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Summary

Herein, we utilized spontaneous models of pancreatic and lung cancer to examine how
neoantigenicity shapes tumor immunity and progression. As expected, neoantigen expression
during lung adenocarcinoma development leads to T cell-mediated immunity and disease restraint.
By contrast, neoantigen expression in pancreatic adenocarcinoma (PDAC) results in exacerbation
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of a fibro-inflammatory microenvironment that drives disease progression and metastasis.
Pathogenic Ty17 responses are responsible for this neoantigen-induced tumor progression in
PDAC. Underlying these divergent T cell responses in pancreas and lung cancer are differences in
infiltrating conventional dendritic cells (cDCs). Overcoming cDC deficiency in early-stage PDAC
leads to disease restraint, while restoration of cDC function in advanced PDAC restores tumor-
restraining immunity and enhances responsiveness to radiation therapy.
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Hegde et al. identify divergent T cell responses in lung cancer and pancreatic adenocarcinoma
(PDAC) caused by differences in conventional dendritic cell (cDC) infiltration. Mobilization of
¢DCs in PDAC models enhances CD8* T cell and Ty1 activity to reduce tumor growth and
increase response to therapy.
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Introduction

Results

Pancreatic ductal adenocarcinoma (PDAC) is notoriously resistant to immunotherapy,
including cytokine therapy, adoptive T cell therapy and checkpoint blockade strategies
(Brahmer et al., 2012; Kunk et al., 2016; Royal et al., 2010). Failure of these therapies has
been attributed to CD8* T cell scarcity and profound immunosuppression in the PDAC
microenvironment (Beatty et al., 2015; Stromnes et al., 2014; Zhang et al., 2016). However,
recent studies have challenged this “homogenous’ paradigm and revealed that many PDAC
patients indeed harbor intratumoral T cells and potentially actionable neoantigens that can
elicit T cell responses (Bailey et al., 2016a; Bailey et al., 2016b; Balachandran et al., 2017,
Cristescu et al., 2018; Poschke et al., 2016). In order to develop therapies to revive T cell
responses to neoantigens in PDAC, it is critical to understand how this endogenous T cell
response becomes ineffectual.

The magnitude and persistence of a T cell response against a tumor is dependent on initial
priming by antigen-presenting cells. Conventional DCs (cDCs) have been recognized as
critical mediators of antigen-priming and T cell activity, with Batf3//rf8-dependent CD103*
CD24* cDCl1s being responsible for CD8* cytotoxic T lymphocyte (CTL) cross-priming and
Irf4-dependent CD11b* CD172a* ¢cDC2s being implicated in helper CD4* T cell (TH)
priming (Gardner and Ruffell, 2016). In addition to initial T cell priming, cDCs have been
implicated in T cell-dependent tumor killing and response to immunotherapies (Binnewies et
al., 2019; de Mingo Pulido et al., 2018; Roberts et al., 2016; Salmon et al., 2016; Spranger et
al., 2017). Studies on antigen-presenting cells (APCs) in PDAC models have focused on
tolerogenic subsets (Barilla et al., 2019; Bellone et al., 2014; Jang et al., 2017; Ochi et al.,
2012). Presently, more granular studies of DC subsets in the PDAC context are needed to
distinguish the differential impact of cDCs from monocytic and other inflammatory APC
subsets.

Studies in cancers of different etiologies have shown that neoantigen-directed immunity can
be subverted by diverse mechanisms (DuPage et al., 2011; DuPage et al., 2012; Gubin et al.,
2014; Schietinger et al., 2016); mechanisms of immune evasion in PDAC are thus worth
elucidating. However, existing genetic models for PDAC have not been amenable to study
the heterogeneous interactions between developing tumors and the host adaptive immunity
due to a dearth of tumor-specific neoepitopes (Evans et al., 2016). Transplanted PDAC
models are constrained by their lack of stroma and a very distinct inflammatory/immunized
milieu upon tumor grafting, which can mask de novo immune responses (Spear et al., 2019).
In this study, we sought to determine how antigen-specific anti-tumor immunity becomes
dysregulated during progression of autochthonous PDAC.

Neoantigen expression during pancreas cancer development elicits antigen-specific

responses

The “KPC” genetic mouse model of pancreas cancer has been widely used because of its
fidelity to human PDAC, notably activating mutations in Kras(G12D)and loss of 7rp53,
associated desmoplasia, and inflammation (Hingorani et al., 2003; Morton et al., 2010). The
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model also mirrors human disease in its resistance to both cytotoxic and immunotherapies
(Beatty et al., 2011; Gopinathan et al., 2015). However, KPC mice seldom develop
additional genetic alterations that drive prominent neoantigens for studying immune
surveillance and evasion (Evans et al., 2016; Li et al., 2018). Studies that have assessed the
impact of antigenicity have utilized heterotopic or orthotopic tumor grafts that do not
recapitulate de novo pancreas cancer progression and thus may have very divergent immune
contexture (Spear et al., 2019). To study antigen-specific responses in the context of de novo
pancreas cancer development, we engineered a mouse designed to express a model
neoantigen chicken ovalbumin (OVA) bicistronically with green fluorescent protein (GFP)
under the control of both Cre activation and tetracycline repression (R26"(LSL-0G) or OG,
Figure 1A). The presence of neoepitopes for CD8* T cell, CD4* T cells and B cells allows
us to study OVA-specific cellular and humoral immunity raised during the course of tumor
progression. These ‘OG’ mice were crossed to KPC mice to create ‘KPC-OG’ mice.

We first sought to test several key parameters of this model, including antigen expression
and presentation, CD8" T cell recognition and central tolerance. Using KPC-OG mice and
cell lines derived from tumors (KP-OG cells), we found that PDAC cells express OVA and
GFP which can be repressed by administration of doxycycline (Figure 1A). Notably, similar
to other lineage-tracing studies in this model (Rhim et al., 2012), GFP and OVA were
expressed concomitant with early transformation and induction of metaplasia. As such,
>95% of cytokeratin 19* (CK19) ductal cells co-expressed GFP (Figure 1B). Tumor lines
derived from KPC-OG mice express MHC-I at equivalent levels to traditional KPC mice
(Figure S1A). To assess functional antigen presentation by KPC-OG tumor cells, we
performed T cell killing assays ex vivo using OVA-specific OT-1 CD8* T cells and found T
cells both recognized and killed KPC-OG-derived cells (Figures 1C and S1B). In order to
verify that endogenous antigen-specific T cells generated in OG* mice were not subjected to
central tolerance prior to tumorigenesis, we vaccinated tumor-free p48-Cre, Tro53"7:0G
(PC-OG) mice with OVA and observed a clear enrichment of dextramer* OVA-specific
CD8* T cells in peripheral blood and draining lymph nodes (Figure S1C). Furthermore, we
implanted KPC-OG-derived tumor cells into PC-OG or PC (control) littermates in the
presence or absence of doxycycline. We observed that grafted antigen-positive KP-OG cells
grew equally slowly in PC-OG and PC mice, and doxycycline repression of OVA expression
led to tumor progression (Figure S1D). Together, these data suggest that p48-Cre-driven
OVA neoantigen in developing pancreatic tumors is presented and recognized by T cells not
subject to thymic deletion. Notably, we found that untreated KPC-OG mice had equivalent
OVA-specific T cell density as mice with doxycycline-withdrawal at birth, so we did not
treat with doxycycline for the remainder of the studies.

To determine the impact of neoantigen expression during tumor initiation, we analyzed
immune infiltrates in pre-cancerous lesions of KPC-OG or KPC mice. At early stage of
tumorigenesis (6 weeks), we observed increased infiltration of CD8* and CD4* T cells and
B220* B cells in KPC-OG mice compared to KPC littermates (Figures 1D-E). Assessing
antigen-specific responses, we observed increased numbers of OVA-dextramer* CD8* T
cells in pre-malignant pancreas, draining lymph nodes (dLN) and spleens of early stage
KPC-OG compared to non-tumor bearing PC-OG mice (Figure 1F). Interestingly, compared
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to control animals, the dextramer™ CD8* T cells in KPC-OG pancreas had higher Ki67*
frequency; but >30% of these cells were PD1M/TIM3N suggesting an early exhausted/
dysfunctional phenotype (Figures S1IE-F). This recapitulates observations in liver cancer
models that found a reversibly-dysfunctional phenotype (Schietinger et al., 2016). To
ascertain if there was a systemic response towards tumor neoantigens, we measured OVA
IgG levels in serum. We found total 1gG1 to be similar between KPC-OG and KPC
littermates, but OVA-specific IgG1 titers in KPC-OG serum were markedly higher than age-
matched controls (Figure S1G). Together, these data suggest that there is an antigen-directed
immune response in KPC-OG pancreas during initial stages of tumorigenesis. These
observations emphasize that early pancreatic lesions do not grow out in an immune-
privileged environment.

Neoantigen expression accelerates PDAC progression but restrains lung
adenocarcinomas

To evaluate the impact of neoantigen expression on pancreatic cancer progression we
employed three distinct PDAC models. We utilized the KPC-OG mouse (p53f/*) and
validated our findings in the KPPC-OG model (p537/f), which exhibits faster progression.
Surprisingly, in both models we found that OG expression accelerated tumor progression at
every stage of disease. In early stage KPC-OG mice at 6 weeks, we found that OG
expression led to a marked increase in intraepithelial neoplasia (PANIN) area, higher grade
PANIN lesions and increased tumor cell proliferation (Figures 2A-B, and S2A). Associated
with this early disease progression was an increased collagen deposition and a-SMA*
fibroblast density (Figures 2C-D, and S2B). Analysis of the inflammatory infiltrates
indicated an increased infiltration of neutrophils, eosinophils and macrophages, but not NK,
NKT or 8T cells (Figures 2E, and S2C-D). Correspondingly, OG* mice had reduced
overall survival and tumors were of higher grade with markedly more liver metastases
(Figures 2F—H). To understand the mechanisms underpinning enhanced disease progression,
we conducted RNA sequencing (RNA-seq) of matched KPC-OG and KPC tissue. We
observed enrichment of mitogenic pathways (including MAPK, EGFR and TNF signaling)
and inflammatory pathway activation, along with a robust upregulation of EGFR ligands
(Ray et al., 2014) and pro-inflammatory myeloid chemokines (Figures S2E, Table S1 and
S2). Correspondingly, we observed increased phosphorylated-ERK, -STAT3 and -EGFR
staining in transformed cells of KPC-OG mice (Figure S2F), suggesting the neoantigen
results in changes in the TME that support key pathways of transformation and progression.

To address the issue that p48-Cre recombination occurs early in pancreas development and
leads to recombination in the majority of acinar cell, we employed an inducible Pdx-Cre-
ER ™ driver (Gu et al., 2002). We generated PaxI-Cre-ER ™: Kras-SL-G12D: Trp53Mfl-0G
mice, denoted iIKPC-OG. We induced sporadic recombination in iKPC-OG mice by
tamoxifen administration at 5-weeks of age, which led to mosaic activation in a field of
normal acini (Figure S2G). Thus, oncogenic mutations were activated in parallel with
neoantigen expression but only in a subset of pancreas cells. Nevertheless, iKPC-OG mice
ultimately developed higher grade tumors, had reduced overall survival and increased liver
metastases compared to iKPC littermates (Figure 2I).
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Previous work in analogous KP lung models showed that neoantigen recognition leads to
productive immunity and restrains tumor progression (DuPage et al., 2011). To mirror these
studies in our model system, we intra-tracheally administered Cre to

Krast-SL-G12D: Trp53ffl - 26m1(LSL-OG) (KPL-OG) or OG-negative littermate mice (KPL) to
generate lung adenocarcinomas and assess the impact of antigenicity (Figure S2H). In
agreement with previous studies, we observed increased numbers of CD8" and CD4* T
cells, lower tumor burden and decreased disease grade in KPL-OG mice compared to control
(Figures 2J, 2K, and S2I). These data suggest that OG expression in the lung and pancreas
elicit different tumor progression outcomes.

One of the pathways by which tumors escape immune surveillance is through loss of
expression of prominent neoantigens, also known as immune-editing (O’Donnell et al.,
2019; Schumacher and Schreiber, 2015). To test the propensity for antigen loss as an evasion
mechanism in our model, we analyzed end stage KPC-OG and KPL-OG tumors for
persistence of neoantigen expression. KPL mice exhibited substantial loss of GFP
expression as tumors advanced (Figure 2L). However, in all three models of pancreatic
cancer we found no evidence of antigen loss either at the primary site or in liver metastases
(Figures 2L and S2J). To further verify these contrasting results, we administered Ad-Cre
intramuscularly to create KP-OG* sarcomas (DuPage et al., 2012). Mirroring observations in
the lung, we observed substantial loss of GFP in advanced sarcomas (Figure S2K). Taken
together, these data indicate that immunogenic lung tumors and sarcomas elicit an early
immune response that delays tumor progression, but antigenicity is lost or silenced with
progression. In contrast, this was not observed during pancreatic disease progression.

Neoantigen expressing PDAC tumors are poorly responsive to checkpoint immunotherapy

Lack of high mutational and/or neoantigen burden has been proposed to explain the poor
responsiveness to immunotherapy in PDAC patients. An alternative hypothesis is that the
PDAC TME enforces this lack of responsiveness to immunotherapy, even when tumor
antigens are present (Clark et al., 2009; Kieler et al., 2018; Salmon et al., 2019; Sharma et
al., 2017). To determine if OVA expression leads to improved responsiveness in PDAC, we
tested efficacy of checkpoint- and adoptive T cell-therapy. We treated established KPPC-OG
tumors with anti-PD1 and anti-CTLA4 1gGs. Despite neoantigen expression, checkpoint
therapy did not impact survival (Figure S2L). To model the impact of adoptive T cell-
therapy, we treated KPPC-OG tumors with three rounds of OT-1 adoptive transfer
supplemented with 1L-2 and observed a modest survival benefit associated with loss of
neoantigen at endstage (Figures 2M—-N). These data suggest that a key bottleneck for
treatment efficacy in PDAC is priming sufficient antigen-specific T cells, and not checkpoint
activation on existing T cells (Stromnes et al., 2015).

Pathogenic CD4" T cell responses drive PDAC acceleration in response to neoantigen

Our data suggest that neoantigen expression leads to adaptive immune responses that
surprisingly drive tumor progression. Previous studies have shown that CD4* T cells or
activated B cells can drive pathogenic inflammation and accelerate PDAC progression
(Barilla et al., 2019; Gunderson et al., 2016; McAllister et al., 2014; Pylayeva-Gupta et al.,
2016; Zhang et al., 2014). Thus, we evaluated if CD4* T or B cells were critical for the early
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stage disease progression observed in OG* mice. We found that while B cell depletion did
not alter tumor progression, CD4* T cell depletion led to a decrease in premalignant disease
burden and PANIN grade, reduced collagen density and decreased a-SMA™ fibroblast
accumulation (Figures 3A-C, and S3A-B). These data suggest CD4* T cells accelerate
pancreatic neoplasia in response to neoantigen expression. We next evaluated the
polarization of CD4* T cell responses in OG* mice, and observed higher numbers of
pancreas-infiltrating ROR-yt* and GATA3* CD4* T cells, and more Ty cells producing
IL-17A, TNF-a, IL-4, and IL-10, consistent with dominant Ty17 and T2 responses
(Figures 3D-E, and S3C-E). By contrast, we did not see increased frequency of Thet* or
IFN-y-producing Ty cells in KPC-OG (Figure S3F). Surprisingly, FOXP3* Tregs did not
increase their frequency among CD4" T cells, nor impact disease progression when partially
depleted in KPC-OG tumors (Figures S3G—H). To determine the function of this enhanced
Tw17 signature observed in early lesions, we depleted cytokines necessary for their activity.
Upon neutralizing proinflammatory IL-17 signaling, we observed lower disease burden and
pathological fibrosis (Figures 3F—H). Correspondingly, we found the increased expression of
pPERK, pSTAT3 and pEGFR signaling observed in KPC-OG lesions was attenuated upon
CD4* T cell depletion or IL-17 neutralization (Figures 31). We next compared CD4* T cell
polarization in early stage pancreatic and lung lesions and found higher frequency of
GATA3* and ROR-yt* Ty cells in KPC-OG pancreas compared to KPL-OG lung tumors.
By contrast, KPL-OG lung-infiltrating Ty cells were more Ty1-skewed with increased
frequency of Tbet* and IFN-y-producing cells (Figures S3I-J). Overall, these data indicate
that, in contrast to lung, pancreas neoantigen expression results in enhanced pathogenic
TH17 responses that can facilitate progression (Alam et al., 2015; McAllister et al., 2014;
Zhang et al., 2016; Zhang et al., 2018).

cDCs are fewer and less functional in PDAC compared to lung cancer

We sought to determine the cellular origins for differences in response to neoantigenicity in
the lung and pancreas. We performed immune profiling of major innate immune cell subsets
in both early- and late-stage lung and pancreas tumor tissues and found that conventional
dendritic cells (cDCs) were among the most divergent (Figures 4A, and S4A-B). In early
premalignant stages, we observed CD103* CD24" cDC1s were 10-fold fewer and CD172a*
CD11b* cDC2s were 4-fold fewer in the pancreas when compared to lung. The disparity in
cDC1s was magnified at later stages, with cDC1s in PDAC being 79-fold less than in
counterpart lung adenocarcinomas (Figure 4B). These observations were not impacted by
OG expression. We also observed fewer migratory CD103* ¢cDC1s and CD11b* ¢cDC2s in
pancreas-dLNs of KPC-OG mice when compared to lung-dLNs of KPL-OG mice, but no
major difference in resident DC populations (Figures 4C and S4C). To determine possible
differences in cDC localization between the pancreas and lung TME, we transplanted
irradiated KPC and KPL mice with Zbtb46°FF and Snx225FP bone marrow (BM). The
Zbtb465FP reporter model marks all cDCs (Satpathy et al., 2012), while the Snx22FP
model labels Batf3-dependent cDC1s (Brahler et al., 2018) (Figure S4D). Using IHC to
quantify GFP* cells, we observed similar patterns to our flow cytometric results with
markedly more Zbtb46-GFP* ¢cDCs and Snx22-GFP* ¢DC1s in lung when compared to
pancreas, both in premalignant tissues and late stage cancer (Figure 4D). We next analyzed
cDC localization and found that both Zbtb46-GFP* cDCs and Snx22-GFP* ¢DCl1s localized
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close to lung tumor cells (>60% were within 5 um or less), while in PDAC cDCs were more
distant from tumor nests (Figure 4E). Analysis of lung and pancreatic tumoral cDCs found
that cDC1s and cDC2s had lower co-stimulatory and maturation markers in PDAC (Figure
S4E), and pancreatic cDC1s were less functional at antigen presentation in ex vivo assays
(Figure S4F). The higher cDC1 density found in lung cancer also paralleled higher OVA-
specific CD8* T cell density, suggesting a critical role in antigen-specific T cell immunity
(Figure 4F). This was further supported by the observation that depleting cDC1s prior to
KPL-OG lung tumor initiation via Batf3/~ bone marrow transplant results in drastically
reduced CD8" T cell infiltration (Figure S4G).

To determine if these observations in mouse models held true in human pancreatic tumors,
we analyzed cDC density in human PDAC tissue by mass cytometry and publicly available
datasets. Using mass cytometry, we found that cDC1s specifically are extremely rare and
~100-fold less abundant when compared to tumoral macrophages (TAMS) or neutrophils in
human PDAC tissues (Figure 4G). Additionally, normalized cDC1 gene signature levels
(Barry et al., 2018; Bottcher et al., 2018; Spranger et al., 2017) are much lower in PDAC
when compared to lung adenocarcinoma (Figure 4H). These observations mirror our mouse
models and indicate that cDCs, specifically cDC1s, are particularly rare in human PDAC
tissue.

A major anti-tumor function of cDCs involves antigen sampling and migration to tumor-
dLN to prime T cell responses. To assess this priming function, we bred LSL-ZsGreen (ZsG)
mice into KPC or KPL mice. ZsGreen expressed by transformed tissue is lysosome stable
(Roberts et al., 2016) and enables us to track antigen uptake and trafficking by different
antigen presenting cells (APCs) in the TME and tumor-dLN. We observed ZsGreen
throughout transformed pancreatic and lung lesions; and TAMs, cDC1s, and cDC2s robustly
took up ZsGreen from malignant cells in both tissues (Figure S4H). However, there were
stark differences in the frequency of ZsGreen* migratory cDC1s and ¢cDC2s in tumor
draining lymph nodes. Across multiple time points, significantly more migratory cDCs were
ZsGreen® in KPL-ZsG mice when compared to stage-matched KPC-ZsG mice (Figure 41).
Most striking was the fact that in early stage KPC-ZsG mice, nearly no migratory cDCs
trafficked tumor-derived ZsGreen, despite clear antigen expression in lesions and loading on
intrapancreatic cDCs at this stage. To determine if poor “antigen-trafficking” by migratory
cDCs at early stages of pancreatic tumorigenesis influenced antigen-specific T cell priming,
we analyzed OVA-specific CD8* T cells in the tumor dLNs of OG™ mice. We found that
KPC-OG pancreas-dLN had far fewer OVA-specific CD8* T cells compared to stage-
matched KPL-OG dLN (Figure 4J). Collectively, these data suggest that T cell priming by
cDCs against neoantigens in developing PDAC is less functional compared to lung
adenocarcinomas.

Mobilizing cDCs into early pancreatic lesions can reverse fibro-inflammatory responses

We next tested if increasing cDCs in early stages of PDAC could reassert Tyl and CTL-
mediated disease control. To accomplish this, we stimulated hematopoietic mobilization of
cDC precursors using Fms-related tyrosine kinase 3 ligand (FIt3L) treatment (Hammerich et
al., 2019; Meyer et al., 2018; Salmon et al., 2016). FIt3L administration at early stages of
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tumorigenesis resulted in robust infiltration of cDCs in the pancreas, including a 10-fold
increase in cDC1s (Figure 5A). These data suggest that when mobilized cDC precursors can
successfully infiltrate early pancreatic lesions. Additionally, we observed that FIt3L
treatment alone could revert disease acceleration and fibro-inflammatory pathology of KPC-
OG mice. Compared to untreated mice, FIt3L-treated KPC-OG mice had a reduced lesion
area, lower grade PANIN lesions, as well as reduced collagen deposition and a-SMA*
fibroblast density (Figures 5B-D, and S5A). FIt3L treatment also resulted in reduced
number of ROR-yt* IL-17A-expressing T cells, GATA3* TNF-a-expressing Th cells and
increases in IFN-y-producing Tyl cells (Figures 5E-F, and S5B-E). Notably, there was a
sharp reduction in TNF-a-expressing Ty17 cells (Figure 5F). While the absolute number of
CTLs did not increase, FIt3L treatment increased CD8™ T cell, proximity to lesions, effector
function as measured by IFN-y* and TNF-a* production, and proliferation (Figures 5G-I,
and S5F). To determine if these changes were functional, we depleted CD8* T cells or IFN-
v and found it abolished the tumor control by FIt3L treatment (Figures 5J). Concurrently, we
found CD8* T cell depletion attenuated increases in the tumor cell-death and antigen-editing
observed in FIt3L-treated KPC-OG mice (Figures S5G-H). Together these data imply that
restoring cDC numbers in early stages of PDAC results in a switch from pathogenic tumor-
promoting TH17 to tumor-restraining Ty1 and CD8* CTL responses to neoantigens.

Enhancing cDC infiltration and activation in established PDAC leads to disease
stabilization

Our observations raised the possibility that FIt3L-based cDC mobilization in established
pancreatic tumors could benefit anti-tumor immunity. Additionally, our previous work has
shown that established PDAC in human patients and KPC mouse models can impair cDC1
development in the bone marrow (Meyer et al., 2018) and therapeutic strategies might
require boosting cDC mobilization to overcome this disruption. Thus, we treated KPPC-OG
mice bearing established tumors with FIt3L. Notably, increases in cDC infiltration upon
FIt3L treatment were more modest in established PDAC compared to premalignant pancreas
(Figure 6A-B). Also, administering FIt3L alone in this advanced setting did not change
intratumoral CTL or Ty cells and led to an increase in Treg frequency (Figure 6C). This
finding is in line with previous work (Ager et al., 2017; Salmon et al., 2016), and suggested
that increasing mobilization of cDC progenitors is insufficient in generating favorable T cell
responses in established PDAC.

We speculated that the lack of impact of FIt3L on CTL and Ty cell infiltration could be due
to ineffective licensing of incoming cDCs, allowing for the immature DCs to become
tolerogenic in the TME. To overcome this barrier, we either intratumorally injected a STING
agonist (RR-S2-CDA\) to influence IFN-dependent DC maturation (Corrales et al., 2015;
Sivick et al., 2018), or administered CD40-agonist 1gGs to improve licensing and enhance
APC function and survival (Beatty et al., 2011; Byrne and Vonderheide, 2016). Unlike other
tumor models (Kinkead et al., 2018; Ma et al., 2019), we found that neither CD40 nor
STING agonist alone enhanced cDC abundance in the PDAC TME. However, combination
of either agent with FIt3L worked synergistically to drive massive influx of cDC1s and
cDC2s, with CD40 agonist showing clear superiority and a >64-fold increase in cDC1s
(Figure 6D). Phenotypically, cDC1s and cDC2s had higher MHCI and MHCII expression
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and modestly higher CD80/CD86 expression upon CD40 agonist and FIt3L treatment
(Figure S6A). Notably, combination treatment with CD40 agonist and FIt3L did not
mobilize more pre-cDCs than FIt3L treatment alone, suggesting that the observed synergism
was in the PDAC TME (Figures S6B-C).

While CD40 or STING agonist alone modestly enhanced CD8* T cell infiltration,
combination with FIt3L triggered markedly enhanced intratumoral CD8* CTL and CD4* Ty
cell infiltration without Trgg induction (Figure 6E). Additionally, CD40 agonist plus FIt3L
combination treatment increased the abundance of intratumoral OVA-specific CD8* T cells
(Figure 6F). Histologically, we found more CD8* CTLs were in close proximity and
frequently in contact with PDAC cells of CD40 agonist plus FIt3L combination-treated mice
(Figure 6G). Notably, the CD40 agonist plus FIt3L treatment elicited integrated anti-tumor
responses involving marked increases in infiltrating NK cells, y8T cells and y5T cells
(Figures 6H and S6D) and resulted in significant loss of GFP in OG tumors, suggesting
immune evasion under T cell pressure (Figure S6E). Due to the substantial changes observed
in cDC numbers upon anti-CD40 plus FIt3L combination treatment, we next tested priming
capacity in PDAC-dLNs using KPPC-ZsG mice. We found a considerable increase in
ZsGreen™ migratory cDC1s trafficking tumor antigen to dLN of CD40 agonist plus FIt3L-
treated mice (Figure 61). To determine if this enhanced antigen trafficking results in better
peripheral cross-priming, we analyzed the enrichment of antigen-specific CD8* T cells in
the dLN of treated KPPC-OG tumors. There was a 6.7-fold increase in OVA-specific CD8*
T cells in dLN of the anti-CD40 plus FIt3L treatment cohort, compared to a 3.5-fold increase
in the anti-CD40 only cohort (Figure 6J). This suggested that combination treatment was
efficacious in improving T cell priming in PDAC-dLNSs.

Combining FIt3L administration with either CD40 or STING agonism resulted in improved
disease control beginning a week into either treatment (Figure 6K). Combining CD40
agonism and FIt3L was also effective at slowing tumor progression in the non-antigenic
KPPC model (Figures S6F-G) and was dependent on T cells for efficacy (Figures S6H-I).
Histologically, tumors receiving FIt3L and anti-CD40 had no major changes in total PDPN*
fibroblast presence, but substantially lower collagen deposition and a reduction in
desmoplastic a-SMA* fibroblasts (Figures 6L—M, and S6J). This data suggested that FIt3L
plus anti-CDA40 treatment might either result in collagen degradation and/or indirectly switch
fibroblast phenotype. In agreement with potential myeloid-dependent matrix remodeling, we
observed higher MMP9 production in FIt3L plus anti-CD40 treated tumors (Figure S6K)
(Long et al., 2016).

cDC-directed therapy renders PDAC responsive to radiation therapy

While we found that CD40 agonist plus FIt3L reshaped the immune response, we did not
observe tumor regression. A possible explanation is that immune priming and “antigen-spill”
by tumor cell death is very limited in this model (Monderheide, 2018). One effective
modality to induce immunogenic cell death and boost CTL priming by APCs is radiation
therapy (RT) (Ngwa et al., 2018; Twyman-Saint Victor et al., 2015). RT in PDAC patients
has limited benefit and is mostly palliative (Balaban et al., 2016), possibly because the TME
does not support induction of tumor immunity. To test if cDCs could provide the necessary
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induction and synergize with RT, we combined anti-CD40 agonist and FIt3L treatment with
radiotherapy. We utilized computed tomography-guided RT to provide 3 fractionated 8 Gy
doses directed to KPPC-OG pancreata after cDCs were mobilized. While RT alone only
modestly impacted tumor progression, the triple-therapy resulted in tumor regression in the
majority of KPPC-OG animals (Figures 7A-C). Similar results were observed in orthotopic
Kras-Ink tumors that do not express OVA/GFP (Figures 7D-F, and S7A), suggesting these
responses were not specific to the GEMM or expression of exogenous antigen. Notably,
triple-therapy extended survival over RT alone (Figure 7G). A different strategy in the KPPC
GEMM involving RT at the induction step also improved treatment efficacy and survival
benefit (Figures 7H-J). In conclusion, amplifying cDC density and function might be a
desirable strategy to augment the impact of RT and similar treatments in PDAC.

Discussion

In lieu of human tissue analyses, spontaneous mouse models are invaluable for defining how
immune surveillance gradually becomes ineffective as tumors progress. In our unperturbed
model of PDAC, strong antigenicity is insufficient to drive T cell-dependent tumor control
and does not elicit immune-editing. This is in contrast to recent work in transplant models
(Evans et al., 2016), underscoring how outcomes can differ depending on initial
inflammatory context of the model system. Notably, while the genetic approach in our study
avoids the wounding associated with orthotopic models, one limitation may be that a large
portion of acinar cells receive both oncogenic mutations and neoantigen; this should be
taken into consideration. None-the-less, it is plausible that the pancreas responds differently
to neoplastic cues when compared to mucosal/barrier organs such as the lung (Salmon et al.,
2019). Frequent environmental insults and mitogens can entrain a rapid response to lesions
in the airway epithelia (Lelkes et al., 2014), and the lung-draining lymphatics are amenable
for efficient T cell priming (Cook and Bottomly, 2007). In contrast, the pancreas and its
lymphatic drainage might not be designed to be at this heightened state; tempering T cell
immunity against antigenic lesions and allowing fibro-inflammatory programs to dominate.
Additionally, local microbial communities can influence immune responses to lung or skin
tumor antigens in a different context when compared to the hepatobiliary/pancreatic tract,
wherein the gut-proximal commensal population is divergent (Jin et al., 2019; Pushalkar et
al., 2018; Routy et al., 2018). Overall, our comparative studies suggest anti-tumor
surveillance in PDAC is heavily influenced by a ‘hard-wired’ program.

TH17 cells and their associated cytokines have been separately implicated in tumor-
promoting inflammation, fibrosis, neovascularization and recruitment of inflammatory
myeloid cells (Grivennikov et al., 2012; McAllister et al., 2014; Ochi et al., 2012). Our
observations suggest an interplay between these TME compartments via immune-cell
derived TNF-a and IL-17A, which can drive mitogenic signaling in PDAC and other tumors
through alternative p38MAPK activation (Alam et al., 2015) and NFx-B signaling (Charles
et al., 2009; De Simone et al., 2015; Egberts et al., 2008). Despite their plasticity, T2 and
TH17 infiltrates have been linked to worse outcomes in PDAC patients (Bellone et al., 1999;
De Monte et al., 2011; De Monte et al., 2016; Fukunaga et al., 2004; Wang et al., 2017).
Work from other groups have shown Tgrggs also play an important role in sustaining
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pancreatic tumorigenesis (Zhang et al., 2014), although we did not observe this to be
prominent in our study.

Human PDAC patients have low numbers of DCs that become rarer with tumor progression
(Dallal et al., 2002; Hiraoka et al., 2011). Such an absence or dysfunction of DCs can
magnify unproductive Ty cell responses (Furuhashi et al., 2012; Ibrahim et al., 2012; Ochi et
al., 2012). In agreement, cDC mobilization at PANIN stages reduced pathogenic Ty17
activity in the pancreas and limited progression, supporting a protective Ty1 role at this
early stage (Bedrosian et al., 2011; Henning et al., 2013). The influx of cDCs in our study
was associated with concomitant reduction in collagen-deposition which might further
benefit antigen sampling and improved trafficking to dLNs (Hugues, 2010). Importantly,
these observations insinuate the PDAC TME retains its capacity for Tyl and CTL activity,
and is held back by insufficient cDCs.

cDC2s are a heterogeneous population that can have tumor-suppressive roles based on the
inflammatory context (Binnewies et al., 2019; Brown et al., 2019; Laoui et al., 2016).
CD11b* TAMs/DCs that skew immunity towards T2 responses have been described both in
the PDAC TME (Ochi et al., 2012) and metastases (Kenkel et al., 2017). Tumor-permissive
roles for CD11b* DCs via FOXP3" Trggs or FOXP3Md regulatory Tr1 cells have also been
reported (Barilla et al., 2019; Jang et al., 2017). While we limited our scope to canonical
cDC1 and cDC2 subsets, recent work has demonstrated greater heterogeneity and plasticity
(Brown et al., 2019; Zilionis et al., 2019). It will become important to map differential cDC
distribution/localization and study the resultant impact on PDAC pathogenesis as well as
treatment response.

Prior trials involving FIt3L monotherapy have not shown benefit due to a lack of appropriate
DC activation and licensing (Freedman et al., 2003; Morse et al., 2000). The paradigm has
now shifted to include strategies for enhancing DC function in the TME, and trials are now
underway in lymphoma, squamous carcinoma and non-small cell lung cancer
(NCT03789097, NCT02839265). The described therapeutic strategy targeting anti-CD40
and FIt3L is also being tested for solid malignancies (NCT03329950). This combination
caused a dramatic increase in tumoral cDCs and CD8* T cells, despite mobilization from
bone marrow being similar to FIt3L-monotherapy. This could be due to enhanced DC
survival /n situ, as signaling downstream of RANK and non-canonical NF-xB signaling
upon CD40 ligation is known to enhance DC survival (Hou and Van Parijs, 2004; Miga et
al., 2001; Ouaaz et al., 2002). FIt3L and CD40 agonism have been shown to independently
enhance IFN-y and IL-12 production (Borges et al., 1999; Chaudhry et al., 2006; Garris et
al., 2018), and their combined activity could impose Tyl immunity in the otherwise-
suppressive TME. Even though CD40 agonism has been shown to rely on Batf3-dependent
DCs in PDAC (Byrne and Vonderheide, 2016) it is also known to be mediated by TAMs
(Hoves et al., 2018; Stromnes et al., 2019). Multiple myeloid cell types could be mediating
CDA40-dependent immunity in the PDAC TME; this redundancy could be of benefit to
patients with extremely low numbers of ¢cDCs.

The described cDC-targeted strategy may have the added benefit of altering the TME for
fully-integrated immune killing. The increase in intratumoral NK and NKT cells via FIt3L
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can have a profound effect on sustaining DC-T cell interaction and Tyl help (Barry et al.,
2018; Bottcher et al., 2018; Nair and Dhodapkar, 2017). Additionally, stromal remodeling
and resolution of fibrosis can facilitate drug delivery and enhance CTL activity in the TME
(Feig et al., 2013; Jiang et al., 2016; Stromnes et al., 2015). Notably, CD40 agonism has
been shown to reduce pathogenic fibrosis by enhancing matrix remodeling properties of
tumor-infiltrative monocytes (Long et al., 2016). In addition to facilitating CTL activity and
access, stromal remodeling has a positive effect on cDC migration, antigen sampling, and
activity (Boissonnas et al., 2013; Hope et al., 2017); this can be advantageous for sustaining
DCs in similarly ‘insulated’ solid tumors.

Going forward, it becomes important to experimentally determine the best treatment-
window to administer inductive RT— to maximize priming capacity of mobilized cDCs and
maintain their T cell-assistive function in the TME. It might also be germane to combine this
treatment with DC agonistic pathways such as OX40 or 4-1BB to further benefit T cell co-
stimulation. Meaningful interventions in PDAC will likely necessitate such combinations
(Baird et al., 2016; Hammerich et al., 2019; Rech et al., 2018). In conclusion, increasing the
numbers and/or activity of scarce cDCs in PDAC is a distinct strategy that could improve
cytotoxic or immune-based therapies that by themselves are poorly effective in this disease.

STAR Methods Text
LEAD CONTACT AND MATERIAL AVAILABILITY

Further information and requests for resources, reagents and samples should be directed to
and will be fulfilled by the Lead Contact, David G. DeNardo (ddenardo@wustl.edu). The

OG mouse model generated in this study is being deposited to the Jackson laboratory, and
requests in the interim will be fulfilled by Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Genetic mice and other models—The OG mouse (R26"1(LSL-0G)) was developed at
the Washington University Mouse Embryonic Stem Cell Core modifying a previously
published construct (Miyazaki et al., 2005). Briefly, this includes a Tet-off regulation
cassette for expression of full-length chicken Ovalbumin and IRES-enhanced GFP under
Cre-mediated LSL-control and hCMV1 promoter. Successful chimeras from C57B1/6J
blastocyst injections were selected for and verified by DNA sequencing across ROSA
junction; bred to C57BI/6J background and subsequent founder mice were identified via
genomic PCR (primers listed in Key Resources Table).

KPC (p48-Cre, Kras-SL-G12D: Trp5311+) or KPPC mice (p48-Cre, Krast-SL-G12D: Trp53fh
used in these studies have been rapidly bred to C57BI/6J background in our lab using speed-
congenics and further backcrossed >5-times. Independent founder OG lines were crossed
into our in-house KPC background and backcrossed >3-times while deriving KPC-OG mice
(p48-Cre; Krash-SL-G12D: Trp53M1* p26!MU(LSL-OCG)) KPPC-OG mice (p48-

Cre, Krast-SL-G12D. 153/ pogtmI(LSL-OG) or PC-OG mice (p48-

Cre, Trp53™"f: R2gtMI(LSL-OG)) Certain KP-OG mice

(Krast-SL-G12D. Trp53H o 26!M1(LSL-OG)) \yere administered AdSCMVCre at 6 weeks of age
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by intratracheal instillation to generate analogous lung tumors (DuPage et al., 2011). In
Figure 1 and S1, KPC or KPC-OG cages were kept ad /ibitum on doxycycline (0.5 mg/ml in
water, changed every 3 days) and weaned off it at birth.

LSL-ZsG mice (B6.Cg-Gt(ROSA)26SorMb(CAG-ZsGreen1)Hze) yere crossed into our in-
house KPC background and backcrossed >3-times while deriving KPC-ZsG mice (p48-
Cre, Krast-SL-G12D: Trp53/% R ogtmI(LSL-Z5G)) KP-ZsG mice

(Krast-SL-G12D. Trp531/% R 26MI(LSL-Z5G)) \ere administered AASCMVCre at 6 weeks of
age by intratracheal instillation to generate analogous lung tumors. For some studies;
tamoxifen-inducible PaxI-Cre/Esr1*mice (Gu et al., 2002) were bred with KP-OG mice to
generate iKPC-OG mice (Pax1-Cre/Esrl* Krast-SL-G12D: Trp53fl. pogim1(LSL-OG)) jKPC-
OG and iKPC mice at 5 weeks were administered tamoxifen for 5 days (2 mg i.p. daily,
dissolved in corn oil). Survival events were scored when mice lost >15% body weight, tumor
burden reached >1.8 cm in diameter, moribund appearance, severe cachexia, or per absolute
survival. For all studies, care was taken to include negative littermates as well as sex- and
age-match in the same experimental setup.

KPPC/KPPC-OG mice were enrolled for treatment studies when first >0.5 cm tumor was
detected by biweekly palpation corroborated by ultrasound measurement. Thereafter, tumor
size was assessed weekly by ultrasound (SonoSite m-Turbo). Survival events were scored
when mice lost >15% body weight, tumor burden reached >1.8 cm in diameter or per
absolute survival outcome.

OT-1 TCR-Tg mice, OT-1l TCR-Tg mice, C57BI/6 and FVVB/N mice were obtained from
Jackson or Charles River laboratories. Snx22FP and Zbtb46°FF were provided kindly by
Dr. Kenneth Murphy (Washington University). Snx22FP and Zbtb46°FP mice were
backcrossed >3 times to C57BI/6 background before being used. All mice were housed, bred
and maintained under specific pathogen-free conditions in accordance with NIH-AALAC
standards and consistent with Washington University School of Medicine IACUC
regulations (protocol #20160265).

Human subjects—Human PDAC samples were obtained from informed consenting
patients diagnosed at Washington University and Siteman Cancer Center. Patients underwent
pancreaticoduodenectomy and had not received neoadjuvant therapy. Washington University
Ethics committee approved the study under IRB protocol #201704078.

Cell lines—Three independent primary cell lines were derived from tumor-bearing female
KPC-OG or KPPC-OG mice (denoted KP-OG1 and KP-OG2 and KPP-OG2), along with
three KPC-derived control lines. We observed similar /7 vivo and ex vivo results for all OG-
expressing cell lines; data from one cell line (KP-OG1) is reported unless noted. Kras-/nk or
KI cells used in certain orthotopic transplant experiments were derived from PaxZ-Cre;LSL -
KrasC12D Ink/Arf”f mice in Dr. Hanahan’s laboratory (EPFL, Lausanne).

Cell suspension derived after tumor harvest (detailed below) was plated on collagen-coated
tissue culture flasks under standard antibiotics. GFP* tumor cells were sorted on FACSAria-
I (BD Biosciences), and replated in complete medium until stable cell lines were
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established. All cell lines were cultured in complete medium (DMEM-F12 with 10% FBS
and 1% PenStrep) at 37° C and 5% CO,. All cell lines were passaged <6 times and were
tested positive for cytokeratin-19, and negative for smooth muscle actin and vimentin to
verify their carcinoma identity and purity. All cell lines were tested negative for MAP and
mycoplasma using 2 independent commercial kits (Sigma and Lonza).

METHOD DETAILS

Tissue harvest—Mice were euthanized by trans-cardiac perfusion (insert LV apex, cut
RA) using 15 mL of PBS-heparin under isoflurane anesthesia. For lung studies, mice were
euthanized by lung-specific perfusion (insert RV apex, cut LA) using 10 mL of PBS-heparin
under isoflurane anesthesia. When taken for histology, tumor tissue were equally divided
between 10% neutral-buffered formalin and OCT-based cryopreservation. When taken for
cellular assays, tumor tissue or respective lymph nodes were manually minced and digested
in 20 mL of sterile 1X HBSS (Thermo Fisher) containing 2 mg/mL of collagenase A
(Roche) and 1X DNase | (Sigma) for 30 min at 37° C with constant stirring. Digestion was
quenched in 5 mL of sterile fetal bovine serum (FBS, Atlanta Biologicals) filtered through
40 um Nylon mesh, pelleted through centrifugation (2000 RPM for 5 min at 4°C), and
resuspended in required media/buffer as single cell suspensions.

Orthotopic implantations—To establish orthotopic models, either 100,000 Kl or
200,000 KP-OG cells in 50 pL of Cultrex (Trevigen) were injected into the pancreas of 8-12-
week old sex-matched FVB/NJ or C57BI/6-background PC-OG mice as previously
described (Kim et al., 2009). For 5 days prior to implantation of KP-OG cells, recipient mice
were kept on 0.5 mg/ml doxycycline (in water, changed every 3 days) and cells were kept on
1.5 pg/ml doxycycline (in medium, changed every 3 days). Certain groups were weaned off
doxycycline 3 days post-tumor implant.

Perinatal and immunotherapeutic neutralizing antibodies—For cellular depletion
perinatally, neutralizing 1gG antibodies were administered to post-partum dam in KPC-OG
breeding cages via i.p. injection to pass onto pups via milk. The first injection was given to
the female on the day of litter. For T cell depletion perinatally, CD4- or CD8-neutralizing
IgG antibodies (anti-mCD4 clone GK1.5; anti-mCD8 clone 2.43, BioXCell) were
administered, with 15t injection containing 400 ug and subsequent injections (every 4 days)
containing 200 pg of each 1gG. Once pups were 3 weeks old; individual weaned pups
received 200 ug every 4 days, until 6-week timepoint was reached. Isotype controls with
same dosage were administered similarly (rat IgG2b clone LTF-2, BioXCell) and are
included in certain data panels. For B cell depletion perinatally, CD19- and B220-
neutralizing 1gG antibodies (rat clone 1D3; clone TIB-146, BioXCell) were administered,
with 15t injection containing 900 ug and subsequent injections (every 4 days) containing 450
ug of each IgG. Once pups were 3 weeks old; individual weaned pups received 300 ug every
4 days, until 6-week timepoint was reached. Depletion of targeted cell type was verified both
in pancreas and blood by flow cytometry, utilizing staining antibodies of a different clone
(CD4 clone RM4-4; CD8 clone 53-6.7; CD19 clone DK5). For cytokine depletion regimen,
400 pg each of IL-17A and IL-17F neutralizing antibodies (rat clone 17F3; clone
MM17F8F5.1A9, BioXCell) or 250 pg of IFN-y neutralizing antibodies (rat clone XMG1.2,
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BioXCell) were similarly administered (every 3-4 days) until 6-week timepoint was reached.
For immunotherapy regimen, 250 g of agonist antibodies (anti-mCTLA4 clone
UC10-4F10-11; anti-mPD1 clone RMP1-14; BioXCell) were given by intraperitoneal (i.p.)
injection; anti-PD1 was given every 3 days and anti-CTLA4 was given every 4 days from
beginning of treatment. Treatments were discontinued after 3 weeks to prevent anti-rat 1gG
reaction.

Adoptive T cell transfer—Three days prior to adoptive transfer, spleen and inguinal
lymph node from OT-1 Tg mouse were crushed and cell suspensions were cultured in T-cell
medium (45% RPMI-1640, 45% DMEM, 10% FBS, 1% Penicillin-Streptomycin, 1X 2-
mercaptoethanol) with 0.5 pg/mL SIINFEKL and 10 ng/mL IL-2. After 2 days of culture,
cell suspension was supplemented with fresh medium, SIINFEKL and IL-2. On day of
transfer, CD8* T cells were enriched from cell suspension using MACS LS column and Ly-2
microbeads (Miltenyi) and suspended in ice-cold sterile 1X PBS. Enrichment was verified
(every 5t experiment) to be >90%. 5 million activated T cells were transferred into mice by
retro-orbital venous injection (i.v.) on days noted. T cell transfer was supplemented with five
riL-2 injections (20,000 IU per mouse, i.p.) every other day for 10 days.

DC-modulatory therapy and radiation therapy—Mice received 30 pg of FIt3L
(CDX-301, Celldex) i.p. every day for 9 days as previously published (Salmon et al., 2016).
Mice received 100 pg of anti-CD40 (clone FGK4.5, BioXCell) i.p. every 5 days starting
concurrent with other treatment upon palpation and 15t ultrasound measure. Certain mice
received 25 pg of STING agonist (ML-RR-S2 CDA, MedChemExpress) intratumorally
every 4 days starting concurrent with other treatment upon palpation and 15t ultrasound
measure.

Mice received Radiation (RT) as three daily fractionated doses (8 Gy x 3) using the Small
Animal Radiation Research Platform (SARRP200, XStrahl Life Sciences). Mice were
injected i.p. with an iodine contrast agent (2100 mg/kg) before being placed on the
irradiation platform one at a time under isoflurane anesthesia. Conebeam computed
tomography (CT) imaging was performed for each individual mouse to pinpoint the
pancreas, images were imported into Muriplan and used to select an isocenter. The tumor
was then irradiated using anterior-posterior-opposed beams using the 210mm x 10mm
collimator at a dose rate of 3.9 Gy/min. Mice were monitored over 2 weeks for signs of
radiation sickness or weight-loss. DietGel recovery gel was provided for 14 day window
immediately following radiation therapy in survival studies.

Cytotoxicity and degranulation assays—KPC-derived cells were cultured in 96-well
format with purified, activated OT-1 CD8" T cells (derived and expanded as described
above) in triplicates at different ratios. Positive-control wells contained OT-I cells incubated
with CD3/CD28 dynabeads (Ebioscience). Cytotoxicity was measured using CYQUANT
LDH release assay (Thermo Fisher) run according to kit instructions on the Synergy H1
microplate reader (Biotek). Viability of tumor cells was also measured using PrestoBlue HS
fluorescent reagent (Thermo Fisher) according to manufacturer’s instructions. OG cell
killing was verified by measuring GFP fluorescence levels normalized to cellular density on
the Synergy H1 microplate reader. To measure CD107a degranulation, parallel wells
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containing tumor and T cells were co-incubated with 1 pM Monensin (Biolegend) for 5
hours at 37° C and 5% CO,. CD107a antibody was utilized in the incubation step, prior to
flow cytometric labeling.

Bone marrow chimerism—~Recipient mice received two (split) doses of 450 cGy four
hours apart, followed by transplant of bone marrow by retro-orbital injection (i.v).
Irradiation was carried out using an X-ray irradiator (XRAD 320). Donor bone marrow was
prepared as follows: donor mice were sacrificed by CO» inhalation, both femurs were
extracted in sterile setting and flushed using pulsed centrifugation to collect marrow. Bone
marrow was reconstituted in cold sterile serum-free 1X HBSS and injected i.v. at a
concentration of 5 million cells per 100 uL per mouse. Mice were monitored over 2 weeks
for signs of radiation sickness or weight-loss.

Vaccination strategy—PC-OG mice received 40 u9 of full-length Ovalbumin (Invivogen)
and 25 pg of HMW Polyl:C adjuvant (Invivogen) in Cultrex subcutaneously on day 0,
followed by analysis at day 10 and day 20. Vaccination was verified by measuring OVA-
specific T cells in blood and draining lymph nodes using dextramer immunolabeling.

Immunohistochemical staining—Tissues were fixed in 10% neutral-formalin for 18
hours, embedded in paraffin after graded-ethanol dehydration, and sectioned into 6-pm
sections using a microtome. Where applicable, FFPE sections were stained for Hematoxylin
& Eosin (Thermo Fisher), Picro-Sirius Red (Sigma-Aldrich) and Masson’s Trichrome
(Diagnostic Biosystems) according to manufacturer’s instructions. Automated staining of
tissues was carried out on the Bond Rym (Leica Biosystems) following dewaxing and
appropriate epitope retrieval. Immunostaining was chromogenically visualized using the
Bond Polymer Refine Detection alone or in conjunction with Bond Intense R Detection
Systems (DS9263, Leica Biosystems). Staining used antibodies listed in Key Resources
Table. Slides were mounted using Xylene-based Cytoseal (Thermo Fisher) or Vectamount
(\ector Labs) as appropriate.

Immunofluorescence staining—~6 pum-thick cryo-sections were air-dried and fixed in
4% PFA (Ted Pella, Inc.) for 20 min before being washed thrice with PBS. Slides were
peroxidase-quenched by incubating in hydrogen peroxide (1% v/v in PBS, Invitrogen) for 10
min at RT. After blocking for 30 min at RT in blocking buffer (5% goat serum, 2.5% BSA in
1X PBS), slides were additionally blocked using an Avidin/Biotin Blocking Kit (Vector
Labs) according to manufacturer’s recommendations. Slides were then incubated overnight
in a humidified chamber at 4° C with antibodies listed in Key Resources Table. The next
day, slides underwent three PBST (1X PBS with 0.05% Tween-20) washes, and incubation
with anti-rat HRP (1:500) for 30 min at RT. After three more PBST washes, slides were
incubated in biotinylated Tyramide reagent (1:50) for 8 min, followed by washes and
AlexaFluor 594-conjugated goat streptavidin secondary antibodies (Invitrogen) for 30 min at
RT. Slides were subsequently washed and mounted using Vectashield with DAPI (Vector
Labs). Automated staining of FFPE tissues was carried out on the Bond Rym (Leica
Biosystems) following dewaxing and EDTA-based epitope retrieval (AR9640, Leica
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Biosystems). Fluorescence immunostaining for GFP and CK19 was visualized on an Open
Research Kit arm using standard (non-TSA) immunostaining protocols.

Multiparametric flow cytometry—Following tissue digestion, single cell suspensions
were resuspended in flow cytometry buffer (PBS containing 1% BSA and 5 mM EDTA),
FcR blocked with rat anti-mouse CD16/CD32 antibodies (EBioscience) for 10 min and
pelleted by centrifugation. When used, Live/Dead viability dyes were applied for 15-30 min
at room temperature prior. Where applicable, CD8" T cells specific for antigen OVA were
labeled by incubating cell suspension with H2Kb::SIINFEKL-specific MHCI dextramer
(1:5; Immudex protocol) for 10 min at room temperature prior to extracellular staining. Cells
were consequently labeled with 100 pl of fluorophore-conjugated anti-mouse extracellular
antibodies at recommended dilutions for 25 min on ice. Intracellular staining for
transcription factors and intracellular markers was conducted subsequently using the
EBioscience Transcription Factor Staining buffer set, according to manufacturer’s
instructions. All antibodies are listed in Key Resources Table. FCS Data were acquired on
BD LSR-Il and BD Fortessa X-20 (BD Biosciences) within 3-4 days, and analyzed using
FlowJo software (v10) with application of bead-based post-hoc compensation. For live
analysis of GFP or ZsGreen uptake, fixation step was not performed, and labeled cells were
analyzed immediately (within 2 hours) on cytometer(s).

For experiments that measured T cell cytokines involving ex vivo stimulation, primary cell
suspensions were incubated in 96-well format with 1 uM Brefeldin A (Biolegend) and 1X
Stimulation Cocktail (Ebioscience) for 4 hours at 37° C and 5%CO,. Post-incubation, cells
were quenched and resuspended in Fc block buffer and then labeled with fluorophore-
conjugated anti-mouse antibodies as above.

Mass cytometry—Human tumor samples were digested in HBSS supplemented with
2mg/ml collagenase A (Roche), 2.5U/ml hyaluronidase and DNase | at 37C for 30 min with
agitation to generate single-cell suspensions. Cell suspensions were counted and stained in 5
UM cisplatin per million cells for exactly 3 min on ice and washed with Cy-FACS buffer
(PBS, 0.1% BSA, 0.02% NaNs3, 2 mM EDTA) twice. Cells were incubated with FCR
blocking reagent plus surface-antibody cocktail for 40 min on ice. After incubation, surface-
marker stained cells were washed twice with Cy-FACS buffer. Cells were then fixed with 4%
PFA for 10 min on ice and permeabilized with permeabilization buffer (Invitrogen) for 40
min containing the intracellular stain cocktail. All antibodies are listed in Key Resources
Table. Cells were then washed twice with PBS and stained with 200 pl of DNA intercalator
per million cells. Cells were acquired on a CyTOF2 mass cytometer (Fluidigm) and data
were uploaded to Cytobank for further analysis. Events were gated on singlets, live, and
CD45*. A maximum of 100,000 events were then visualized using standard t-SNE
algorithm. Populations of interest were manually gated and verified based on lineage
marker-expression.

ELISA—BIood was collected by cardiac puncture at endpoints and serum isolated by
coagulation and centrifugation. Serum aliquots were snap-frozen at —80° C until use. Total
1gG1 was measured using IgG (Total) Mouse ELISA Kit (Thermo) and OVA-specific 1gG1
was measured using Anti-Ovalbumin IgG1 (mouse) ELISA Kit (Cayman Chemical) on
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duplicate sera samples diluted 1:10,000 and 1:100 respectively. Absorbance values within
dynamic range were read at 450 nm and 570 nm, and final concentrations were interpolated
on Sigmoidal (4PL) fit of standard-curve.

Ex vivo cDC cross-presentation assay—Endstage pancreatic and lung GEMM tumors
were harvested on the same day as detailed above. Following tissue digestion, single cell
suspensions were resuspended in flow cytometry buffer at required cell concentration, FCR
blocked with rat anti-mouse CD16/CD32 antibodies (EBioscience) for 10 min and pelleted
by centrifugation. 20 million cells were consequently labeled with 1000 pl of fluorophore-
conjugated anti-mouse extracellular antibodies for 25 min on ice. Subsequently, cells were
incubated with 7-AAD for live/dead discrimination and run live on BD FACSAria-Il (BD
Biosciences) using a 100 pm nozzle and low flow rate.

After excluding T, B cells, granulocytic & monocytic cells, around 2000-5000
MHCHNMNCD11cNCD24MXCR1* ¢DC1s and MHCHNCD11cNCD11b* ¢cDC2s were sorted
into complete media (containing FIt3L, L-Glutamine, beta-mercaptoethanol and NEAA) and
plated in 384 well-plate format. cDC1 and cDC2 wells were incubated with 2 pg/ml
SIINFEKL [OVA257.264] and 1SQ [OVA323.339] peptide, respectively, for 3 hours at 37° C
prior to 2 washes. Freshly isolated naive splenocytes from OT-I and OT-1I mice were
enriched for CD8* T cells and CD4* T cells, respectively. OT-I and OT-I1 cells were labeled
with nuclear violet LCS1 (Cayman Chemical) as well as Fluo4-AM calcium indicator
(Thermo) according to Kit instructions, and subsequently co-cultured with cDC1s and cDC2s
at 5:1 ratio. Cellular movement and calcium flux were longitudinally monitored over 3 hours
on Cytation 5 multi-mode reader (Biotek) and data normalized to T-cell alone wells. After 3
hours of imaging, CD8" or CD4" T cells from the above co-culture setup were lifted and
separately assayed on mouse IFN-vy single-color ELISPOT strip according to manufacturer’s
instructions. Readings were taken on Immunospot S6 Universal Analyzer (CTL) after 18
hours of incubation.

Western immunoblot—Tissue or cell lysates were harvested using
radioimmunoprecipitation assay (RIPA) lysis buffer [25 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS] supplemented with protease and phosphatase
inhibitors (Roche). Cell lysates were resolved in Tris-glycine sodium dodecyl sulfate/
polyacrylamide gel electrophoresis (SDS/PAGE) gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Invitrogen). After blocking in 1X TBST buffer with 5% wi/v
BSA, membranes were probed with primary antibodies against Ovalbumin (PA1-196), GFP
(D5.1) and beta-actin (13E5) overnight at 4°C. Membranes were washed thrice i n 1X TBST
and probed with HRP-conjugated secondary antibody for 1 hour at RT. Membranes were
developed with Pierce ECL Western Blotting Substrates and detected using a ChemiDoc
XRS+ system (Bio-Rad).

RNA isolation—Total RNA was extracted from cryo-preserved pancreatic tissues using an
E.Z.N.A.® Total RNA kit (OMEGA) according to manufacturer’s instructions, and banked
in —80° C until use. cDNA for downstream applications were synthesized using gScript
cDNA SuperMix kit (QuantaBio) according to manufacturer’s instructions.
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RNA sequencing and analysis—Samples were prepared in-lab according to kit
manufacturer’s protocol, ribo-depleted using RiboZero protocol and subsequently indexed,
pooled, and sequenced on HiSeq 3000 (I1lumina) at the Genome Technology Access Center
(GTAC), Washington University. Differential expression analysis of normalized counts (after
standard basecalling and demultiplexing) was performed to analyze for differences between
conditions and the results were filtered for only those genes with Benjamini-Hochberg FDR
adjusted p values < 0.05. For each contrast extracted with Limma, global perturbations in
known Gene Ontology (GO) terms and KEGG pathways were detected using the R/
Bioconductor package GAGE to test for changes in expression of the reported log2 fold-
changes reported for each term versus the background log2 fold-changes of all genes found
outside the respective term.

TCGA Patient Analysis—Gene expression data was downloaded for lung
adenocarcinoma (TCGA, Nature 2014) and pancreatic adenocarcinoma (TCGA, PanCancer
Atlas) from cBioportal. Comparison of DC1 gene signature (K/7, CCR7, BATF3, FLT3,
ZBTBA46, IRF8, BTLA, MYCL, CLECI9A, XCRI) between LUAD and PAAD was
conducted using sSGSEA on the GenePattern web interface from the Broad Institute.
Expression scores were Z-score normalized on GraphPad Prism v8.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis—Whole-tissue scans at 10X or 20X magnification were obtained on a
Zeiss Axio Scan Z1 brightfield/fluorescence Slide Scanner. Additional 40X images were
taken when necessary on the Nikon Eclipse 80i brightfield/epifluorescence microscope
(Nikon). Whole-tissue scans were analyzed with HALO software (Indica Labs) using Area
quantification V1.0, Cytonuclear v1.5, Cytonuclear FL v1.4 module or Immune Cell
Proximity v1.2 module. Where noted, grading was conducted by a trained pathologist in a
blinded fashion and verified by principal investigator post-hoc. For proximity analyses,
distances less than or equal to zero were culled for clarity. The normalized percentage of
target cells (T cells, cDCs) proximal to CK19-expressing tumor lesions was binned and
quantified on GraphPad Prism v8.

Statistical analysis—All statistical analyses were performed using GraphPad Prism
software v8, with input from a Biostatistics core expert at Washington University. All data
are representative of at least two independent experiments, unless specifically noted. Sample
size was pre-calculated to satisfy power-requirements (with >85% confidence) in most
experiments, and is specified in the figure legends wherever applicable. To accomplish
randomization for Kl experiments in Figure 6 and 7, animals were sorted by a blinded
investigator with tumor sizes in ascending order and then groups were assigned in
descending order. Each group was checked post-hoc to verify no statistical difference in
average starting tumor size. Randomization was not possible for genetic mouse studies
except in Figure 6 and 7 where mice were randomized at ultrasound-guided enrollment
stage. Data are shown as mean + SEM, unless otherwise noted. Normal-distribution of data
was assessed using the D’ Agostino—Pearson omnibus normality test in Prism. Statistical
tests such as unpaired parametric Student’s t-test, ANOVA analysis (Bonferroni multiple
comparison) or unpaired non-parametric Mann-Whitney U test were used appropriately
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based on normality of data. For survival analyses, Log-Rank (Mantel-Cox) test was used.
For proximity analyses; non-parametric Kolmogorov-Smirnov test was used to distinguish
differences in frequency distributions. p < 0.05 was considered statistically significant for all
studies. *p < 0.05; **p < 0.01; n.s. denotes not significant.

DATA AND SOFTWARE AVAILABILITY

Bulk-RNA sequencing data from KPC or KPC-OG pancreatic lesions can be found at the
Gene Expression Omnibus Repository (GEQO) accession number GSE131602. All software
packages used are publicly available through commercial vendors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Neoantigen expression elicits pathogenic T cell response accelerating PDAC

¢DC dysfunction precludes early TH1 and CTL response to PDAC
neoantigens

Increasing cDCs in early PDAC lesions restores anti-tumor T cell immunity

Restoring cDC function in advanced PDAC improves efficacy of radiation
therapy
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Significance

T cell-directed immunotherapies have not been effective for the majority of pancreatic
cancer patients, in part, due to our limited understanding of how T cell immunity is
subverted in this disease. We sought to identify mechanisms for this failure using
spontaneous mouse models. We report that endogenous antigen-specific responses in
PDAC are aberrant due to a scarcity of dendritic cells, which favors the expansion of
tumor-promoting T17 immunity. Restoring cDCs in pancreatic cancer can enhance
CD8* T cell and TH1 activity to ultimately help control disease. These findings expand
our understanding of T cell ineffectiveness in pancreatic cancer, and propose
combinatorial strategies to modulate cDCs in conjunction with existing therapies for
pancreatic cancer and similar solid malignancies.
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Figure 1. Neoantigen expression during pancreas cancer development elicits antigen-specific

responses

(A) Genetic loci for KPC-OG model and immunaoblot for OVA and GFP expression in KPC-
OG-derived cell line 72 hours after doxycycline withdrawal. Representative of three

independent cell lines.

(B) Gross images (LEFT) of pancreatic tissue at 6 weeks in KPC-OG mice on or off
doxycycline, and (RIGHT) immunofluorescence images of pancreatic tumors at 36 weeks in
KPC-OG mice on or off doxycycline.
(C) KPC-OG tumor-derived cell line depicting GFP fluorescence after 24-hour co-culture
with antigen-specific (OT-1 TCR) or non-specific (C57BI/6) activated CD8* T cells (CTL)
consistent across three independent cell lines, n=3/group.
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(D) Representative images and quantification of CD8" T cells, CD4* T cells and B220* B
cells in 6-week-old KPC-OG and KPC mice. n=10 mice/group.

(E) Density of CD8* T cells, CD4* Ty, CD4* Treg and CD19*CD22* B cells measured by
flow cytometry in early stage KPC-OG and KPC mice. n=5-8 mice/group.

(F) Density of OVA-specific CD8* T cells in pancreas, pancreas-dLN, and spleen of early
stage KPC-OG and PC-OG mice. h=3-8 mice/group.

Data were consistent across two independent experiments. Scale bar denotes 100 um in (B)
and (D). n.s., not significant; *p < 0.05. Data is presented as mean = SEM. For comparisons
between two groups, Student’s two-tailed t-test used. See also Figure S1.
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Figure 2. Neoantigen expression accelerates PDAC progression but restrains lung

adenocarcinomas

(A) Representative H&E images with quantification of lesions in early stage KPC-OG and
KPC mice. n=12 mice/group.
(B) Lesion grades for early stage KPC-OG and KPC pancreata. n=12 mice/group.

(C) Sirius Red staining with quantification in KPC-OG and KPC mice. n=12 mice/group.
(D) aSMA staining with quantification in KPC-OG and KPC mice. n=12 mice/group.

(E) Flow cytometric quantification of various myeloid infiltrates in KPC-OG and KPC mice.

n=5-6 mice/group.
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(F) Kaplan-Meier survival curve for KPPC-OG mice compared to KPPC littermates. n=14—
20 mice/group.

(G) Representative histology of late stage KPC-OG and KPC tumors with quantification of
high-grade tumors. n=14-16 mice/group.

(H) Representative H&E images of late stage KPC-OG and KPC livers with quantification
of metastases. n=14 mice/group.

(1) Kaplan-Meier survival curve for PaxI-Cre-ER ™-driven iKPC-OG mice compared to
iKPC littermates, with quantification of liver metastases. n=8-10 mice/group.

(J9) Density of CD8* T cells in early stage KPL-OG and KPL lung lesions. n=5 mice/group.
(K) Representative H&E images of early stage KPL-OG and KPL lung with quantification
of lesion area and grade. Lesions demarcated by yellow line. n=5 mice/group.

(L) Representative immunofluorescence images and quantification of GFP (green)
expression in CK19* (red) tumors of late stage KPC-OG or KPL-OG tumors. GFP-negative
lesions in KPL-OG tumors are demarcated by yellow arrowhead. n=6-8 mice/group.

(M) Overall survival since start of treatment for KPPC-OG mice undergoing OT-I adoptive
transfer therapy, compared to untreated controls. n=10-18 mice/group.

(N) Representative immunofluorescence images and quantification of GFP (green)
expression in CK19* (red) tumors of KPPC-OG mice subjected to OT-1 adoptive transfer,
compared to untreated controls. n=6 mice/group.

Data were consistent across two independent experiments. Scale bar denotes 500 pm in (A),
(©), (D), (G), (H) and (K); 100 pm in (L) and (N). n.s., not significant; *p < 0.05, **p <
0.01. Data is presented as mean + SEM. For comparisons between two groups, Student’s
two-tailed t-test used. For survival analyses, Log-rank (Mantel-Cox) test used. See also
Figure S2, Table S1 and S2.
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Figure 3. Pro-inflammatory CD4" T cell responses drive PDAC acceleration in response to
neoantigen

(A) Representative H&E images with quantification of pancreatic lesion area (TOP) and
grade (BOTTOM) in early stage KPC-OG mice subjected to depletion of CD4* T cells or
CD19*B220* B cells. n=8-12 mice/group.

(B) Sirius Red staining with quantification in early stage KPC-OG mice subjected to
indicated depletions. n=8-12 mice/group.

(C) aSMA staining with quantification in early stage KPC-OG mice subjected to indicated
depletions. n=8-12 mice/group.
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(D) Representative flow cytometry plots of RORyt and GATAS3 bias in Ty cells of KPC-OG
and KPC tumors, with cellular density of RORyt* Ty17 and GATA3* T2 cells quantified.
n=3-6 mice/group.

(E) Representative flow cytometry plots of IL-17A and TNF-a expression in Ty cells of
KPC-OG and KPC tumors, with cellular density quantified. n=3-6 mice/group.

(F) Representative H&E image with quantification of pancreatic lesion area of early stage
KPC-OG mice subjected to IL-17A and IL-17F neutralization. n=8-10 mice/group.

(G) Representative Sirius Red staining of KPC-OG mice subjected to IL-17A, IL-17F
neutralization, with quantification. n=8-10 mice/group.

(H) Representative aSMA staining of KPC-OG mice subjected to IL-17A, IL-17F
neutralization, with quantification. n=8-10 mice/group.

(I) Representative p-ERK1/2, p-STAT3, p-EGFR immunohistochemistry staining in KPC-
OG mice subjected to indicated depletions, with quantification over overall tissue area and
lesion area. n=8-10 mice/group.

Data were consistent across two independent experiments and pooled. Scale bar denotes 500
um. n.s., not significant; *p < 0.05, **p < 0.01. Data is presented as mean £ SEM. For
comparisons between two groups, Student’s two-tailed t-test used. See also Figure S3.
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Figure 4. cDCs are fewer and less functional in PDAC compared to lung cancer
(A) Heat map depicting mean density (log-scale) of major myeloid cell infiltrates in

advanced KPC/OG pancreatic and KPL/OG lung tumors. n=5-10 mice/group.

(B) CD103* cDC1 and CD11b* ¢cDC2 density in pancreas and lung tumors, at (LEFT) early
stage and (RIGHT) late stage. n=5-10 mice/group.

(C) Migratory cDC1 and cDC2 density in respective draining lymph nodes of late stage
KPC-OG pancreatic tumors and KPL-OG lung tumors. n=7 mice/group.
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(D) Immunohistochemistry for tumor cytokeratin (CK7/19) expression, and Zbtb46-GFP*
(pink) cDCs in late stage KPC or KPL bone marrow chimeras. RIGHT: Zbtb46-GFP* ¢cDC
density in non-tumor (WT) tissue and late stage tumors. FAR RIGHT: Snx22-GFP* ¢cDC1
density in WT and late stage tumors. n=4-6 mice/group.

(E) Frequency distribution of Zbtb46-GFP * ¢cDC and Snx22-GFP* ¢cDC1 proximity to
nearest CK7/19* tumor cell. n=3-5 mice/group.

(F) Tumoral cDC1 density (log-scale) plotted against OVA-specific CD8* T cell density
(log-scale) across tissue and stage. RIGHT: OVA-specific CD8* T cell density in early and
late stage tumors. n=5-8 mice/group.

(G) Phenograph of CD45* immune infiltrates from human PDAC patient CyTOF samples
(pooled), with quantification of individual cellular fractions (log-scale). n=11.

(H) Z-normalized cDC1 infiltration score between pancreatic (PAAD, n=177) and lung
(LUAD, n=230) adenocarcinoma based on conserved cDC1 gene signature.

(1) Representative histogram indicating ZsGreen in migratory cDC1s and cDC2s from
respective draining lymph nodes of KPC-Z or KPL-Z tumors at denoted time points.
RIGHT: percentage of migratory cDC subsets that have ZsGreen antigen in respective
lymph nodes at denoted time points. n=3—-4 mice/group.

(J) Density of OVA-specific CD8* T cells in draining lymph nodes of early stage tumors.
n=5-8 mice/group.

Data were consistent across two independent experiments, except in (A), (B), and (F)—(H)
where they were pooled across multiple experiments. Scale bar denotes 100 um. n.s., not
significant; *p < 0.05, **p < 0.01. Data is presented as mean + SEM, except in (H) where
box plot denotes 10th to 90th percentile, middle line indicates median, range lines indicate
maximal values, and data points beyond indicate outliers (>1.5X range). For comparisons
between any two groups, Student’s two-tailed t-test used. Frequency distributions were
compared using non-parametric Kolmogorov-Smirnov test. See also Figure S4.
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Figure 5. Mobilizing cDCs into early pancreatic lesions can reverse fibro-inflammatory responses
(A) Schematic of FIt3L administration in KPC-OG mice (starting at P30), with

quantification of cDC1 and cDC2 density in pancreata of KPC-OG mice either treated or not
with FIt3L and control KPC mice. n=5-6 mice/group.

(B) Representative H&E images of early stage KPC-OG mice either treated or not with
FIt3L, with quantification of lesion area. n=8-12 mice/group; mice fromfigure 2 included in
this and following analyses.
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(C) Sirius Red staining with quantification in KPC-OG mice either treated or not with FIt3L.
n=8-12 mice/group.

(D) aSMA staining with quantification in KPC-OG mice either treated or not with FIt3L.
n=8-12 mice/group.

(E) Density of RORyt * T17 and GATA3* T2 cells in early stage KPC-OG mice treated
as indicated. n=3-6 mice/group.

(F) Representative flow cytometry plots of IL-17A and TNF-a expression in Ty cells of
KPC-OG mice either treated or not with FIt3L, with IL-17A* and TNF-a* IL-17A* T
cellular density quantified. n=3-6 mice/group.

(G) Representative immunohistochemistry of CD8* T cells (brown) and CK19* tumor
lesions (pink) in early stage KPC-OG mice either treated or not with FIt3L, n=6 mice/group.
(H) Cumulative CD8" T cell density within 30 um of CK19* lesions, and distribution of
CD8* T cell proximity to nearest tumor cell in KPC-OG mice treated as indicated. n=6
mice/group.

(1) Density of IFN-y* TNF-a* cytotoxic CD8* T cells in KPC-OG mice treated as
indicated. n=6 mice/group.

(J) Representative H&E images of early stage KPC-OG mice treated with FIt3L and anti-
CD8 or anti-IFN-y depletion antibodies, with quantification of lesion area. n=7-12 mice/
group.

Data were consistent across two independent experiments, except in (B)-(D) and (H)-(J)
where they were pooled across multiple experiments. Scale bar denotes 500 um in (B), (C),
(D), and (J); denotes 100 pm in (G). n.s., not significant; *p < 0.05, **p < 0.01. Data is
presented as mean + SEM. For comparisons between any two groups, Student’s two-tailed t-
test used. Frequency distributions were compared using non-parametric Kolmogorov-
Smirnov test. See also Figure S5.
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Figure 6. Enhancing cDC infiltration and activation in established PDAC leads to disease
stabilization

(A) Schematic of FIt3L administration in ultrasound-diagnosed KPPC-OG mice. n=5-8
mice/group.

(B) Density of (LEFT) CD103* ¢cDC1s, CD11b* ¢cDC2s in tumors, and (RIGHT) migratory
cDC1, cDC2 populations in respective dLNs of KPPC-OG mice treated with FIt3L. n=5-8
mice/group.

(C) Density of CD8* T cells, CD4* T cells and frequency of CD4* Trgg in tumors of
KPPC-OG mice treated with FIt3L. n=5-8 mice/group.
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(D) Density of cDC1s and cDC2s in tumors of KPPC-OG mice treated as described. n=7-8
mice/group.

(E) Density of CD8* T cells and CD4* Ty cells and frequency of CD4" Trggs in tumors of
KPPC-OG mice treated as described. n=7-8 mice/group.

(F) Density of OVA-specific CD8* T cells in tumors of treated KPPC-OG mice. n=5-8
mice/group.

(G) Representative immunohistochemistry of CD8* T cells (brown) and CK19* tumor
lesions (pink) in KPPC-OG mice treated as indicated. RIGHT: cumulative CD8* T cell
density within 50 um of CK19™* lesions. n=5-8 mice/group.

(H) Density of tumor-infiltrating NK cells, NKT cells and y&-T cells in treated KPPC-OG
mice. n=5-8 mice/group.

(I) Representative flow histogram indicating ZsGreen in migratory cDC1s from draining
nodes of KPPC-Z treated as indicated. RIGHT: absolute number of migratory cDC subsets
that have ZsGreen. n=3-4 mice/group.

(J) Density of OVA-specific CD8* T cell in draining lymph nodes of treated KPPC-OG
mice. n=5-8 mice/group.

(K) Tumor growth quantified by ultrasound measurements over 2 weeks of treatment.
RIGHT: Individual traces of untreated and anti-CD40 plus FIt3L combination cohorts. n=5—
8 mice/group.

(L) Representative Masson’s trichrome staining with quantification in KPPC-OG mice
treated as denoted. n=5-8 mice/group.

(M) Representative a-SMA staining with quantification in KPPC-OG mice treated as
denoted. n=5-8 mice/group.

Data were pooled across multiple independent experiments for all treatments. Scale bar
denotes 100 um in ; bar denotes 500 um in (L) and (M). n.s., not significant; *p < 0.05, **p
< 0.01. Data is presented as mean £ SEM. For comparisons between any two groups,
Student’s two-tailed t-test used. See also Figure S6.
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Figure 7. cDC-directed therapy renders PDAC responsive to radiation therapy
(A) Dosage schema for administration of radiation (RT) in KPPC-OG mice treated with

FIt3L and anti-CD40 upon ultrasound-based tumor diagnosis at day 0.

(B) KPPC-OG tumor growth kinetics quantified by ultrasound measurements over 2 weeks
of treatment. n=8 mice/group.

(C) Percentage change in KPPC-OG tumor volume after RT (day 7 to day 14) with
representative ultrasound images. n=8 mice/group.
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(D) Dosage schema for radiation (RT) in orthotopic Kras-/nk model treated with FIt3L and
anti-CD40 upon tumor diagnosis.

(E) Kras-Ink tumor growth kinetics quantified by ultrasound measurements over 2 weeks of
treatment. n=8 mice/group.

(F) Percentage change in Kras-/nktumor volume after RT (day 6 to day 13). n=8 mice/
group.

(G) Kaplan-Meier survival curve for Kras-/nk orthotopic tumor-bearing mice undergoing
RT-alone or RT in conjunction with FIt3L and anti-CD40. n=9-14 mice/group.

(H) Dosage schema for administration of radiation (RT) in KPPC mice treated with FIt3L
and anti-CD40 upon ultrasound-based tumor diagnosis at day 0.

(1) KPPC tumor growth kinetics quantified by ultrasound measurements over 5 weeks since
starting treatment. n=8 mice/group.

(J) Kaplan-Meier survival curve for KPPC mice undergoing RT alone or RT in conjunction
with FIt3L and anti-CD40. n=10-16 mice/group.

Data were pooled across multiple experiments for (A)—(C), (H)-(J), and representative of
two independent experiments for (D)—(G). Scale bar denotes 5 mm. n.s., not significant; *p
< 0.05, **p < 0.01. Data is presented as mean + SEM. For comparisons between any two
groups, Student’s two-tailed t-test used. See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-mouse CD45 (30-F11) eBioscience RRID: AB_469625
anti-mouse CD3e (145-2C11) eBioscience RRID: AB_469315
anti-mouse CD19 (eBio1D3) eBioscience RRID: AB_1659676
anti-mouse CD11b (M1/70) eBioscience RRID: AB_657585
anti-mouse MHCII (I-A/l-E) (M5/114.15.2) eBioscience RRID: AB_1272204
anti-mouse Ly6G (1A8) BioLegend RRID: AB_1186104
anti-mouse Ly6C (HK1.4) eBioscience RRID: AB_1518762
anti-mouse F4/80 (BM8) eBioscience RRID: AB_468798
anti-mouse CD45 (30-F11) BD Biosciences | RRID: AB_2716861
anti-mouse CD3e (145-2C11) eBioscience RRID: AB_1107000
anti-mouse CD3e (145-2C11) BD Biosciences | RRID: AB_2687954
anti-mouse CD11c (N418) eBioscience RRID: AB_1548652
anti-mouse CD24 (30-F1) eBioscience RRID: AB_464985
anti-mouse CD24 (M1/69) eBioscience RRID: AB_464988
anti-mouse CD103 (2E7) BioLegend RRID: AB_2562713
anti-mouse XCR1 (ZET) BioLegend RRID: AB_2565230
anti-mouse CD8a (53-6.7) BD Biosciences | RRID: AB_2732919
anti-mouse CD8a (53-6.7) BD Biosciences | RRID: AB_11152075
anti-mouse CD4 (RM4-4) eBioscience RRID: AB_464900
anti-mouse CD62L (MEL-14) BioLegend RRID: AB_11125577
anti-mouse CD44 (IM7) eBioscience RRID: AB_1272246
anti-mouse PD1 (J43) eBioscience RRID: AB_466295
anti-mouse TIGIT (1G9) BD Biosciences | RRID: AB_2742062
anti-mouse TIM3 (RMT3-23) Biolegend RRID: AB_2571932
anti-mouse CD40L (MR1) Biolegend RRID: AB_2563493
anti-mouse ICOS (15F9) BioLegend RRID: AB_313337
anti-mouse CD22 (OX-97) BioLegend RRID: AB_2244414
anti-mouse y& TCR (eBioGL3) eBioscience RRID: AB_465934
anti-mouse CD49b (DX5) eBioscience RRID: AB_469485
anti-mouse NK1.1 (PK136) BD Biosciences | RRID: AB_2728688
anti-mouse Ki-67 (SolA15) eBioscience RRID: AB_2574235
anti-mouse FOXP3 (FJK-16s) eBioscience RRID: AB_11218094
anti-mouse CD16/32 (93) eBioscience RRID: AB_467133
anti-mouse F4/80 (BM8) BioLegend RRID: AB_2564589
anti-mouse MHCI (Kd/Dd) (34-1-2S) eBioscience RRID: AB_465358
anti-mouse B220 (RA3-6B2) BioLegend RRID: AB_312997
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anti-mouse CD80 (16-10A1) eBioscience RRID: AB_468774
anti-mouse CD86 (GL1) eBioscience RRID: AB_469419
anti-mouse CD107a (1D4B) BD Biosciences | RRID: AB_2739285
anti-mouse SIINFEKL Dextramer (N/A) Immudex Cat# JD2163
anti-mouse IL-4 (11B11) BioLegend RRID: AB_315320
anti-mouse IL-10 (JES5-16E3) BioLegend RRID: AB_2563240
anti-mouse IFN-y (XMG1.2) BioLegend RRID: AB_315402
anti-mouse TNFa (MP6-XT22) eBioscience RRID: AB_10670212
anti-mouse IL-17A (eBiol7B7) eBioscience RRID: AB_10732356
anti-mouse Thet (eBio4B10) eBioscience RRID: AB_11042699
anti-mouse ROR-gamma T (Q31-378) BD Biosciences | RRID: AB_2651150
anti-mouse EOMES (Danl1lmag) Ebioscience RRID: AB_2573454
anti-mouse Granzyme B (GB11) BD Biosciences | RRID: AB_2738174
anti-mouse MHCII (I-A/l-E) (M5/114.15.2) Biolegend RRID: AB_313322
anti-mouse CD86 (B7-2) (GL1) eBioscience RRID: AB_469419
anti-mouse CD252 (OX40L) (RM134L) Biolegend RRID: AB_313404
anti-mouse CD274 (PD-L1) (MIH5) eBioscience RRID: AB_466089
anti-mouse CD137L (4-1BBL) (TKS-1) Biolegend RRID: AB_2256408
anti-mouse 1gGa, K (MOPC-173) Biolegend RRID: AB_326480
anti-mouse 1gG1, K (eBRG1) Ebioscience RRID: AB_470009
anti-mouse 1gG1, K (RTK2071) Ebioscience RRID: AB_326518
anti-mouse 1gG1, K (RTK2071) Ebioscience RRID: AB_326514
anti-mouse CD40 (FGK4.5) BioXCell RRID: AB_1107647
anti-mouse CD4 (GK1.5) BioXCell RRID: AB_1107636
anti-mouse CD8a (2.43) BioXCell RRID: AB_1125541
anti-mouse CD19 (1D3) BioXCell RRID: AB_10949187
anti-mouse B220 (T1B-146) BioXCell RRID: AB_1107651
anti-mouse IL-17A (17F3) BioXCell RRID: AB_10950102
anti-mouse 1L-17F (MM17F8F5.1A9) BioXCell RRID: AB_2715461
anti-mouse IFN-y (XMG1.2) BioXCell RRID: AB_1107694
anti-mouse CD25 (IL-2Ra; PC-61.5.3) BioXCell RRID: AB_1107619
anti-mouse 1gG2a (2A3) BioXCell RRID: AB_1107769
anti-mouse 1gG1 (MOPC-21) BioXCell RRID: AB_1107784
anti-mouse 1gG2b (LTF-2) BioXCell RRID: AB_1107780
anti-mouse PD1 (RMP1-14) BioXCell RRID: AB_10949053
anti-mouse CTLA4 (UC10-4F10-11) BioXCell RRID: AB_1107598
anti-mouse F4/80 biotinylated (BM8) Ebioscience RRID: AB_466657
anti-mouse GR-1 biotinylated (RB6-8C5) Abcam RRID: AB_470753
anti-mouse CD8a biotinylated (53-6.7) Ebioscience RRID: AB_466346
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anti-mouse CD4 biotinylated (GK1.5) Ebioscience RRID: AB_466325
anti-mouse FOXP3 (FJK-16s) Ebioscience RRID: AB_467576

anti-mouse B220 (RA3-6B2)

BD Biosciences

RRID: AB_396673

anti-mouse Pan-cytokeratin (Poly) Cell Signaling RRID: AB_836890
anti-mouse alpha-SMA (Poly) Abcam RRID: AB_2223021
anti-mouse Podoplanin (8.1.1) Biolegend RRID: AB_1089187
anti-mouse ki67 (Poly) Abcam RRID: AB_443209
anti-mouse Sox2 (Poly) Cell Signaling RRID: AB_823640
anti-mouse Cytokeratin 19 (TROMA-I1II) DSHB RRID: AB_2133570
anti-mouse Cytokeratin 17/19 (D4G2) Cell Signaling RRID: AB_2797912
anti-mouse GFP (D5.1) Cell Signaling RRID: AB_1196615
anti-mouse TTF1 (Nkx2.1) (EP1584Y) Abcam RRID: AB_1310784
anti-mouse p-ERK1/2 T202/204 (D13.14.4E) | Cell Signaling RRID: AB_2315112
anti-mouse p-STAT3 Y705 (D3A7) Cell Signaling RRID: AB_2491009
anti-mouse p-EGFR Y1068 (EP774Y) Abcam RRID: AB_732110
anti-mouse MMP9 (Poly) Abcam RRID: AB_776512

anti-mouse Ovalbumin (Poly)

Thermo Fisher

RRID: AB_2539921

anti-mouse beta-actin (13E5) Cell Signaling RRID: AB_2223172
anti-human CD11b (ICRF44) Fluidigm #3209003B
anti-human CD11c (Bul5) Fluidigm #3159001B
anti-human CD14 (M5E2) Fluidigm #3160001B
anti-human CD141 (1A4) Fluidigm #3173002B
anti-human CD15 (W6D3) Fluidigm #3164001B
anti-human CD16 (3G8) Fluidigm #3148004B
anti-human CD163 (GHI/61) Fluidigm #3154007B
anti-human CD19 (HIB19) Fluidigm #3142001B
anti-human CD192 (CCR?) (K036C2) Fluidigm #3153023B
anti-human CD1c (L161) BioLegend #331502
anti-human CD20 (2H7) Fluidigm #3147001B
anti-human CD206 (MMR) (15-2) Fluidigm #3168008B
anti-human CD24 (ML5) Fluidigm #3166007B
anti-human CD3 (UCHT1) BioLegend #300402
anti-human CD32 (FUN-2) Fluidigm #3169020B
anti-human CD34 (581) Fluidigm #3149013B
anti-human CD38 (HIT2) Fluidigm #3167001B
anti-human CD40 (5C3) Fluidigm #3165005B
anti-human CD45 (HI30) Fluidigm #3089003B
anti-human CD54 (HA58) Fluidigm #3170014B
anti-human CD56 (NCAM16.2) Fluidigm #3176008B
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Pathclear

REAGENT or RESOURCE SOURCE IDENTIFIER
anti-human CD64 (10.1) Fluidigm #3146006B
anti-human CD68 (Y1/82A) Fluidigm #3171011B
anti-human CD80 (2D10.4) Fluidigm #3162010B
anti-human CD81 (5A6) Fluidigm #3145007B
anti-human CD82 (ASL-24) Fluidigm #3158025B
anti-human CD86 (1T2.2) Fluidigm #3150020B
anti-human CX3CR1 (2A9-1) Fluidigm #3172017B
anti-human CXCR4 (12G5) Fluidigm #3175001B
anti-human HLA-DR (L243) Fluidigm #3174001B
anti-human Ki-67 (B56) Fluidigm #3161007B
Bacterial and Virus Strains
Ad5CMVCre U of lowa #VVC-Uoflowa-5
Biological Samples
Human PDAC Samples Washington IRB #201704078
University
Cultrex Basement membrane extract, Trevigen #3432-001-01

Chemicals, Peptides, and Recombinant Proteins

Doxycycline hyclate Sigma-Aldrich #D9891
SIINFEKL peptide (OVA 257-264) Sigma-Aldrich | #S7951

1SQ peptide (OVA 323-339) Invivogen #vac-isq
Endo-free Ovalbumin Invivogen #vac-pova-100
Polyl:C (HMW) Invivogen #tlrl-pic-5
FIt3L (CDX-301) Celldex N/A

STING agonist (ML-RR-S2 CDA; ADU- MedChemExpr | #HY-12885B
S100) ess

Recombinant mouse IL-2 Peprotech #212-12-20UG
Fluo4-AM calcium indicator Thermo Fisher #F14201
Collagenase A Sigma/Roche #10103586001
DNAse | Sigma #11284932001
Cell Stimulation cocktail (PMA/lono) Ebioscience #00-4970-93
Brefeldin A Biolegend #420601
Monensin Biolegend #420701

Critical Commercial Assays

Total 1gG (mouse) ELISA kit

Thermo Fisher

#88-50400-22

Anti-Ovalbumin 1gG1 (mouse) ELISA kit Cayman #500830
chemicals

CyQUANT LDH cytotoxicity assay kit Thermo Fisher #C20300

E.Z.N.A. Total RNA kit | Omega #R6834-02

gScript cDNA Supermix kit Quantabio #95048-500

Tagman Gene Expression Master Mix Thermo Fisher #4370074
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REAGENT or RESOURCE SOURCE IDENTIFIER
TSA Fluorescein kit Perkin-Elmer #NEL701001KT
TSA Biotin kit Perkin-Elmer #NEL700001KT
BOND Polymer Refine Detection kit Leica #DS9800
BOND Polymer Refine Red Detection kit Leica #DS9390
BOND Intense R Detection kit Leica #DS9263
Cytofix kit BD Bioscience | #554655
Transcription Factor Staining kit Ebioscience #00-5523-00
MACS LS kit Miltenyi #130-042-401
Deposited Data
RNASeq raw reads and processed data this paper GEO: GSE131602
Experimental Models: Cell Lines
KP-OG1,; derived from 20 wk-old KPC-OG This paper N/A
mouse
KP-OG2; derived from 16-wk old KPC-OG This paper N/A
mouse
KPP-OG2; derived from 10-wk old KPPC- This paper N/A
OG mouse
KPCO01-03; derived from ~22 wk-old KPC This paper; N/A
mouse Jiang et al.
2016
Kl; derived from Kras-Ink mouse Doug Hanahan, N/A
EPFL
Experimental Models: Organisms/Strains
mouse: B6.Cg-ROSA26MMULSL-0G) j e This paper N/A
R2GMU(LSL-0G)
mouse: p48-Cre; Kras-St-G12D: Tro53 Hingorani et N/A
al., 2003;
Morton et al.,
2010
mouse: C57BL/6-Tg(Pdx1-Cre/Esrl*) The Jackson Stock#024968
Laboratory
mouse: B6.Cg- The Jackson Stock#007906
GH(ROSA)26S0rm6(CAG-ZsGreen1)Hze Laboratory
mouse: C57BL/6J The Jackson Stock#000664
Laboratory
mouse: C57BL/6-Tg(TcraTerb)1100Mjb/J The Jackson Stock#003831
Laboratory
mouse: C57BL/6-Tg(TcraTcrb)425Chn/J The Jackson Stock#004194
Laboratory
mouse: B6.12956(C)-Zbtb46tm1.1Kmm/J The Jackson Stock#027618
Laboratory
mouse: B6.12956(C)-Snx22tm1.1Kmm/J Kenneth M. N/A
Murphy, Wash
u
mouse: C57BL/6NCr Charles River Strain#556
Laboratories
mouse: FVB/NCr Charles River Strain#559

Laboratories
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Oligonucleotides

Primer: ROSA-WT-F1 This paper; N/A

5 GTT ATC AGT AAG GGA GCT GCA Miyazaki et al.,

GTG GAG TAG 3’ 2005

Primer: ROSA-WT-R1 This paper; N/A

5 CCG AAA ATC TGT GGG AAG TCT Miyazaki et al.,

TGT CCCTCC 3’ 2005

Primer: ROSA-NEO-R2 This paper; N/A

5’ CGG AGA ACC TGC GTG CAATCC Miyazaki et al.,

ATCTTGTTC 3’ 2005

Software and Algorithms

Flowjo v10.5 Flowjo, L.L.C. RRID: SCR_008520

Prism v8.0.1 Graphpad RRID: SCR_002798

Rstudio v1.1.456 Rstudio, Inc https://
www.rstudio.com/

REVIGO revigo.irb.hr RRID: SCR_005825

Fiji v2.0.0 ImageJ RRID: SCR_002285

HALO v2.2 Indica Labs http://
www.indicalab.com/
halo/

cBioportal v2.2.0 MSK Center https://

for Mol Onc www.chioportal.org/

sSGSEA v2.0 Broad Institute http://
software.broadinstitut
e.org/gseal/index.jsp

GENE-E & Morpheus Broad Institute https://

software.broadinstitut
e.org/morpheus/

FACSDiva

BD Biosciences

RRID: SCR_001456

Cytobank Premium

Cytobank, Inc

RRID: SCR_014043
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