prepared and stained with fluorescently
conjugated antibodies as previously described (17). Flow cytometric analysis was performed
on a Cyan™ ADP analyzer (Beckman Coulter) and data were analyzed with FlowJo v10
software. FACS was performed using MoFlo Astrio (Beckman Coulter). Antibodies were
listed in Supplementary Materials Table S1.

Cytometry by Time-of-Flight (CyTOF)
Single-cell suspensions of mouse pancreata were prepared as previously described (17).
Human patient tissues from FNB or surgery were immediately placed into DMEM media
supplemented with Y27632 (Rho-Kinase inhibitor) for transport to the laboratory. Whole
blood was collected pre-operatively into 2 ten mL EDTA tubes and transported to the
laboratory. Tissues were mechanically minced and enzymatically digested with collagenase
P (Img/mL DMEM) and subsequently filtered through a 40 uM mesh to obtain single cells.
Up to 1x107 cells was stained with Cell-1D Cisplatin (1.67uM) for 5 minutes at room
temperature, and then a Combining Fix and Perm Sensitive Surface Epitopes and Nuclear
Antigen Staining protocol was followed according to manufacturer’s instructions (Fluidigm)
for mouse samples, and as previously described (70). Analysis was performed using the
Premium CytoBank Software (cytobank.org). Additional details are provided in the
Supplementary Methods section.

RNA sequencing and Data analysis

Cell lysates of FACS sorted cells were homogenized using QlAshredder, then total RNA
samples were isolated using RNeasy Plus Micro Kit (Qiagen), including an on-column
DNase treatment using RNase-Free DNase Set (Qiagen) according to manufacturer’s
instruction. RNA concentration and quality were determined, and Strand mRNA libraries
were prepared by the University of Michigan Sequencing Core. Libraries were sequenced
using paired end 50 cycle reads on a HiSeq 4000 (lllumina). Raw data are available at the
NCBI’s Gene Expression Omnibus database (GSE120395 and GSE128707).

The raw data were processed and analyzed by the University of Michigan Bioinformatics
Core. The quality control was done using FastQC (version v0.11.3, http://
www.bioinformatics.bbsrc.ac.uk/projects/fastgc/) for both pre- and post-alignment and raw
reads were aligned to the mouse reference genome of UCSC mm10 (http://
genome.ucsc.edu/) using Bowtie2 (version 2.2.1) and TopHat (version 2.0.13) of the Tuxedo
suite. Gene expression quantitation and differential expression analysis were performed
using HTSeq (version 0.6.1) and DESeq?2 (version 1.14.1). Differentially expressed genes
were defined by false discovery rate (FDR) of 0.05 and fold changes of 1.5 or more. For the
secretome data, we used the intersection of MetazSecKB (curated secreted) and UniProt
(secreted, reviewed, https://www.uniprot.org/) as of 11/2017. Plots and heatmaps were
generated in R/Bioconductor.

Single-cell RNA sequencing

Orthotopic pancreatic cancer model was established by injecting 5x10* of iKras*F1 cells
(FVBIN strain) derived from iKras*;p53* tumor (PtflaCre;TetO-
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KrasG12D;R26Ta-IRES-EGFP- n53R172H/*Y(32) into wild type mice of compatible genetic
background. PanIN lesions were induced in iKras* (PtflaCre;TetO-
KrasC12D;R26Ta-IRES-EGFP) mice by caerulein and doxycycline as previously described
(31). Single-cell suspensions of pancreatic tumors were derived as previously described (17).
Dead cells were removed using MACS® Dead Cell Removal Kit (Miltenyi Biotec Inc.).
Single-cell cDNA library was prepared and sequenced at the University of Michigan
Sequencing Core using the 10x Genomics. Samples were run using paired end 50 cycle
reads on HiSeq 4000 (Illumina) to the depth of 100,000 reads.

The raw data were processed and analyzed by the University of Michigan DNA Sequencing
Core. R package Seurat version 2.3.4 was used for single cell RNA-seq data analysis
similarly as previous described (71). Data were initially filtered to only include all cells with
at least 200 genes and all genes in greater than 3 cells. Data were initially normalized using
the NormalizeData function with a scale factor of 10,000 and the LogNormalize
normalization method. Variable genes were identified using the FindVariableFeatures
function. Data were assigned a cell cycle score using the CellCycleScoring function and a
cell cycle difference was calculated by subtracting the S phase score from the G2M score.
Data were scaled, centered and batch corrected using linear regression on the counts, the cell
cycle score difference and run ID using the ScaleData function. Principal Component
Analysis (PCA) was run with the RunPCA function using the previously defined variable
genes. Violin plots were then used to filter data according to user-defined criteria. Cell
clusters were identified via the FindClusters function using a resolution of 1.2 for all
samples and t-distributed Stochastic Neighbor Embedding (t-SNE) clustering algorithms
were performed. FindMarkers table was created and clusters were defined by user-defined
criteria. Raw data are available at the NCBI’s Gene Expression Omnibus database (GSE
140628).

TCGA Data Analysis

The human pancreatic adenocarcinoma RNA-Seq data from the cancer genome atlas
(TCGA) was downloaded from cBioportal (https://www.chioportal.org/datasets). The tumor
samples were ranked based on FOXP3 expression and assigned into FOXP3 low (n=89) or
FOXP3 high (n=88) groups. The differentially expressed genes between the two groups were
determined using limma bioconductor package with voom function in R software (https://
WWW.r-project.org/).

Quantitative RT-PCR

Total RNA samples were isolated from frozen pancreatic tissues using PureLink™ RNA
Mini Kit (Invitrogen) or from cells using RNeasy Plus Micro Kit (Qiagen). High Capacity
cDNA Reverse Transcription kit (Applied Biosystems) was used to reverse-transcripted total
RNA into cDNA. Quantitative PCR was prepared with 1X SYBR Green PCR Master Mix
(Applied Biosystems) and various primers (primer sequences are listed in Supplementary
Materials Table S3). All primers were optimized for amplification under reaction conditions
as follows: 95°C 10mins, followed by 40 cycles of 95°C 15 secs and 60°C 1min. Melt curve
analysis was performed for all samples after the completion of the amplification protocol.
Cyclophilin A was used as the housekeeping gene expression control.
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Statistics

Graphpad Prism 7 software was used for all statistical analysis. All data were presented as
means + standard error (SEM). Intergroup comparisons were performed using Two-tailed
unpaired #test, and p<0.05 was considered statistically significant. Pearson correlation
coefficients were used to measure R and R2. Comparison between genotypes using the
individually defined immune subpopulations was corrected for multiple comparisons with
the Benjamini-Hochberg method with an FDR of 0.1.

Study approval

All animal studies were conducted in compliance with the guidelines of the Institutional
Animal Care & Use Committee (IACUC) at the University of Michigan. Patient selection/
sample procurement: patients over the age of 18 referred for diagnostic endoscopic
ultrasound of a pancreas mass lesion suspected of PDAC were consented according to IRB
HUMO00041280. Up to 2 extra passes were taken for research after biopsy obtained for
clinical use. Surgical specimens were obtained from patients referred for Whipple or distal
pancreatectomy according to IRB HUMO000025339. Written informed consent forms were
obtained from the patients, and the studies were conducted in accordance with recognized
ethical guidelines. Human patient studies were approved by Institutional Review Boards of
the University of Michigan Medical School.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Here, we describe an unexpected crosstalk between Tregs and fibroblasts in pancreatic
cancer. Treg depletion resulted in differentiation of inflammatory fibroblast subsets, in
turn driving infiltration of myeloid cells through CCR1, thus uncovering a potentially
new therapeutic approach to relieve immunosuppression in pancreatic cancer.
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Figure 1. Regulatory T cellsare prevalent in human PDA and PanlNs.
(A) CyTOF immune profiling by FlowSOM-viSNE of human pancreatic tumors

demonstrating the presence of CD4*CD25" Tregs. (B) Representative images of Opal
staining on human pancreatic lesion samples. Scale bar 100 um. (C) Immunohistochemistry
staining for Foxp3 staining in mouse pancreatic tissues. Scale bar 50 um. (D) UMAP plots
of single cell RNA sequencing analysis with mouse orthotopic pancreatic cancer samples or
PanIN lesions, color-coded by their associated cluster (left) or color-coded for expression
(gray to red) of Ca4, Ctlad, Foxp3and //2ra.

Cancer Discov. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

Page 22

A

(2]
o

100 4 g—P020001 e Acinar
Ptf1a 5 o8 p=0.0445 -
Cre g i p=0.039 p=0.049 e 80 = gggm ]IQ
2 o Lx %’ e E’ g ° i =3 PaniN2
DrorP>{Krase™2] DIKs™] § 3 . ° ‘I‘ o
4
40
Fod o) 2y P : :
g 1] oo . 22 & w® S
% e = ° 5 8
B DT (50 ngrkg) 0 - 0 0 L “
W W AT A «© &5 g
4-5w <9 <° < o¢° <oF <oF

Harvest: +DT 3w

F DT ¢ 6 20 H 100 == Acinar
Cae ey = - Y i = ADM
WA g p=OA023.p—04016 £ p<0.0001p<0.0001 % T — e
1d 8w £ : =15 . = —p<0000! = PaniN 1B
Harvest:+DT 10d g 4 2 o ® 3 60 =3 PaniN2
; N :I: % 10 o%e® % 4
DT g 2 _1_ . g 5
Cae g L g 05 a2s &
= - o * a ° ohe
1d 8w E 00
Harvest: +DT 3w O & N 4
Lol 'S'-‘dx oS

Figure 2. Treg depletion resultsin pancreatitis and promotes Panl N formation and progression.
(A) Genetic makeup of the KC;Foxp3PTR mouse model. (B) Experimental design, n=4—

7mice/cohort. (C) Pancreas to body weight ratio and spleen to body weight ratio of WT,
Foxp3PTR KC and KC;Foxp3PTR mice after 3 weeks of DT treatment. Data represent mean
+ SEM, n=4-7mice/cohort. The statistical difference was determined by two-tailed t-tests.
(D) Histopathologic quantification of WT, Foxp3PTR KC and KC;Foxp3PTR mice after 3
weeks of DT treatment. Data represent mean + SEM, n = 3-4 mice/cohort. The statistical
difference was determined by two-way ANOVA. (E) H&E staining of WT, Foxp3PTR KC
and KC;Foxp3PTR pancreata after 3 weeks of DT treatment. Scale bar 100 pm. (F)
Experimental design, n=3-8 mice/cohort. (G) Pancreas to body weight ratio and spleen to
body weight ratio of KC, KC;Foxp3PTR and KC;CD4~/~ mice that received 3 weeks of DT
treatment starting 8 weeks post caerulein. Data represent mean + SEM, n=3-8 mice/cohort.
The statistical difference was determined by two-tailed t-tests. (H) Histopathologic
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quantification of KC and KC;Foxp3PTR mice received 3 weeks of DT treatment starting 8
weeks post caerulein.. Data represent mean = SEM, n=3-4mice/cohort. The statistical
difference was determined by two-way ANOVA. (I) H&E staining, Periodic acid-Schiff
(PAS) staining, Gomori trichrome staining and immunohistochemistry staining for CD45 in
KC and KC;Foxp3PTR mice that received 3 weeks of DT treatment starting 8 weeks post
caerulein. Scale bar 100 pm.
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Figure 3. Treg depletion inactivates stromal fibroblasts.
(A) Experimental design (n=4—7 mice/cohort) and co-immunofluorescent staining for CK19

(green), Amylase (red), SMA (magenta) and DAPI (blue) in WT, Foxp3PTR KC and
KC;Foxp3PTR pancreata after 3 weeks of DT treatment. Scale bar 100 pm. Quantification of
SMA positive area is shown on the right. Data represent mean + SEM, n=3 slides/cohort. (B)
co-immunofluorescent staining for CK19 (green), Amylase (red), SMA (magenta) and DAPI
(blue). Scale bar 100 um. Quantification of SMA and PDGFR positive cells is shown on
the right. Data represent mean + SEM, n=9 images/cohort. The statistical difference was
determined by two-tailed t-tests. (C) qRT-PCR for a-SMA (Acta2), Coll, Fni, Tgf31and
Ctgfexpression in WT control, KC, KC;Foxp3PTR and KC;CD4 ™/~ pancreata. Mice
received DT treatment following 8 weeks post caerulein. Data represent mean + SEM, n =
3-7 mice/cohort. The statistical difference was determined by two-tailed t-tests. (D) UMAP
plots of single cell RNA sequencing analysis with mouse orthotopic pancreatic cancer
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samples or PanIN lesions, color-coded by their associated cluster (left) or color-coded for
expression (gray to red) of 7gfB1, Tgfprl, TgfBr2and Tgfpr3.
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Figure 4. Characterization of pancreaticimmune infiltrates.

(A) Experimental design, n=4-8 mice/cohort. (B) WT, Foxp3PTR, KC, KC;Foxp3PTR and
KC;CD4™~ mice received 1 week DT treatment following 8 weeks post pancreatitis
induction. CD45" leukocytes, CD3* T cells, CD3*CD4* T cells, CD3*CD4*FoxP3* Tregs,
CD3*CD8* T cells, CD3*CD8*IFNy* T cells and (C) CD11b* myeloid cells, CD11b
*F4/80* macrophages and CD11b*Ly6C*Ly6G*F4/80~ MDSCs from pancreata were
measured by flow cytometry as percentage of total cells or percentage of total leukocytes.
Data represent mean + SEM, the statistical difference between experimental groups was
determined by two-tailed t-tests. (D) Schematic illustration of pancreatic infiltrating myeloid
cells extraction by fluorescence-activated cell sorting and a representative flow cytometry
plot showing the gating strategy. (E) gRT-PCR for Arg1, Chi3l3, Retnla, 1118, Cd274 and
Pdcd1/g2 expression in pancreatic myeloid cells derived from KC and KC;Foxp3PTR mice
that received 3-week DT treatment following 8 weeks post caerulein. Data represent mean
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+SEM, n=5-6. The statistical difference was determined by two-tailed t-tests. (F) The
percentage of PD-L1 expressing macrophages, epithelial cells and fibroblasts in KC and
KC;Foxp3PTR pancreata were measured by flow cytometry. Data represent mean+SEM,
n=5. The statistical difference was determined by two-tailed t-tests.
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Figure 5. Tumor associated macrophages exhibit high immunosuppressive capacity upon Treg
depletion.

(A) Representative ViSNE plots (dot plots colored by CD45 channel) of WT, KC and
KC;Foxp3PTR pancreata that received 1-week DT treatment following 8 weeks post
caerulein. (B) Immune cell populations identified by manual gating in viSNE maps, and (C)
by supervised clustering of SPADE-identified subpopulations. (D) Top: representative
CyTOF dot plots showing gating strategy defining tumor associated macrophages and
CD206™Argl* M2-like macrophage subset. Bottom: quantification of the total macrophage
and CD2067iNOS™ M1-like and CD206*Argl* M2-like macrophage subsets. (E)
Representative CyTOF dot plots showing gating strategy defining CD11b*Argl* non-
immune cell population, and quantification of the Arg1* non-immune cell populations. Data
represent mean+SEM, n=3-4. The statistical difference between KC and KC;Foxp3PTR
pancreata was determined by two-tailed t-tests.
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Figure 6. Gene expression profiling for pancreatic epithelial cellsand fibroblasts upon Treg
depletion.
(A) Schematic illustration of pancreatic epithelial cells and fibroblasts extraction by

fluorescence-activated cell sorting. (B) Representative flow cytometry plots showing gating
strategy to identify epithelial cells and fibroblasts. (C) Heat map showing differentially
expressed secretome genes and (D) Top differentially expressed secretome genes in
epithelial cells or fibroblasts between KC and KC;Foxp3PTR pancreata. (E) gRT-PCR for
Ccl3, Ccl6, Ccl8, Argl, Chi3l3 and Cd274 expression in pancreatic epithelial cells or
fibroblasts derived from KC and KC;Foxp3PTR mice that received 3 weeks of DT treatment
following 8 weeks post caerulein. Data represent mean = SEM, n=4-9. (F)
Immunohistochemistry staining for CCL8 in KC and KC;Foxp3PTR pancreata. Scale bar 50
um. (G) UMAP plots of single cell RNA sequencing analysis with mouse orthotopic
pancreatic cancer samples or PanIN lesions, color-coded by their associated cluster (left) or
color-coded for expression (gray to red) of Ccrl. (H) qRT-PCR for Ccr1 expression in bone
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marrow derived macrophages under different polarization status. Data represent mean +
SEM, n=3. The statistical difference was determined by two-tailed t-tests.
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Figure 7.. CCRLinhibition and CD4* T cell depletion abrogate Treg depletion induced PanIN
progression.

(A) Experimental design, n=5-6 mice/cohort. (B) H&E staining, co-immunofluorescent
staining for CK19 (green), Amylase (red) and DAPI (blue), and co-immunofluorescent
staining for CD45 (green), F4/80 (red), E-cad (magenta) and DAPI (blue) in control and
CCR1 inhibitor treated KC;Foxp3PTR pancreata. Scale bar 100 um. (C) Experimental design
and (D) H&E staining for WT, Foxp3PTR, KC and KC;Foxp3PTR mice that received DT
treatment and/or anti-CD4 antibody. n=3-4 mice/cohort. Scale bar 100 um. (E) Working
model. Tregs inhibit CD8* T cells, but also restrain pathogenic CD4* T cell responses. Tregs
regulate the production of TGFB thus promoting the differentiation of Smooth Muscle Actin
(SMA)* fibrablasts (myCAFs). (F) Treg depletion results in loss of TGFB and compensatory
changes in the fibroblast population that in turn secrete myeloid-recruiting chemokines,
driving increased recruitment of myeloid cells and failing to alleviate immunosuppression.
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Treg depletion also unleashes pathogenic CD4* T cell responses that promote pancreatic
inflammation and carcinogenesis.
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