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ABSTRACT

The effects of radiotherapy (RT) on tumor immunity in pancreatic ductal adenocarci-
noma (PDAC) are not well understood. To better understand if RT can prime antigen-
specific T-cellresponses, we analyzed human PDAC tissues and mouse models. In both settings, there was
little evidence of RT-induced T-cell priming. Using in vitro systems, we found that tumor-stromal compo-
nents, including fibroblasts and collagen, cooperate to blunt RT efficacy and impair RT-induced interferon
signaling. Focal adhesion kinase (FAK) inhibition rescued RT efficacy in vitro and in vivo, leading to tumor
regression, T-cell priming, and enhanced long-term survival in PDAC mouse models. Based on these data,
we initiated a clinical trial of defactinib in combination with stereotactic body RT in patients with PDAC
(NCT04331041). Analysis of PDAC tissues from these patients showed stromal reprogramming mirroring
our findings in genetically engineered mouse models. Finally, the addition of checkpoint immunotherapy
to RT and FAK inhibition in animal models led to complete tumor regression and long-term survival.

Checkpoint immunotherapeutics have not been effective in PDAC, even when com-
bined with RT. One possible explanation is that RT fails to prime T-cell responses in PDAC. Here, we
show that FAK inhibition allows RT to prime tumor immunity and unlock responsiveness to check-

point immunotherapy.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly
lethal malignancy with a poor S-year survival rate (1). Cur-
rently, complete surgical resection is the only potentially
curative treatment, but 85% to 90% of patients are diagnosed
at unresectable stages (2). Although recent advances in diag-
nosis, chemotherapy, and radiotherapies (RT) have improved
patient survival, these treatments have not been proven to
be curative (3, 4). For many patients with locally advanced
PDAC, RT does not achieve resectability, and metastatic
PDAC is incurable (2, 5-9). Additionally, to date there are no
proven effective immunotherapies for the treatment of PDAC.

Oncogenic mutations in KRAS, as well as frequent loss in
tumor suppressors such as TP53 (p53) or CDKN2A (INK4a),
drive PDAC initiation, progression, treatment resistance,
and metastatic spread (10). KRAS accomplishes this through
tumor-intrinsic changes in cellular signaling and metabo-
lism, while promoting tumor-permissive interactions with
surrounding stroma (10). This fibrotic desmoplastic stroma,
composed of dense collagen-rich extracellular matrix (ECM)
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and cancer-associated fibroblasts (CAF), likely contributes to
PDAC’s resistance to therapy (2, 11-18). Although checkpoint
immunotherapies have been groundbreaking in many solid
malignancies (19-21), they have not been effective in PDAC
(2, 22, 23). Similarly, combination treatments of immuno-
therapies with the standard-of-care chemotherapy or RT,
which are aimed at priming antitumor immunity and unlock
immunotherapies, have not been tremendously efficacious in
gastrointestinal tumors (24-26). Thus, understanding why
RT fails to prime antitumor immunity in PDAC is important.

The recalcitrant nature of PDAC has been linked in part
to its unique tumor microenvironment (TME). In this TME,
complex communication between the malignant tumor cells
and the nonmalignant tumor stroma plays a significant role
in dictating PDAC’s resistance to therapy (2, 11-13). Fur-
ther complicating things, PDAC has a very heterogeneous
CAF population, which plays diverse roles and contributes
to divergent treatment outcomes (14, 27-29). Additionally,
PDAC’s fibrotic stroma contributes to poor drug delivery and
deprived infiltration of antitumor immune cells. These two
aspects of the PDAC TME have been confirmed as drivers of
PDAC resistance to both chemotherapies and immunothera-
pies (30-33). However, it is unclear how PDAC-associated
fibrosis and CAFs might affect the efficacy of RT and if this
affects RT-induced immune priming.

Historically, studies have focused on RT as a direct tool to
damage proliferating tumor cells, which leads to the accumu-
lation of double-strand DNA breaks and cellular death (34).
However, recent studies have shown that numerous extrinsic
factors, including matrix stiffness, can dampen sensitivity
to DNA-damaging agents and their subsequent DNA-repair
mechanisms (35, 36). In addition to its direct effect on tumor
cells, RT can also prime antitumor immunity by releasing
tumor-derived antigens and danger signals. This likely plays
a critical role in long-term RT efficacy in multiple cancer
types (37). Nevertheless, it remains unclear if these immune
priming effects of RT are intact in highly fibrotic cancers such
as PDAC.
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Focal adhesion kinases include focal adhesion kinase 1 (FAK,
also known as FAK1 or PTK2) and the closely related protein
tyrosine kinase 2 beta (PTK2, also known as FAK2). Both are
non-receptor tyrosine kinases that have been heavily studied and
implicated in cancer cell migration, proliferation, and survival.
Notably, they also regulate proinflammatory pathway activation
and cytokine production (38-40). As such, FAK signaling has
been shown to be important in wound healing and pathologic
fibrosis in various tissues (41, 42). FAK signaling is hyperacti-
vated in many cancers, including PDAC, and has been correlated
with poor survival (43-44). Our group and others have shown
that FAK signaling is an integral driver of the fibrotic and immu-
nosuppressive microenvironment that protects PDAC from
immune surveillance and drives resistance to immunotherapy
(45-47). In this study, we address the role of stromal-induced RT
resistance in immune priming. We show that FAK inhibition can
sensitize PDAC to RT and promote both RT-induced immune
priming and response to immunotherapy.

RESULTS

Radiotherapy Is Insufficient to Optimally Prime
Robust T-cell Responses in PDAC

To study the effect of RT on T-cell infiltration, we first
performed THC on human surgical resection samples from
patients who received neoadjuvant chemotherapy in com-
bination with stereotactic body RT (chemo/SBRT) or with
conventional RT (chemo/RT), or no neoadjuvant therapy.
Across these cohorts, we found no difference in the number
of tumor-infiltrating CD8* T cells (Fig. 1A; Supplementary
Table S1). Even though we did not see T-cell changes, we
found the total number of CK19* tumor cells was reduced in
the tumor bed of samples from chemo/SBRT-treated patients
(Supplementary Fig. S1A). In contrast, we observed increased
stromal area and collagen deposition in patients who received
neoadjuvant RT (Fig. 1B). These data raise the possibility
that although RT can lead to temporary disease control in
patients with PDAC (48, 49), it may fail to optimally prime
antitumor T-cell immunity and thus limit long-term ben-
efits. However, due to the heterogeneity of PDAC tumors and
patients, these human studies in unmatched patient popula-
tions cannot fully answer this question, and larger studies
with paired samples would be needed to fully address this.

To better understand whether RT can directly affect antitu-
mor immunity in PDAC, we utilized the p48-Cre/LSL-KrasS1*P/
Trp53tiovtles (KPC) genetically engineered mouse model
(GEMM). The KPC tumors replicate the treatment-resistant
nature and abundant stroma of human PDAC (50). Studies on
the impact of RT on PDAC TME in preclinical models are lim-
ited by the lack of methods to precisely deliver targeted RT doses
into the pancreata of mice. To overcome this, we used a small
animal radiation research platform (SARRP; ref. 51), which
incorporates computed tomography (CT) image-guided delivery
of high doses of radiation (Supplementary Fig. S1B). With this
instrument, we can safely deliver clinically relevant doses of radi-
ation to the mouse pancreas while limiting off-target delivery to
surrounding normal tissues. KPC mice with ultrasound-diag-
nosed tumors were treated with hypofractionated RT (6 Gy x 5)
and monitored for tumor progression (Fig. 1C). We found RT
could only modestly control tumor growth as measured by

longitudinal ultrasound imaging or tumor weights at days 7
and 14 after RT start (Fig. 1D and E; Supplementary Fig. S1C-
S1E). After modest disease control, all KPC mice treated with RT
eventually rapidly progressed, which was translated into no ben-
efit in overall long-term survival (Fig. 1F). These data agree with
other studies showing that, unlike transplantable tumors, these
highly fibrotic KPC GEMMs exhibited limited RT response (52,
53). To understand if induction of DNA damage was impaired,
we analyzed YH2Ax" foci formation. As expected, at 6 and
24 hours after completion of hypofractionated RT, significant
YH2Ax" foci were observed in most PDAC cells and stroma, but
48 hours after the last RT dose, most YH2Ax" foci resolved, sug-
gesting DNA repair was intact in this model (Fig. 1G). Analysis
of cleaved caspase-3* (CC3") cells found no induction of apop-
tosis at 7 or 14 days after RT start. Surprisingly, we also observed
no change in the number of Ki-67* proliferating cells on day
7, but by day 14, tumor proliferation in RT-treated tumors
was elevated compared with controls (Fig. 1H; Supplementary
Fig. S1F). Together, these data show that RT had limited efficacy
in killing PDAC cells in stroma-rich KPC GEMMs.

Next, we sought to determine if RT could prime T-cell
immunity in KPC GEMMs. We found that RT did not lead
to increased PDAC-infiltrating CD8" or CD4" T-cell num-
bers (Fig. 1I; Supplementary Fig. S1G). We also did not
observe any increase in the number of Ki-67* CD8* T cells
but found the CD44* CD62L" activated T-cell fraction was
slightly decreased. These data were consistent across the
7- and 14-day post-RT time points (Fig. 1I; Supplementary
Fig. S1G). Although there were no major changes in myeloid
cell populations, we noted a trend toward increased mono-
cytes, tumor-associated macrophages (TAM), granulocytes,
and eosinophils at both days 7 and 14 post-RT start (Sup-
plementary Fig. S1H). To eliminate the possibility that RT
did not prime new T-cell responses because of the low neoan-
tigen burden characteristic of KPC GEMMs, we studied RT’s
ability to induce tumor-specific T-cell responses in p48-Cre/
LSL-KV@SG12D/TVP53FlOX/FIOX/LSL-OVA-GFF (KPC-OG) PDAC
GEMMs (54). KPC-OG mice harbor inducible neoantigens,
ovalbumin (OVA) and GFP expression, which allow for the
tracking of tumor antigen-specific T cells. Despite neoan-
tigen expression in KPC-OG mice, we found that RT did
not lead to an increase in either total or OVA-specific (Dex-
tramer®) CD8* T cells in PDAC tissues 14 days after treatment
start. In keeping with the lack of immune priming effects of
RT in this model, we also observed no increase in OVA-spe-
cific Dextramer* T cells in the pancreas draining lymph nodes
(Fig. 1J). Furthermore, we found no change in the proximity
of CD8* T cells relative to CK19* tumor cells in mice treated
with RT (Supplementary Fig. S1I).

To contrast with these KPC-OG GEMMs, we used litter-
mate mice to evaluate RT-induced T-cell immunity in sarcoma
tumors. These LSL-KrasS'20/TrpS3¥1o/Fox/1S1-OVA-GFP* mice
(called KPS-OG hereafter) were injected with Adenovirus-Cre
into the hind-leg muscle to generate sarcoma tumors (55). In
contrast to KPC-OG littermates, KPS-OG mice treated with the
same RT regimen (6 Gy x 5) had a sustained reduction of tumor
progression, decreased Ki-67" proliferating tumor cells, and
increased tumor-infiltrating CD8* T cells as well as increased
OVA-specific T cells in both the tumor tissues and draining
lymph nodes (Fig. 1K; Supplementary Fig. S1J and S1K). Taken
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Figure 1. Radiotherapy is insufficient to optimally prime robust T-cell responses in PDAC. A and B, Analysis of CD8a. T-cell number and collagen
density in surgical resection samples from patients who received neoadjuvant chemo/SBRT, chemo/RT, or no neoadjuvant therapy. Representative CD8c./
CK19 IHC and Trichrome images and quantification are depicted. n=8-32 patients/group. C, Schematic of RT administration and tumor burden monitor-
ing in KPC GEMMs. KPC mice diagnosed with ultrasound (US) were treated with hypofractionated RT (6 Gy x 5) and longitudinally assessed for tumor
burden. D, Tumor growth kinetics of vehicle and RT-treated KPC mice from C quantified by US measurements. n=8-12 mice/group. E, Day 14 pancreas
weight of KPC mice from C. n=9-13 mice/group. F, Kaplan-Meier survival curve of KPC mice from C. n=6-31 mice/group. G, Analysis of DNA damage
(yH2Ax) on tissues from KPC vehicle or RT-treated mice at various time points. Representative yH2Ax IHC images are depicted. n=2-10 mice/group.

H, IHC analysis of proliferation (Ki-67) and apoptosis (CC3) on tissues from KPC mice at days 7 and 14 after RT. n=at least 7 mice/group. I, Flow cytom-
etry quantification of total CD8* T cells and percentage of Ki-67* or CD44* CD8* T cells out of total CD8* T cells in KPC vehicle or RT-treated mice at day

14.n=at least 7 mice/group. (continued on next page)

together, these data suggest that in genetically equivalent mice,
RT increased antigen-specific T cells in sarcoma GEMMs but
failed to prime tumor immunity in PDAC GEMMs. Although
both models were driven by KRAS mutation and Trp53 loss, one
key difference we noted was that the KPC-OG PDAC tissues
had higher stromal desmoplasia compared with their KPS-OG
sarcoma counterparts (Fig. 1J and K; Supplementary Fig. S1L).
These data suggest that the effects of RT on tumor control and
T-cell priming might be related to stromal differences.

Stromal Elements Repress RT Efficacy and
Induction of Interferons

PDAC tumors are often characterized by dramatic des-
moplastic stroma comprised of dense extracellular collagen
deposition and diverse CAF populations (56, 57). To test
the role of PDAC stroma in RT-induced cell death, we used
heterotypic organoid cell culture models. These models allow

for the coculture of PDAC organoids with fibroblasts and
ECM components. PDAC organoids (KPOG) were derived
from KPC-OG mice, and growth was tracked by GFP fluo-
rescence (Fig. 2A). We found that whereas PDAC organoids
alone were sensitive to RT, the addition of pancreas-derived
fibroblasts rendered tumor cells less sensitive to RT, and the
heterotypic organoid cocultures rapidly grew after RT expo-
sure (Fig. 2A). Similarly, increasing collagen I density in this
culture system also conferred resistance to RT (Supplemen-
tary Fig. S2A-S2C). The presence of both pancreatic fibro-
blasts and collagen I additively protected PDAC organoids
from RT-induced growth inhibition (Fig. 2B; Supplementary
Fig. S2B and S2C). To confirm this further, we used FACS to
sort PDAC CAFs from KPC tumors and again observed that
CAFs and collagen I worked cooperatively to protect PDAC
cells from RT (Supplementary Fig. S2D). To understand how
the PDAC stroma affects RT efficacy, we looked at markers of
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Figure 1. (Continued) J, Genetic loci for KPC-OG PDAC GEMMs and schematic of RT administration. Pancreas weight of KPC-OG vehicle or RT-treated
mice. IHC analysis of CD8a T-cell number from KPC-OG vehicle or RT-treated mice. Flow cytometry quantification of total CD8* OVA-Dextramer*
tumor-specific T cells from tumor and pancreas draining lymph nodes (LN) in KPC-OG vehicle or RT-treated mice. A representative Trichrome image

from KPC-0G vehicle-treated mice is depicted. All analyses were done on day 14 after RT start. n = at least 6 mice/group. K, Genetic loci for KPS-0G
sarcoma GEMMs and schematic of AdenoCre injection and RT administration. Tumor weight of KPS-0G vehicle or RT-treated mice. IHC analysis of CD8a
T-cell number from KPS-0G vehicle or RT-treated mice. Flow cytometry quantification of total CD8* OVA-Dextramer* tumor-specific T cells from tumor
and draining lymph nodes in KPS-OG vehicle or RT-treated mice. A representative Trichrome image from KPS-0G vehicle-treated mice is depicted. All
analyses were done on day 14 after RT start. n = at least 7 mice/group. All graphs depict mean + SEM. For comparisons between two groups, *, P < 0.05 by
two-tailed t test, one-way ANOVA, or Kaplan-Meier as appropriate. ns, not significant.

proliferation, apoptosis, and DNA damage using IHC. First,
we found the induction of YH2Ax measured 6 hours post-RT
was identical in the presence or absence of fibroblasts, sug-
gesting that DNA damage induction by RT was not affected,
at least in the short term (Fig. 2C). Similarly, pancreatic fibro-
blasts did not affect the induction of apoptosis, measured by
CC3 at 3 days following RT (Fig. 2D). However, regardless
of RT, fibroblasts did significantly increase the number of
PDAC cells that entered S-phase after coculture, as measured
by BrdUrd incorporation (Fig. 2E). These data suggest that
even though RT could induce apoptosis in some cells, RT
was not able to fully blunt proliferation in the presence of
PDAC stroma.

To understand if there are potential changes in RT-regu-
lated immune signaling due to the collagen-rich stroma, we
measured the expression of IFN-related genes. We found that
when organoids were cultured in basement membrane extract
alone, robust increases in IFN-related gene expression were
observed 24 to 48 hours after RT (Fig. 2F; Supplementary

Fig. S2E). This included increases in genes encoding IFNa,
IENB, IENy, IRE3, IRF7, IRF9, STAT1, CXCL9, CXCL10,
and CXCL11 proteins. However, when collagen was added
to these cultures, the induction of IFN-related genes was
severely dampened (Fig. 2F; Supplementary Fig. S2E). Other
inflammatory genes such as IL1a were not altered, suggesting
some specificity for IFN signaling (Fig. 2F). These data sug-
gest that stromal elements may limit not only RT-induced
growth suppression, as shown by others (58-60), but also
RT-induced IFN signaling, which may relate to RT-induced
tumor immunity in vivo.

To determine if RT alone changes how PDAC cells interact
with the TME, we performed RNA sequencing (RNA-seq)
and reverse phase protein array (RPPA) to look at both the
gene and protein levels, respectively, after RT. As expected,
compared with vehicle-treated cells, RT-treated cells had
higher expression of DNA damage and repair proteins,
such as yYH2Ax, ATM, RAD17, and RADS51 (Supplementary
Fig. S2F), and increases in gene sets related to DNA damage,

>

Figure 2. Stromal elements repress RT efficacy and induction of interferons. A, Experimental schematic of KPOG organoids cocultured with fibro-
blasts (Fibs). Cells were cultured for 1 day before RT. Representative GFP images were taken with a fluorescent microscope at day 6 after coculture.
Tumor growth analysis of KPOG organoids tracked over time. n=at least 3/group. B, Experimental schematic of KPOG organoids cocultured with
fibroblasts and collagen I. Cells were cultured for 1 day before RT. Representative fluorescent images and quantification of tumor growth inhibition at
day 4. n=at least 3/group. C, IHC analysis and representative images of yH2Ax in KPOG organoid cultures at 6 hours after RT. n = at least 3 sets/group.
D and E, IHC analysis and representative images of CC3 (D) and 5hr-pulsed BrdUrd (E) in KPOG organoid cultures at day 3 after RT. n=at least 3/group.
F, Experimental schematic of KPOG organoids cocultured with collagen |. RT-PCR measurements of IFN-related genes were measured in KPOG organoid
cultures treated with different conditions at the indicated time points. n = at least 3/group. All graphs depict mean £ SEM. *, P < 0.05 by two-tailed t test

or one-way ANOVA as appropriate. ns, not significant.
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reactive oxygen species (ROS), and DNA repair (Supplemen-
tary Fig. S2G). However, RT also induced collagen, integrin
signaling, and focal adhesion assembly gene signatures (Sup-
plementary Fig. S2G). Together, these data suggest that RT
might also “prime” PDAC cells to engage with the surround-
ing stroma through integrin and focal adhesion signaling.

Inhibition of FAK Overcomes Stromal-Induced
RT Resistance

Although seldom mutated, FAK is hyperactivated in >80% of
PDAC tumors and plays an integral role in disease progression
(44, 46). Furthermore, FAK signaling is amplified by stromal
density and can be critical to ECM/integrin-induced survival
signaling (44, 46). To understand whether we can overcome
stromal-mediated RT resistance through FAK inhibition, we
tested RT in combination with a FAK inhibitor (FAKi), VS-4718.
As above, the presence of fibroblasts and collagen enhanced the
growth of PDAC organoids and made them much less respon-
sive to RT (Fig. 3A-C). However, the combination of FAKi and
RT led to complete inhibition of PDAC organoid growth, in
a FAKi dose-dependent manner (Fig. 3B-C). This was true
whether PDAC cells were grown in the presence of CAFs, col-
lagen, or both (Fig. 3C; Supplementary Fig. S3A-S3D). These
findings show that FAKi can be a potential radiosensitizer for
PDAC and that FAKi may increase RT efficacy.

To elucidate the effects of adding FAKi to RT, we again
looked at markers of proliferation, apoptosis, and DNA dam-
age using IHC. We did not see a difference in the short-term
induction of DNA damage as measured by YH2Ax between
RT and RT + FAKi in the presence or absence of fibroblasts,
suggesting that neither FAK inhibition nor the presence
of stroma regulated the amount of initial (first 6 hours)
DNA damage induced by RT in PDAC cells (Fig. 3D). Next,
we found that the combination of RT + FAKi dramatically
increased the number of CC3* apoptotic cells and decreased
the number of Ki-67* proliferating cells by 3 days post-treat-
ment, and these effects were irrespective of the presence of
stroma (Fig. 3D). These data suggest that FAK inhibition can
improve RT-induced cell death.

To further understand if the cell death induced by the com-
bination of FAKi and RT would have an immunomodulatory
effect, we performed parallel RNA-seq and RPPA in KPOG
organoids and the KP2 and KRAS-INK (KI) PDAC cell lines.
We found PDAC cells treated with either RT or RT + FAKi had
significant upregulation of DNA damage response gene sets
and proteins, including DNA damage and ROS-related genes
and AMPK, pERK, DNA Ligase-IV, TIGAR, and RAD17 pro-
teins (Fig. 3E; Supplementary Fig. S3E). However, unlike RT-
treated cells, RT + FAKi-treated cells had downregulation of
gene sets related to DNA damage repair and ROS response, as
well as downregulation of key DNA damage repair signaling
proteins (NQO1, JAB1, KEAP1, RAD23, and DDBI; Fig. 3E;
Supplementary Fig. S3E). As expected, RT + FAKi-treated
cells also had changes in cell-cycle gene sets and cell-cycle
proteins (CDK1, p27, CDC2, CyclinD3, and CDK9) corre-
sponding to the observed changes in growth arrest (Fig. 3E
and F; Supplementary Fig. S3E). Finally, we observed that
RT + FAKi treatment might change key metabolic pathways,
including downregulation in genes related to oxidative phos-
phorylation, glycolysis, cholesterol homeostasis, and DNA

replication (Fig. 3E-G; Supplementary Fig. S3E). However,
whether these metabolic changes were associated with unique
biology or just cell-cycle arrest and death is unclear. Taken
together, these suggest that although both RT and RT + FAKi
can induce DNA damage response, only RT + FAKi inhib-
its the ability of PDAC cells to repair damage, leading to
growth arrest.

Next, we examined the expression of key proliferative sig-
naling mediators for PDAC cells and observed that RT + FAKi
led to the downregulation of numerous MAPK proteins
and prosurvival/apoptosis-related proteins, including MEK2,
ERKS, p38, PLCy, NOTCH1, AKT, XIAP, and PARP, and
upregulation of mTOR/autophagy-related proteins ATG7,
p70-S6K1, mTOR pS2448, Rictor, S6, and ULK1 (Fig. 3E;
Supplementary Fig. S3E). Notably, some of these changes
were also seen with FAKi monotherapy, suggesting that inhi-
bition of FAK drives these changes in our system.

To understand the potential immunologic impact of
RT + FAKi treatment, we analyzed changes in the inflamma-
tory pathways in PDAC cells and organoids. By RNA-seq, we
observed upregulation of gene sets involved in TNFa, IFN,
and IFNy signaling (Fig. 3F-H). Additionally, RT + FAKi-
treated PDAC cells had increased expression levels of genes
related to antigen processing and presentation (Fig. 3G and
H), possibly downstream of increased IFN signaling. Cor-
respondingly, increases in NFxB, JNK, and c-JUN pathways
were observed at the protein level with RT + FAKi treat-
ment, whereas STAT3 and JAK2 protein expressions were
decreased (Fig. 3E; Supplementary Fig. S3E). Using orthogo-
nal approaches, we found that STING and phospho-IRF3 were
increased by Western blot analysis and IFNa, IFNf, and IFNy
transcripts were upregulated by RT-PCR in KI cells treated
with RT + FAKi (Supplementary Fig. S3F-S3G). To confirm
the observed changes in STAT/IFN signaling in vivo, we per-
formed multiplex IHC (mIHC) on PDAC tissues from KPC
mice and found that RT + FAKi treatment elevated phospho-
STAT1 (pSTAT1) expression in CK19* PDAC cells (Fig. 3I).
Taken together, these data suggest that FAK inhibition over-
comes stromal-induced RT resistance by mitigating prosur-
vival and DNA damage repair signaling, which ultimately
leads to sustained activation of IFN pathways in PDAC cells.

Combining FAKi with RT Leads to Immune
Priming In Vivo

We next sought to determine if FAK inhibition could
improve RT efficacy and immune priming in vivo. To accom-
plish this, we treated KPC GEMMs with the combination
of RT and FAKi (Fig. 4A). Longitudinal ultrasound imaging
showed that RT + FAKi led to dramatic PDAC tumor regres-
sion in nearly 100% of mice (Fig. 4B and C). These imaging data
were verified by absolute pancreas weights from mice sacrificed
7 and 14 days after RT start (Fig. 4D; Supplementary Fig. S4A).
Additionally, RT + FAKi led to superior tumor regression
than the combination of RT with the chemotherapeutic drug
gemcitabine, which has been used to treat patients with PDAC
(Fig. 4B and C). Similarly, RT + FAKi led to tumor regression
and long-term survival in multiple PDAC models represent-
ing diverse tumor suppressor alterations, including KPC and
KPC-OG GEMMs, syngeneic KP2 (KrasS120/Trp53tlex/t) PDA.69
(KVdSGlZD/Tfp53R172H/+), and KI (KmsG12D/Trp53+/*/lnk/Aqm‘”‘m"x;
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Figure 3. Inhibition of FAK overcomes stromal-induced RT resistance. A, Tumor growth analysis of KPOG organoids cocultured with fibroblasts (Fibs)
treated with RT £ FAK. Cells were cultured as in Fig. 2A. Representative fluorescent images at day 6 after coculture. n=at least 3/group. B, Growth
analysis of KPOG organoids cocultured with fibroblasts after treatment with RT + FAKi at varying concentrations at day 7 after coculture. n = at least 3/
group. C, Tumor growth analysis of KPOG organoids cocultured with fibroblasts and collagen | treated with RT + FAKi. n = at least 3/group. D, IHC analysis
of yH2Ax in KPOG organoid cultures taken 6 hours after RT. I[HC analysis of CC3 and Ki-67 in KPOG organoid cultures taken 3 days after RT. Representa-
tive yH2Ax, CC3, and Ki-67 IHC images are depicted. n = at least 3/group. (continued on next page)
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Fig. 4E and F; Supplementary Fig. S4A-S4D). Corresponding Together, these data suggest RT + FAKi led to improved PDAC
with the observed efficacy, in KPC GEMMs, RT + FAKi mark- cell killing in vivo.

edly reduced cell proliferation (Ki-67* cells), CK19* tumor To determine if the observed efficacy of RT + FAKi was
cells, and high-grade PDAC lesions and increased the number also associated with treatment-induced T-cell priming,
of CC3* apoptotic cells, necrotic tumor, and normal pancreatic we assessed changes in tumor antigen-specific T cells in
tissue areas, compared with tissues from mice treated with KPC-OG GEMM:s. Analysis of these mice at 14 days after

RT alone (Fig. 4G and H; Supplementary Fig. S4E and S4F). dual RT + FAKi treatment demonstrated increases in CD8"

AAC—R American Association for Cancer Research® DECEMBER 2022 CANCER DISCOVERY I 2781



RESEARCH ARTICLE

Lander et al.

E Proteomics (KP2)

RT + FAK
Vehicle
FAKi

RT

RT + FAKi

2
02
]
=

FAKi
RT

PLC-y1
Notch1
PLC-y1_pS1248

Pro-
survival

Akt_pT308
Aki_pS473

Annexin-VII
Bad_pS112
Histone-H3_pS10

E2F
AMPKa_pT172
Chk1_pS345
MSH2

PERK
DNA-Ligase-IV
TIGAR

DNA-damage response/
repair & ROS response
Apoptosis/
survival

At’\%7
AMPKa E)T172
70-S6K

5
m
a
=
(7]
=

TNFA_SIGNALING _VIA_NFxB
INFLAMMATORY_RESPONSE
IFNy_RESPONSE

IFNo._ RESPONSE ~
IL2_STAT5_SIGNALING
APOPTOSIS A

P53_PATHWAY —

GLYCOLYSIS
CHOLESTEROL_HOMEOSTASIS
DNA_REPAIR -
MYC_TARGETS_V2 -
OXIDATIVE_PHOSPHORYLATION
MTORC1_SIGNALING -
E2F_TARGETS -
MYC_TARGETS_V1

A Vehicle  RTFAK )

Regulation of IFNy production

Cellular response to IFNJ

Antigen processing and presentation -
Positive regulation of NIK/NF«B signaling -
ROS biosynthetic process -
Oxidation-reduction process -

T T T T 1
-15 -10 -5 0 5 10

Mean log_FC
Vehicle  RTFAK
«— —>
IFNY production -
Apoptotic process
Autophagy -
DNA replication -
DNA repair 4
T T 1
-5 0 5
Mean log_FC

FAKi RT + FAKi

Rad17_pS645 ) MTOR pS2448
- [ Rictor_pT1135 G
SE os ULK1 pS757
=2 =) S$6.pS240_S244
23 3 86 pS235 5286
9
S RSK >
° - RSK1 8
MEK2 S
xg p44-42-MAPK > NF-xB-p65 _pS536 &
o c-Jun_pS73 o
<E p38 pT180 Y182-RV 2§ caunpsr¥ s B
=3 BMK1-Erk5_pT218_Y220 &% INKPT183_ 2
ED Stat3 10}
S oaaa SE Jak2
Row min Row max £ PLC-y1_pS1248
H  vehice RT FAKi RT + FAKi Vehicle  RT
Cxcl5
Ccl5
Irf1
—— Cd40
Cds2
= — = 118r1 o
—_— Cx3cl1 £
: Nrkb1 2
= ;nfrsz 8
3 . = — T e 9
g .- = O
o . e - Ifnar1 ¥
o —_— i c
[ o
2 ©
51 Ccl20 =
‘2 — Tnfsr15 §
Q
g Ila s
S ——=m el 174 c
E -__=—__=';_ Cxcl10 g
T . = — Tir1 =
— e =
—_ — -
—— —_— E—
= =a_
|
e o Icos!
. —_ - Tnfsf9
I I
2 4 0 1 2
I Tumor cells
30 7 = RT + FAKi
«
P
o
g 8 20 :'
Bk
+ 9
£5
% 2 104
ol
2
04
@ Vehicle
B RT + FAKi

et
El
Béjmp
wn Tapbpl
& H2o1

H2-T23
H2-Q2

Figure3. (Continued)E, RPPA
analysis heat map displaying expres-
sion level of proteins related to DNA
damage response/repair and ROS
response, cell-cycle checkpoint,
MAPK pathway, prosurvival, apopto-
sis/survival, mTOR/autophagy, and
inflammatory mediators. Proteins
were taken from KP2 cells 24 hours
after RT. n=at least 3/group. F and
G, Bar graphs displaying over-
representation analysis of KPOG
organoid differentially expressed
genes (DEG) in Molecular Signatures
Database (MSigDB) Hallmark (F) and
Gene Ontology (GO; G) gene sets.

All graphs display comparisons of
vehicle to RT + FAKi-treated cells. All
pathways were filtered with P < 0.05.
H, Heat map displaying the expres-
sion level of genes in the MSigDB_
Hallmark database for “inflammatory
response” and in the GO database for
“antigen processing and presenta-
tion” I, mIHC analysis of CK19*
pSTAT1* cells in tissues of KPC mice
from Fig. 4A. Representative CK19
and pSTAT1 fused mIHC images are
depicted. n=at least 6 mice/group.
All graphs depict mean+ SEM.*,

P <0.05 by two-tailed t test or one-
way ANOVA as appropriate.
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Figure 4. Combining FAKi with RT leads to immune priming in vivo. A, Schematic of RT (6 Gy x 5) and FAKi (75 mg/kg twice a day) administration and
tumor burden monitoring in KPC GEMMs. KPC mice diagnosed with US were treated and longitudinally assessed for tumor burden. B, Waterfall plot of
KPC GEMMs from A evaluating tumor growth difference from days 0 to 14 by US measurement. Gemcitabine (GEM) was given at a dose of 75 mg/kg
every 5 days starting at day 0. n=6-20 mice/group. C, Tumor growth kinetics of KPC mice from B quantified by US measurements. n=6-20 mice/group.
D, Day 14 pancreas weight of KPC mice from A. Representative gross tissue images are depicted. n = 6-20 mice/group. E, Waterfall plot of KP2 syngeneic
tumor-bearing mice treated as depicted in A evaluating tumor growth difference from days 0 to 5. n=5-10 mice/group. F, Kaplan-Meier survival curve of
KP2 syngeneic tumor-bearing mice from G. n=5-10 mice/group. G and H, IHC analysis of Ki-67 (G) and CC3 (H) in tissues from KPC mice at days 7 and 14
after treatment start. Representative Ki-67 and CC3 IHC images are depicted. n = at least 7 mice/group. (continued on next page)

T-cell activation (CD44"), increased number of tumor-spe-
cific OVA-Dextramert CD8" T cells, and increased CD8"
T-cell proximity to CK19* tumor cells (Fig. 4I and J; Sup-
plementary Fig. S4G). We next analyzed draining lymph
nodes from these mice and found that RT + FAKi treat-
ment dramatically increased the total number of activated
CD44* CD8" T cells and OVA-Dextramer* CD8* T cells
(Fig. 4I; Supplementary Fig. S4G), suggesting RT + FAKIi
could lead to treatment-induced immune priming not seen
with RT alone. Analysis of other immune cell populations
showed that RT + FAKi decreased the total number of
CD4* FOXP3* T regulatory cells, TAMs, granulocytes, and
eosinophils, and increased conventional type 1 dendritic
cells (¢cDC1) but not type 2 dendritic cells (¢cDC2; Fig. 4K;
Supplementary Fig. S4H). In particular, the increase in
cDC1, which was >13-fold, and the increase in the ratio
of ¢cDC1 to TAMs, which was >24-fold, might be directly
contributing to the treatment-induced increase in tumor-
specific CD8* T cells in KPC-OG GEMMs. We next sought
to determine whether T cells were critical to initial tumor
regression and/or improved long-term disease control. To
accomplish this, we depleted CD4* and CD8* T cells in
mice bearing syngeneic KP2 PDAC tumors and found that
loss of T cells did not affect short-term tumor regression

(Fig. 4L; Supplementary Fig. S4I), but was critical for long-
term disease control (Fig. 4M; Supplementary Fig. S4I).
To determine the role of type I IFNs, we treated mice with
olFNa/B receptor 1 (aIFNARI1)-blocking antibody and
observed a loss of tumor control by RT + FAKIi, suggest-
ing that IFN signaling is important for tumor control
(Supplementary Fig. S4J). Altogether, these data suggest
that RT + FAKi remodeled the immune TME to favor
T-cell priming, and that this was critical for long-term
disease control.

Tumor-Infiltrating Immune Cells from RT + FAKi-
treated Mice Have Better Antitumor Signatures

To further understand treatment-induced changes in the
immune TME, we performed parallel single-cell RNA-seq
(scRNA-seq) and mass cytometry (CyTOF). For scRNA-seq, we
analyzed CD45" cells from the PDAC tissues of KPC GEMMs
treated with vehicle, RT, FAKi, or RT + FAKi at day 14 after
the start of treatment. Using uniform manifold approxi-
mation and projection (UMAP) representation, we could
distinguish all major immune cell populations (Fig. SA; Sup-
plementary Fig. SSA). To elucidate differences in TAM pheno-
type, we reclustered these cells and observed five TAM clusters
(termed Argl-TAMs, Ccl7-TAMs, Apoe-TAMs, Ifitm3-TAMs,
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Figure 4. (Continued)|, Flow cytometry quantification of total CD8* OVA-Dextramer* T cells in tumor and pancreas draining lymph node from KPC-0G
mice treated as in A. n=at least 7 mice/group. J, Frequency distribution of CD8* T-cell proximity to nearest CK19+ tumor cell in KPC-OG mice treated as
indicated. Representative dual stained CD8c and CK19 images are depicted. n=at least 5 mice/group. K, Flow cytometry quantification of various innate
immune infiltrates: cDC1 (CD45* CD3- CD19- Ly6C- Ly6G- F4/80° MHC-I1" CD24" CD103*), cDC2 (CD45* CD3- CD19- Ly6C- Ly6G~ F4/80% MHC-IIM
CD24" CD11b*), TAMs (CD45* CD3-CD19-Ly6C-Ly6G- CD11b* F4/80* MHC-II*), granulocytes (CD45* CD3- CD19- Ly6C- Ly6G*), and eosinophils
(CD45+CD3-CD19 Ly6C-Ly6G CD11b*F4/80- MHC-II-) in KPC mice from A. n=at least 7 mice/group. L, Waterfall plot of KP2 syngeneic tumor-bearing
mice treated as in A evaluating tumor growth difference from day 0 to 5. Depleting «CD4 and aCD8 IgGs were given starting at day —2 every 4 days for

a total of 30 days. n=10 mice/group. M, Kaplan-Meier survival curve of KP2 syngeneic tumor-bearing mice from L. n =10 mice/group. All graphs depict
mean + SEM. * P <0.05 by two-tailed t test or one-way ANOVA or Kaplan-Meier as appropriate. ns, not significant.

and Ccl7-TAMs; Fig. 5B; Supplementary Fig. S5B). Among
these, we observed shifts in TAM subsets in RT + FAKi-treated
tumors compared with all other treatments. This included
decreased frequencies of Argl-TAMs and increased frequen-
cies of Ifitm3-TAMs and Ccl7-TAMs (Fig. 5C), suggesting pos-
sible changes toward T-cell supportive and IFN-responsive
phenotypes. To further investigate this, we performed gene
set enrichment analysis (GSEA) across all TAM subsets from
vehicle versus RT + FAKi-treated mice and found upregula-
tion of pathways associated with type I and II IFNs, T-cell
activation, phagocytosis, antigen processing and presenta-
tion, and ROS production (Fig. 5D and E; Supplementary
Fig. SSC-SSE). In agreement with scRNA-seq, CyTOF analy-
sis of TAMs showed increased CD80, CD86, CD11c, and
PD-L2 expression and decreased VISTA in RT + FAKi-treated
mice compared with RT-treated mice (Fig. SF-G; Supplemen-
tary Fig. SSF and S5G). These data suggest that RT + FAKi
treatment shifted TAMs away from immunosuppressive phe-
notypes and toward immune-supportive roles.

As cDCs are critical to the induction of T-cell priming,
we next sought to determine how RT + FAKi altered their

phenotype. We first isolated and reclassified cDC populations
and adaptive immune cells by UMAP analysis (Fig. SH-I).
In cDCs, we defined three distinct clusters: ¢cDC1, cDC2,
and migratory DC (Fig. SH; Supplementary Fig. SSH). Mir-
roring our flow cytometry data (Fig. 4K), we found that
PDAC tissues from RT + FAKi-treated mice had an increased
frequency of ¢cDCls (Supplementary Fig. SSI). GSEA and
overrepresentation analyses found that RT + FAKi increased
expression of genes in the type I and II IFNs, TNFao., and IL12
pathways, as well as increased gene signatures for phagocyto-
sis, antigen processing and presentation, and T-cell activation
across multiple cDC populations (Fig. 5]-L; Supplementary
Fig. S§J). By contrast, we observed decreases in pathways
associated with DNA repair, MYC targets, oxidative phospho-
rylation, and MTOR signaling (Fig. 5K). Corroborating the
changes in antigen presentation, we observed that RT + FAKi
upregulated CD80 and CD86 in ¢DCls and ¢DC2s, and
decreased TIM3 in the cDCls by CyTOF analysis (Fig. 5G).
Together, these data suggest that cDCs were both numerically
increased and phenotypically shifted toward an improved
antitumor phenotype.
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Figure 5. Tumor-infiltrating immune cells from RT + FAKi-treated mice have better antitumor signatures. A, UMAP dimensionality reduction plot of
scRNA-seq data on CD45* leukocytes from KPC mice at day 14 treated as depicted in Fig. 4A. Annotation shows different cell types. B, UMAP analy-
sis of TAM subsets isolated from A. Five different TAM clusters are depicted. C, Count ratio of the TAM clusters from B. D and E, Bar graph displaying
overrepresentation analysis of DEGs on all the TAMs in B to known biological functions in MSigDB_Hallmark (D) and GO databases (E). All graphs display
comparisons of vehicle to RT + FAKi-treated mice. All pathways were filtered with P, < 0.05. (continued on next page)

Finally, we utilized parallel scRNA-seq and CyTOF to
assess the impact these changes had on T-cell phenotype. To
accomplish this, we identified CD4 and CD8 a/f T cells by
UMAP analysis of the adaptive immune cells in our scRNA-
seq datasets (Fig. SI; Supplementary Fig. SSK). Agreeing
with the increase in activated CD8* T cells found following
RT + FAKi by flow cytometry (Supplementary Fig. S4G), dif-
ferential gene pathway analyses by scRNA-seq found increases
in pathways involved in lymphocyte-mediated cytotoxicity,
downstream antigen receptor signaling, lymphocyte activa-
tion, diversification of T-cell receptor (TCR) genes, lysosome/
autophagosome, secretory/zymogen granules, and antigen
and cytokine binding, as well as decreases in integrin, VEGF,
FGF, and angiogenesis pathways (Fig. 5M; Supplementary
Fig. S5L). A heat map displaying differential gene expression
of activation/effector marker also showed that many of these
genes were upregulated in the dual RT + FAKi treatment
compared with vehicle or monotherapies (Supplementary
Fig. SSM). CyTOF analysis of T cells defined several CD4"
and CD8* T-cell clusters (Fig. SN-O; Supplementary Fig. SSN
and S50). OVA-Dextramer” CD8" T cells were prominent in
the exhausted effector (high for PD1, LAG3, and TIM3, but
not for Ki-67) and the proliferative effector (high for T-bet,
EOMES, and Ki-67) compartments (Fig. 50; Supplementary
Fig. S5N). We also noted that RT + FAKi-treated mice had

increased expression of activation/effector markers, such as
T-bet, CD44, and OX40 in OVA-Dextramer* CD8" T cells,
and increased frequency of Ki-67* OVA-Dextramer* CD8* T
cells compared with other treatments (Fig. SP-Q; Supple-
mentary Fig. SSP). However, many OVA-Dextramer® T cells
were in the exhausted cluster with high PD-1, LAG3, and
TIM3 expression, and RT + FAKi increased the fraction of
OVA-Dextramer-negative CD8" T cells that clustered in the
exhausted fraction (Fig. 50 and R; Supplementary Fig. S5N).
These data suggest that T-cell checkpoint might be engaged
during treatment. Analysis of CD4" effector T cells showed
increased OX40 and CD69 expression in PDAC tissue from
mice treated with RT + FAKI, suggesting that, though not as
dominant, CD4" T cells might also play a role (Supplemen-
tary Fig. S5Q). Taken together, our data suggest that both
innate and adaptive tumor-infiltrating immune cells from
RT + FAKi-treated mice acquired a more antitumor pheno-
type; however, it is unclear if this will be confounded or aided
by changes in desmoplastic stromal responses.

FAKi Reshapes CAFs to Participate in
Tumor Immunity

Like tumor-infiltrating immune cells, CAFs, which are
abundant in PDAC, can play a large role in determining treat-
ment response (12, 13, 17,27, 29, 61). To further understand
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Figure 5. (Continued) F, UMAP dimensionality reduction plot of CyTOF data on TAMs and cDCs from KP2-OVA-GFP tumor-bearing RT and RT + FAKi-
treated mice treated as depicted in Fig. 4A. Annotation shows different cell types. G, Analysis of median expression levels of various markers on the
TAMs, cDC1, and cDC2in F. n=at least 4 groups of pooled mice/group. H, UMAP analysis of cDC subsets isolated from A. Three different cDC clusters
are depicted. I, UMAP dimensionality reduction plot of scRNA-seq data on the adaptive immune cells from KPC mice. Annotation shows different cell
types. J, Bar graph displaying overrepresentation analysis of DEGs on cDC1 to known biological functions in the GO database. All graphs display com-
parisons of vehicle to RT + FAKi-treated mice. All pathways were filtered with P,4< 0.05. K, Dot plot displaying GSEA results from MSigDB_Hallmark
database comparing different cDC clusters from H. All graphs display comparisons of the vehicle to RT + FAKi-treated mice. All pathways were filtered
with P,g < 0.05. (continued on following page)

how our treatments changed the PDAC CAFs, we performed
scRNA-seq from CAF-enriched CD45", CD31", EPCAM,
PDPN* cells isolated by FACS from KPC mice 14 days after
treatment start. UMAP analysis of these CAFs generated
seven unique subclusters (Fig. 6A; Supplementary Fig. S6A).
Using known CAF markers (28, 29), we were able to identify

the classic myofibroblastic CAFs (myCAF) marked by Acta2
and Col12a1, inflammatory CAFs (iCAF) marked by Cxcl12
and Ly6c, and antigen-presenting CAFs (apCAF) marked by
Cd74 and H2Ab1 (Supplementary Fig. S6A-S6C). Interest-
ingly, treatments containing FAKi generated distinct CAF
clusters that did not fall into the 3 classic CAF clusters
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Figure 5. (Continued) L, Bar graph displaying overrepresentation analysis of DEGs on cDC2 to known biological functions in the GO database. All
graphs display comparisons of the vehicle to RT + FAKi-treated mice. All pathways were filtered with P,4 < 0.05. M, Bar graph displaying overrepresenta-
tion analysis of DEGs on CD8* T cells to known biological functions in the GO database for biological process (BP), cellular component (CC), and molecular
function (MF). All graphs display comparisons of vehicle to RT + FAKi-treated mice. All pathways were filtered with P, < 0.05. N, UMAP dimensionality
reduction plot of CyTOF data on CD8* and CD4* T-cell populations from KP2-OVA-GFP tumor-bearing RT and RT + FAKi-treated mice. Annotation shows
different cell types. 0, UMAP dimensionality reduction plot of CyTOF data on CD8* T-cell populations from N. Annotation shows five different CD8* T-cell
subclusters. OVA-Dextramer expression levels projected onto UMAP plots in N. P, Analysis of median expression levels of various markers on CD8* OVA-
Dextramer* T cells in 0. n=at least 4 groups of pooled mice/group. Q, Quantification of proliferating CD8* OVA-Dextramer* T cells out of total CD8* T cells
from mice treated as indicated. n = at least 4 groups of pooled mice/group. R, CyTOF quantification analysis of exhausted CD8* T cells in N. n=at least 4
groups of pooled mice/group. All graphs depict mean + SEM. *, P < 0.05 by two-tailed t test or one-way ANOVA as appropriate. ns, not significant.

identified in vehicle or RT samples (Fig. 6A and B; Supple-
mentary Fig. S6C). We named these FAKi treatment-induced
CAFs FAK.CAF.1, FAK.CAF.2, FAK.CAF.3, and RTFAK.CAF
based on the treatments that induced them (Fig. 6B; Sup-
plementary Fig. S6B). These FAKi-induced phenotypic clus-
ters were also seen with multiple data normalization and

integration strategies, suggesting these phenotypic popula-
tion shifts were not due to batch or computational effects
but rather a treatment-induced shift in transcriptional
phenotype (Supplementary Fig. S6D-S6F). We observed
that FAKi-induced CAF subsets became enriched in FAKi-
treated samples at the expense of myCAF subsets (Fig. 6B;
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Supplementary Fig. S6B and S6D-S6F). Additionally, we
observed a decreased number of aSMA" CAFs by IHC and
collagen density by Sirius Red staining in both FAKi- and
RT + FAKi-treated mice compared with controls (Fig. 6C
and D). These data suggest that FAKi treatment significantly
altered the CAF composition/phenotype.

To further elucidate the phenotypic differences in these
CAF subsets, we performed GSEA and overrepresentation
analyses comparing CAFs in vehicle-treated mice to CAFs in
FAKi-treated mice. In comparison with CAFs from vehicle-
treated mice, CAFs from FAKi-treated mice upregulated path-
ways associated with TNFo., IFNy, inflammatory response,
ROS, IL6 and IL2 signaling, and T-cell activation while down-
regulating pathways associated with epithelial-to-mesen-
chymal transition, angiogenesis, TGF, MTORCI signaling,
oxidative phosphorylation, and glycolysis (Fig. 6E and F;
Supplementary Fig. S6G and S6H). As expected, we also saw
downregulation of FAK and integrin signatures in CAFs in
FAKi-treated mice (Fig. 6F; Supplementary Fig. S6H).

To confirm that we retained the same antitumor phenotypes
generated by FAKi treatment, we performed GSEA and over-
representation analyses comparing CAFs in vehicle-treated
mice with CAFs from RT + FAKi-treated mice. In comparison
with vehicle, RT + FAKi-treated mice upregulated pathways
associated with TNFa, IFNy, and inflammatory response,
similar to CAFs from FAKi-treated mice. Furthermore, the
addition of RT to FAKi resulted in the upregulation of path-
ways associated with IFNo. (Fig. 6G-I). We also observed
downregulation of TGFf, MYC, integrins, MAPK, GMCSF,
VEGFR, FAK signaling, and DNA-repair pathways as well as
upregulation of leukocyte migration and chemortaxis (Fig. 6G-
I; Supplementary Fig. S6I). To cross-validate the upregulation
of IFN signaling in CAFs, we performed mIHC for CK19,
PDPN, and pSTAT1 and found an upregulation of pSTAT1*
CK19~ PDPN* CAFs in RT + FAKi-treated mice (Fig. 6]).

Several CAF subsets have been identified in human PDAC
with potential immunomodulatory activity and unique ori-
gins. These include CD105* (62), LRRC15" (63), and NetrinG1*
CAFs (64), as well as pancreatic stellate cell (PSC)-derived
CAFs (65). To understand how our treatments affected these
subsets, we analyzed previously defined signatures for these
CAF subsets using an averaged Z-score (Seurat’s “AddMod-
uleScore”) or specific marker genes. Unfortunately, we could
not detect sufficient levels of NetrinG1 or PSC-derived tran-
scripts to reach a conclusion for these subsets. However, gene
signature-positive or marker gene-positive CD105" CAFs and
LRRC15* CAFs were decreased in both FAKi and RT + FAKi-
treated PDAC tumors (Fig. 6K and L; Supplementary Fig. S6J
and S6K). Taken together, these data suggest that inhibition
of FAK signaling remodeled the PDAC CAF phenotype to
augment IFN signaling in the stroma, which may facilitate
antitumor immunity.

FAK Inhibition in Combination with RT in PDAC
Patients Activates IFN Signaling

Based on the data above, we initiated a clinical trial of a
FAKi (defactinib; VS-6063) in combination with SBRT in
patients with locally advanced PDAC (NCT04331041). In the
patients from the phase I safety lead-in cohort, we performed
scRNA-seq on tissues from pre- and posttreatment biopsies

(Fig. 7A). In data from the first five patients, UMAP analysis
identified PDAC cells, CAFs, and major immune populations
(Fig. 7B; Supplementary Fig. S7A). Mirroring what we found
in our preclinical studies (Fig. 3), differential gene pathway
analysis of the PDAC cells showed that the combination
treatment led to upregulation of inflammatory response, IFN,
TNFa signaling, T-cell activation, and phagocytosis pathways
and downregulation of MYC pathways (Fig. 7C; Supplemen-
tary Fig. S7B). These data suggest that RT + FAKi might
halt PDAC proliferation and augment immunogenicity. To
further understand how SBRT + VS-6063 treatment changed
the TME in our patients, we reclustered the CAFs, T cells,
and TAMs separately and compared differentially expressed
genes and pathways in these pre- and posttreatment biopsies.
In CAFs, we observed that SBRT + VS-6063 increased the
IFNa, IFNB, TNFa signaling, and T-cell activation pathways,
and decreased the TGFP and integrin signaling pathways
(Fig. 7D; Supplementary Fig. S7C-S7F). Similarly in T cells,
we observed increases in IFNo, IFNB, and TNFo pathways,
and in TAMs we observed increases in IFNa, IFNf, and ROS
pathways, and decreases in glycolysis and MTORC1 pathways
in SBRT + VS-6063 posttreatment samples (Fig. 7E-G; Sup-
plementary Fig. S7G-S7I). These results from CAFs, T cells,
and TAMs in humans parallel our results obtained in mice,
which demonstrate activation of IFN signaling in both the
target tumor compartment and the tumor-associated stroma.

FAK Inhibition in Combination with RT Renders
Checkpoint Blockade Effective

Our data suggest that adding FAK inhibition to RT led to
tumor regression and priming of tumor antigen-specific T
cells (Fig. 4B-D, G, I, and J; Supplementary Fig. S4A-S4D and
S4G). However, these effects in turn drove the upregulation
of T-cell exhaustion (Fig. SN-R; Supplementary Fig. S5N).
This suggests that these newly primed CD8" T cells might
become limited by checkpoints. To test this, we treated mice
bearing established syngeneic KP2-OVA-GFP PDAC tumors
with RT + FAKi in combination with aPD-1 and aCTLA4
IgGs [immune-checkpoint blockade (ICB); Fig. 7H]. Mirror-
ing our T-cell depletion studies, short-term tumor regression
by RT + FAKi was not affected by the addition of ICB (Fig. 7I);
however, the triple combination of RT + FAKi + ICB led to
progressive tumor regression over time and long-term survival
in 8 of 9 mice in the treatment group, which was superior to
all other treatment groups (Fig. 7]). We next compared the
effector phenotype of T cells in these mice. We found that the
addition of FAKi to RT + ICB resulted in higher numbers of
IFNy- and TNFa-expressing CD8* and CD4* T cells (Fig. 7K).
Furthermore, the CD4* T cells from these RT + FAKi + ICB-
treated mice were skewed toward CD4" T effector cells instead
of CD4* FOXP3* T regulatory cells (Fig. 7K; Supplementary
Fig. S7]). We repeated this in the KI PDAC model and observed
that the addition of ICB to RT + FAKi also sustained more
durable tumor regression (Supplementary Fig. S7K and S7L).
Our mechanistic mouse models and human data suggest that
combining FAK inhibition with RT can reprogram the TME
to support IFN signaling and tumor immunity (Fig. 7L).
These preclinical checkpoint combination data also suggest
that the changes brought by RT + FAKi could be further
enhanced with the addition of checkpoint immunotherapy.
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DISCUSSION

Many factors contribute to the recalcitrant nature of PDAC
(2, 15-18). Here, we show that the PDAC stroma can drive RT
resistance. Our findings are in agreement with several other
studies, which highlight the critical role of B1 integrin (60, 66,
67) and Caveolin (68) signaling in regulating RT sensitivity
in multiple cancer models. ECM can affect RT response by
several mechanisms, including directly signaling to tumor cells
through integrins and other receptors (58-60, 69, 70), acting as

aSMA [HC and Sirius Red images are depicted. n=at least
7 mice/group. E and F, Dot plot displaying GSEA results
from MSigDB_Hallmark (E) and GO (F) databases. All graphs
display comparisons of CAFs from vehicle to FAKi-treated
mice. All pathways were filtered with P, or g < 0.05. (con-
tinued on next page)

areservoir for secreted mitogens (71-73), and serving as a major
regulator of oxygen bioavailability (74, 75). Although these
studies showed that the stromal ECM can promote the survival
of cancer cells following RT, it remains unclear how the PDAC
stroma might affect RT-induced immune priming. Interest-
ingly, our data suggest that collagen-rich ECM not only pro-
motes cancer cell survival but also represses RT-induced IFN
signaling that may be critical to RT-induced tumor immunity.
In our studies using KPC GEMMs, we found that although
RT resulted in temporary short-term tumor control, it failed to
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Figure 6. (Continued) G-I, Dot plot displaying GSEA results from MSigDB_Hallmark database (G) and bar graphs displaying overrepresentation
analysis of DEGs on CAFs in A to known biological functions in MSigDB _PID (H) and MSigDB Hallmark (I) databases. All graphs display comparisons of
CAFs from vehicle mice to RT + FAKi-treated mice. All pathways were filtered with P, < 0.05. J, mIHC analysis of CK19- PDPN* pSTAT1* cells in tissues of
KPC mice from Fig. 4A. Representative CK19, PDPN, and pSTAT1 fused mIHC images are depicted. n = at least 6 mice/group. K, UMAP representation of
CD105* CAF or LRRC15* CAF gene signature module scores mapped onto CAFs in A and B. L, Quantification of CAFs in A for CD105* CAF gene signature
or LRRC15* CAF gene signature. All graphs depict mean = SEM. *, P < 0.05 by two-tailed t test or one-way ANOVA as appropriate.

prime T-cell responses. This was translated to a failure of long-
term tumor control and no survival benefit. This is noteworthy
because RT is highly capable of priming T cells and controlling
tumor growth in other cancer models (76, 77), including the
Kras/TrpS53-driven sarcomas we presented here. Even though
our PDAC and sarcoma GEMMs carry the same driver muta-
tions in Kras and TrpS3, we noted a major difference in the
amount of stromal desmoplasia; the PDAC stroma is highly
desmoplastic compared with genetically equivalent sarcomas.
In our current study, we found collagen and pancreatic fibro-
blasts cooperatively mitigated RT efficacy and induction of

tumor cell death i vitro, which was in part mediated through
fibroblasts’ support of PDAC cell proliferation and collagen’s
ability to blunt RT-induced IFN signaling (Fig. 2). Similar
interactions have been reported, in which PSCs’ secreted fac-
tors, such as IL1o and TGFp, enhance PDAC cell proliferation,
migration, invasion, and colony formation, and drive resist-
ance to gemcitabine and RT through MAPK and AKT signal-
ing (78). Furthermore, PSCs can directly interact with PDAC
cells to promote radioprotection and stimulate tumor cell
proliferation through B1 integrin signaling, which is inde-
pendent of phosphoinositide 3-kinase but depends on FAK
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and posttreatment biopsies from A. C, Bar graph displaying GSEA of DEGs on all the PDAC cells in B to known biological functions in MSigDB_Hallmark
database. All graphs display comparisons of pretreatment to posttreatment biopsies. All pathways were filtered with P,¢ < 0.05. D, Bar graph displaying
GSEA of DEGs on all the CAFs in B to known biological functions in MSigDB_Hallmark database. All graphs display comparisons of pretreatment to post-
treatment biopsies. All pathways were filtered with P, < 0.05. E, Bar graph displaying GSEA of DEGs on all the T cells in B to known biological functions
in the MSigDB _Hallmark database. All graphs display comparisons of pretreatment to posttreatment biopsies. All pathways were filtered with P,4j< 0.05.
F, Dot plot displaying GSEA of DEGs on all the TAMs in B to known biological functions in MSigDB_Hallmark database. All graphs display comparisons of
pretreatment to posttreatment biopsies. All pathways were filtered with P, < 0.05 or g value < 0.05. G, Bar graph displaying GSEA of DEGs on all the
TAMs in B to known biological functions in the GO database. All graphs display comparisons of pretreatment to posttreatment biopsies. All pathways
were filtered with P,q; < 0.05. H, Schematic of RT (6 Gy x 5), FAKi (75 mg/kg twice a day), and ICB (aPD-1, 200 ug and «CTLA4, 200 pg) administration in
KP2-OVA-GFP tumor-bearing mice. Mice were treated and longitudinally assessed for tumor burden. I, Waterfall plot of KP2-OVA-GFP tumor-bearing
mice from H evaluating tumor growth difference from day 0 to 5. n=10 mice/group. J, Kaplan-Meier survival curve of KP2-OVA-GFP mice fromH.n=10

mice/group. (continued on next page)
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(66, 79). The presence of extensive desmoplasia and its role
in promoting tumor proliferation in PDAC further explains
why, unlike in sarcoma, RT counterintuitively increases PDAC
tumor cell proliferation after resistance occurs. This suggests
that RT may perform differently in a tumor that is stroma-rich
versus stroma-light, and these differences are partly mediated
by ECM-receptor FAK signaling.

Retrospective studies of surgical resections have shown that
higher levels of fibrosis post-neoadjuvant treatment are cor-
related with better pathologic response and improved survival
(80, 81). Conversely, we found that collagen and fibroblasts in
treatment-naive tumors additively blunt RT efficacy, which
suggests that treatment-naive and posttreatment desmoplasia
could have distinct characteristics and effects, the earlier of
which can affect treatment response. It may be more relevant
to assess posttreatment PDAC fibrosis/desmoplasia in the con-
text of canonical FAK activation as an indicator of the down-
stream ECM-receptor signaling effects of collagen deposition.

Prior studies have demonstrated that inhibition of FAK
signaling in PDAC changes the phenotype of both tumor cells
and stromal cells (40, 46, 47, 82). This prompted us to see if
FAKi could overcome stromal-induced protection to result in
RT-induced tumor death. To our surprise, we found that FAKi
reversed RT resistance in PDAC, and these effects corresponded
with changes in DNA damage repair/responses, ROS pathways,
cell-cycle regulation, and inflammatory signaling (Fig. 3). Simi-
larly, in melanoma and lung cancer, FAKi can resensitize tumor

cells to RT by modulating DNA damage responses (83) and
NF«B activity (40). These FAKi-specific pathways in tumor cells
may play a role in promoting RT efficacy in PDAC. Our in vitro
RNA-seq and proteomics studies focused on signaling in the
cancer cells alone; however, the biological effects of FAKi and
RT are not limited to the cancer cells. The role of these thera-
pies in shaping PDAC stromal cells, particularly fibroblasts, is
noteworthy and impactful. Indeed, scRNA-seq data from KPC
GEMMs and human patients with PDAC suggest significant
changes in stromal phenotype and potentially tumor-stromal
interactions. Further work needs to be done to disentangle the
cell type- and tissue-specific differences in FAK signaling and
their respective contributions to RT resistance.

Aside from tumor cell-directed effects of the combination
treatment, we likewise found that in the presence of FAKi, RT
could induce immune priming. This was marked by the increase
in tumor-infiltrating cDC1s and tumor antigen-specific T cells,
along with shifts in TAMs, cDCs, and T-cell phenotypes toward
being more antitumor. We also found an increase in both type
I and II IFN responses/pathways in the dual RT + FAKi treat-
ment, but not in either RT or FAKi monotherapy alone. We
postulate that these changes in tumor immunity facilitate RT’s
ability to prime better antitumor T-cell responses, both in the
targeted tumor tissue and systemically. One possible explana-
tion for the ability of FAK inhibition to rescue RT-induced
immune priming is through altering collagen interactions in
the stroma and how they contribute to IFN signaling.
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CAFs are another major contributor to the stromal modula-
tion of RT treatment response in PDAC (14, 27-29). Similarly,
CAFs have been implicated in PDAC resistance to both chemo-
therapies and immunotherapies (30-33). However, the distinct
roles of CAF subpopulations in therapeutic resistance mecha-
nisms have yet to be fully elucidated (84-86). For example, the
extent to which CAF subtypes are interchangeable is unclear,
and further study is needed to determine what dictates their
numbers, distribution, and function during treatment. Inter-
estingly, we found that RT + FAKi causes significant changes
in the composition of CAFs, which raised the possibility that
these CAFs may participate productively in antitumor immu-
nity. Previous studies have shown that CAFs can play a role in
tumor immunity through IL1, TGFf, and IL6 signaling (14,
28, 29, 87), and our study identifies a novel role for CAFs in
antitumor immunity through IFN signaling. We also found
that CAFs in the RT + FAKi-treated mice downregulated TGFf3
signaling, which has been shown to be a key signaling pathway
in the protumor CD105* CAFs (62), aSMA* myCAFs, and
LRRC15% CAFs (63). Accordingly, we found FAKi decreased
both CD105 and LRRC15 gene signature-expressing CAFs,
which suggests a potential shift toward antitumor phenotype.
Although NetrinG1* and PSC-derived CAFs have both been
identified (64, 65), our data on these subsets was inconclu-
sive. It will be interesting to address the role and origin of
CAF heterogeneity in FAKi efficacy as more relevant tools are
established. Important for this may also be identifying the
CAF-intrinsic versus cancer cell-driven roles of FAK signaling
in shaping CAF heterogeneity.

Overall, this study suggests that stromal modulation by
FAKi sensitizes PDAC to RT-induced antitumor immunity in
both the immune and stromal compartments (Fig. 7L). Fur-
thermore, in combination with FAKi, RT unlocks sustained
checkpoint immunotherapy efficacy, which is translated into
long-term tumor control and/or eradication. Based on our
findings, we are currently testing the clinical efficacy of FAK
inhibition in combination with SBRT in patients with locally
advanced PDAC (NCT04331041), which to this point has
mirrored many of the biomarker findings presented in mouse
models. Perhaps most significantly, our data strongly support
the addition of ICB, which may be critical for the prevention
of metastatic disease in these patients with PDAC.

METHODS

Genetic Mice and Other Models

KPC and KPC-OG mice used in these studies were bred to C57BL/6]
background and verified by congenic markers. The generation and
studies entailing the details of the KPC-OG mouse were published
by our lab (54). KPC and KPC-OG mice were enrolled for treatment
studies when the first >0.5 cm tumor was detected by biweekly palpa-
tion 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, moribund appearance, severe cachexia,
or per absolute survival. For all studies, care was taken to include
negative littermates as well as sex- and age-matched in the same
experimental setup.

LSL-KrasS12P/Trp§3Flox/Flox/OVA-GFP* mice, littermates of KPC-
OG mice, were injected with Adenoviral-Cre at 8 to 10 weeks
old, which generated sarcoma GEMMs (KPS-OG) 7 to 8 weeks

after inoculation. Tumor size was assessed by caliper measurement
for randomization.

All animal studies were approved by the Washington University
Institutional Animal Care and Use Committee review board.

Human Subjects

All human PDAC tissues were obtained under written informed con-
sent from the patients. The Washington University Ethics Committee
approved the study in accordance with recognized ethical guidelines,
and studies were conducted under institutional review board protocol
#201108117 and #201704078 and clinical trial NTC04331041.

Cell Lines

Three-dimensional organoid cell lines (KPOG) were derived from
tumor-bearing female KPC-OG mice. KRAS-INK or KI cells used in
certain orthotopic transplant experiments were derived from Pdx1-Cre/
LSL-KrasS'2P/Ink/Arfo¥/FlX mice in Dr. Hanahan’s laboratory (EPFL,
Lausanne). KP2 cells were derived from PDAC tumor tissue obtained
from 6-month-old p48-Cre/LSL-KrasS'2P/TrpS3™°¥/* mice, which were
screened for C57BL/6 identity. Cells were grown out on collagen-
coated plastic for <12 passages and were tested for CK19, aSMA,
Vimentin, and CD4S5 to verify their identity and purity. KP2-OVA-GFP
cells were derived from tumor-bearing female KPC-OG, which were
used in certain syngeneic subcutaneous experiments. PDA.69 cells were
derived from PdxI-Cre/LSL-KrasS'2P/TrpS3*72H/* mice as previously
published (50). A single lot of frozen cells was used for all experiments.
These cells were banked and last tested for Mycoplasma using two inde-
pendent commercial kits (Sigma and Lonza) in June 2019.

Three independent wild-type (WT) pancreatic fibroblast primary
cell lines were derived from WT CS57BL/6] background mice. Pan-
creata were harvested (detailed below) and plated on tissue culture
flasks under standard antibiotics and the addition of Gentamycin and
Amphotericin B. No additional growth factors were supplemented in
culture media. After ~3 passages, the culture was composed of pure
fibroblasts only. For organoid growth studies, only fibroblasts with
passage <10 were used. Fibroblast purity was tested by flow cytometry
for PDPN as a pan-marker of fibroblasts. All cell lines were tested
negative for Mycoplasma.

Two independent CAF lines were derived from end-staged KPC-
OG mice. Following tissue digestion, single-cell suspension was
resuspended in flow cytometry buffer and stained with fluorophore-
conjugated antibodies as detailed below. Cells were sorted for CAFs
(GFP~ CD45~ CD31- EPCAM- PDPNY) using FACSAria-ll (BD
Biosciences), and replated in a complete medium until stable cell
lines were established. CAF purity was tested by flow cytometry for
EPCAM™ and PDPN* as a pan-marker of fibroblasts. All cell lines were
tested negative for Mycoplasma.

Tumor cell suspension derived after tumor harvest (detailed below)
was plated on collagen-coated tissue culture flasks under standard
antibiotics for the generation of 2D cell culture. Cell suspension
derived after tumor harvest (detailed below) was plated on Matrigel
(Cultrex Organoid Qualified BME, Type 2) dome under standard
antibiotics for the generation of 3D organoid cell culture. Protocol
for the generation of 3D organoid cell culture was adapted from Dr.
Tuveson’s laboratory (Cold Spring Harbor Laboratory; ref. 88). GFP*
tumor cells were sorted on FACSAria-II (BD Biosciences), and replated
in complete medium until stable cell lines were established. All 2D cell
lines were cultured in complete medium [DMEM-F12 with 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin] at 37°C and
5% CO,. All 3D cell lines were cultured in complete medium (Advanced
DMEM-F12 with 1% HEPES, 1% L-glutamine, and 1% penicillin and
streptomycin) 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 Mycoplasma.
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Tissue Harvest

Mice were euthanized by trans-cardiac perfusion using 15 mL of
PBS-heparin under isoflurane anesthesia. When taken for histology,
tumor tissues were fixed in 10% neutral-buffered formalin overnight
at 4°C. When taken for cellular assays, tumor tissues or respective
lymph nodes were manually minced and digested in 20 mL of sterile
1x Hank’s Balanced Salt Solution (HBSS; Thermo Fisher) containing
2 mg/mL of collagenase A (Roche) and 1x DNase I (Sigma) for 30 min-
utes at 37°C with constant stirring. Digestion was quenched in 5§ mL of
sterile FBS (Atlanta Biologicals) filtered through 40-um Nylon mesh,
pelleted through centrifugation (2,000 RPM for 5 minutes at 4°C),
and resuspended in required media/buffer as single-cell suspensions.

Orthotopic and Syngeneic Implantations

Age-matched 6- to 8-week-old female C57BL/6 and FVB/NJ mice
were used for orthotopic/transplantable mouse models. Syngeneic
orthotopic PDAC tumors were established by surgical implantation,
as previously described (46). To establish orthotopic models, 100,000
KI or KP2 cells in 50 pL of Cultrex (Trevigen) were injected into the
pancreas of sex-matched C57BL/6 or FVB/N]J mice as previously
described (89). Cohorts of mice were randomized into different treat-
ment groups by gross tumor diameter using thrice-weekly palpation,
external caliper measurement, and ultrasound measurement. To
establish subcutaneous models, 250,000 KP2 or KP2-OVA-GFP cells
or 100,000 PDA.69 cells in 50 L of Cultrex (Trevigen) were injected
into the mammary fat pad of sex-matched C57BL/6 mice as previ-
ously described. Cohorts of mice were randomized into different
treatment groups by gross tumor diameter using thrice-weekly exter-
nal caliper measurement.

Pharmacologic Inhibitors

FAKi (VS-4718), provided by Verastem, Inc., is a selective bispecific
inhibitor with activity against FAK1/PTK2 and PYK2/PTK2p kinases.
Cell-based assays have determined it has biochemical half-maximal
inhibitory concentrations (ICsp) of 6.0 and 20 nmol/L for FAK and
PYK2. For animal experiments, 75 mg/kg VS-4718 was formulated
in vehicle [0.5% carboxymethyl cellulose and 0.1% Tween-80 (Sigma-
Aldrich) in sterile water] and administered by oral gavage twice a day. For
in vitro studies 0.25, 0.5, or 1.0 pmol/L of VS-4718 in DMSO was used.

Radiotherapy

Mice received RT as five daily hypofractionated doses (6 Gy X 5)
using the Small Animal Radiation Research Platform (SARRP200,
XStrahl Life Sciences). Mice were injected intraperitoneally (i.p.)
with an iodine contrast agent (2,100 mg/kg) before being placed on
the irradiation platform one at a time under isoflurane anesthesia.
Conebeam 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 either the 5 mm X 5 mm or 10
mm X 10 mm collimator at a dose rate of 3.9 Gy/minute. Mice were
monitored over 2 weeks for signs of radiation sickness or weight loss.
DietGel Recovery gel was provided for a 14-day window immediately
following radiotherapy in survival studies.

For in vitro radiation experiments, RS2000 160 kV X-ray Irradiator
using a 0.3-mm copper filter (Rad Source Technologies) was used.

Immunotherapeutic Neutralizing Antibodies

For the immunotherapy regimen, 250 ug of agonist antibodies
(aCTLA4 clone UC10-4F10-11; aPD-1 clone RMP1-14; Bio X Cell)
was given by i.p. injection; aPD-1 was given every 4 days for a total
of 30 days and aCTLA4 was given every 5 days for a total of 4 doses
from the beginning of treatment. Treatments were discontinued after
30 days to prevent a-rat IgG reaction.

For T-cell depletion, CD4 or CD8 neutralizing IgG antibodies
(aCD4 clone GK1.5; oCD8 clone 2.43, Bio X Cell) were administered,
with first injection (at day —2) containing 400 pg and subsequent
injections (every 4 days) containing 200 pg of each IgG. Treatments
were discontinued after 30 days. As control, rat IgG2p isotype control
(clone LTF-2, Bio X Cell) was administered.

For type I IFN neutralization, aIFNAR1 (clone MAR1-5A3, Bio X
Cell) antibody was administered, with first injection (at day —2) contain-
ing 750 ug and subsequent injections (every 3 days) containing 250 pg of
each IgG. Treatments were discontinued after 30 days. As control, mouse
IgG1 isotype control (clone MOPC-21, Bio X Cell) was administered.

Organoid Cultures

Three-dimensional organoid cell lines derived from KPC-OG mice,
called KPOG, were passaged in Cultrex Organoid Qualified BME,
Type 2. Pancreatic fibroblasts were derived from C57BL/6] mice.
Organoid cells (~50 structures in a dome of 50 pL of Cultrex Orga-
noid Qualified BME, Type 2) were cultured with or without 100,000
pancreatic fibroblasts or FACS-sorted CAFs per dome. Collagen I
concentrations (1.0 mg/mL) were modulated in the ECM. One day
after organoid culture preparation, organoid cultures were treated
with FAKi at varying dose concentrations. Two hours after FAKi
treatment, the culture was treated with radiation.

All organoid experiments were done in 24-well tissue culture-
treated plates. At least » = 3/group was used for statistical power
analysis. KPOG organoid growth was monitored using the GFP
marker. Fluorescence images were taken using a Nikon AZ100 micro-
scope daily, and images were analyzed using Metamorph and HALO
imaging software for analyses.

IHC Staining

Tissues were fixed in 10% neutral formalin for 18 to 24 hours,
embedded in paraffin after graded-ethanol dehydration, and sec-
tioned into S-um sections using a microtome. Where applicable, for-
malin-fixed, paraffin-embedded (FFPE) tissue sections were stained
for hematoxylin and eosin (Thermo Fisher), Picro-Sirius Red (Sigma-
Aldrich), and Masson’s Trichrome (Diagnostic Biosystems) according
to the manufacturer’s instructions. Automated staining of tissues
was carried out on the Bond RX™ (Leica Biosystems) following
dewaxing and appropriate antigen retrieval. Immunostaining was
chromogenically visualized using the Bond Polymer Refine Detec-
tion alone or in conjunction with Bond Intense R Detection Systems
(DS9263, Leica Biosystems). Slides were dehydrated through graded
ethanol, followed by xylene, then mounted using Xylene-based Cyto-
seal (Thermo Fisher) or Vectamount (Vector Labs) as appropriate.

Staining was performed with the following antibodies: aSMA (Abcam,
ab5694), Podoplanin (BioLegend, 127402), Ki-67 (Abcam, ab15580),
BrdUrd (Abcam, ab2284), CC3 (Cell Signaling Technology, 9661S),
Cytokeratin 19 (DSHB TROMA-III), Cytokeratin 17/19 (Cell Signaling
Technology, 12434S), CD8o. (Cell Signaling Technology, 98941), pSTAT1
(Cell Signaling Technology, 8826s), CD4 (Abcam, ab183685), FOXP3
(eBioscience, 14-5773-82),and yH2Ax (Cell Signaling Technology, 9718S).

Flow Cytometry

Following tissue digestion, single-cell suspensions were resus-
pended in flow cytometry buffer (PBS containing 1% BSA and §
mmol/L EDTA), FcR blocked with rat a-mouse CD16/CD32 antibod-
ies (eBioscience) for 10 minutes and pelleted by centrifugation. Where
applicable, CD8" T cells specific for antigen OVA were labeled by
incubating cell suspension with H2Kb::SIINFEKL-specific MHC I dex-
tramer (1:5; Immudex protocol) for 10 minutes at room temperature
prior to extracellular staining. Cells were consequently labeled with
100 pL of fluorophore-conjugated o-mouse extracellular antibodies
at recommended dilutions for 25 minutes on ice. Intracellular stain-
ing for intracellular markers was conducted subsequently using the
eBioscience Transcription Factor Staining buffer set, according to the
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manufacturer’s instructions. All antibodies are listed below. FCS data
were acquired on BD Fortessa X-20 (BD Biosciences) within 3 to 4 days
and analyzed using FlowJo software (v10).

For T-cell functional (cytokine release) assay, following tissue
digestion, primary tumor cell suspension containing 100,000 cells
was incubated in a 96-well plate with 1 umol/L Brefeldin A (BioLeg-
end) and 2 umol/L Monensin Solution (BioLegend) and 1X Stimula-
tion Cockeail (eBioscience) for S hours at 37°C and 5% CO,. After
incubation, cells were then labeled with fluorophore-conjugated anti-
mouse antibodies as above.

Staining was performed with the following antibodies: CD45
(eBioscience, 25-0451), CD45 (BD Biosciences, 564225), CD3¢ (eBi-
oscience, 17-0031-82), CD11b (eBioscience, 56-0112-82), MHC-II
(eBioscience, 48-5321-82), Ly6G (BioLegend, 127608), Ly6C (eBiosci-
ence, 45-5932), F4/80 (eBioscience, 15-4801-82), CD11c (eBioscience,
47-0114-82), CD24 (eBioscience, 11-0241-82), CD24 (eBioscience,
11-0242-82), CD103 (BioLegend, 121423), CD8o. (BD Biosciences,
563786), CD8a (BD Biosciences, 562283), CD4 (eBioscience, 11-0043-
82), CD62L (BioLegend, 104437), CD44 (eBioscience, 48-0441-82),
PD-1 (eBioscience, 12-9985-82), TIM3 (BioLegend, 119715), Ki-67
(eBioscience, 50-5698-82), FOXP3 (eBioscience, 35-5773-82), MHC
I (eBioscience, 11-5998-82), B220 (BioLegend, 103212), SIINFEKL
Dextramer (Immudex, JD2163), IFNy (BioLegend; clone XMG1.2),
and TNFa (Invitrogen; clone MP6-XT22).

Mass Cytometry

Tumors from KP2-OVA-GFP tumor-bearing mice were taken on
day 14 after treatment start. Two to three tumors were pooled as
one sample. Tumor samples were digested in HBSS supplemented
with 2 mg/mL collagenase A (Roche), 2.5 U/mL hyaluronidase and
DNase I at 37°C for 30 minutes with agitation to generate single-cell
suspensions. Cell suspensions were counted and stained in 5 umol/L
cisplatin per million cells for exactly 3 minutes on ice and washed
with Cy-FACS buffer (PBS, 0.1% BSA, 0.02% NaNj;, 2 mmol/L EDTA)
twice. Cells were incubated with FcR blocking reagent plus surface-
antibody cocktail for 40 minutes on ice. After incubation, surface-
marker-stained cells were washed twice with Cy-FACS buffer. Cells
were then fixed with 4% PFA for 10 minutes on ice and permeabilized
for 40 minutes with permeabilization buffer (Invitrogen) containing
the intracellular stain cocktail. All antibodies are listed below. Cells
were then washed twice with PBS and stained with 200 puL of DNA
intercalator per million cells. Cells were acquired on a CyTOF2 mass
cytometer (Fluidigm), and data were uploaded to Cytobank for fur-
ther analysis. Events were gated on singlets, live, and CD45*. A maxi-
mum of 100,000 events were then visualized using the standard t-SNE
algorithm. Populations of interest were manually gated and verified
based on lineage marker expression.

Staining was performed with the following antibodies: CD45
(Fluidigm, 3089005B), CD90 (BioLegend, 105202), CD11c (Fluidigm,
3142003B), CD68 (BioLegend, 137001), MHC I (Fluidigm, 3144016B),
CD206 (BioLegend, 141702), F4/80 (Fluidigm, 3146008B), MHC II
(BioLegend, 107602), CD11b (Fluidigm, 3148003B), CD1720/SIRPa
(BioLegend, 144002), Ly6C (Fluidigm, 3150010B), Ly6G (Fluidigm,
3151010B), CD64 (BioLegend, 139301), XCR1 (BioLegend, 148202),
CD103 (BioLegend, 121402), NK1.1 (Bio X Cell, BE0036), BST2
(Novous/imgenx, DDX0390P-100), IRF4 (BioLegend, 646402), CD83
(Thermo Fisher Scientific, 14-0831-82), CD40 (Fluidigm, 124601),
OX40L (BioLegend, 108802), CCR2 (R&D Systems, MAB55381-100),
Cx3CR1 (Fluidigm, 3164023B), CCR7 (BioLegend, 120101), PD-L2
(Bio X Cell, BEO112), VISTA (BioLegend, 150202), Tim3 (Bio X Cell,
BEO115), PDL1 (Bio X Cell, BE0101), CD80 (BioLegend, 104702),
CD135/FLT3 (Thermo Fisher Scientific, 14-1351-82), CD86 (Fluidigm,
3172016B), TIM4 (BioLegend, 130002), B220 (Fluidigm, 3144011B),
CD44 (Leinco, C382), GITR (Bio X Cell, BEO063), CD25 (Leinco,
C1194), CD38 (eBioscience, 14-0381-82), CD90 (BioLegend, 105202),
LAG3 (Leinco, L306), CD27 (eBioscience, 50-124-94), KLRG1 (Bio X

Cell, BE0201), CD103 (BioLegend, 121402), CD4 (Bio X Cell, BEO003-
1), CD45 (Fluidigm, 3089005B), CD62L (Leinco, C2118), ICOS (eBio-
science, 14-9949-82), OX40 (Bio X Cell, BE0031), PD-1 (eBioscience,
14-9981-82), TIGIT (Bio X Cell, BE0274), CD69 (eBioscience, 14-0691-
82), TCRB (Bio X Cell, BE0102), CD127 (Bio X Cell, BE0065), CD39
(BioLegend, 143802), NK1.1 (Bio X Cell, BE0036), CD8a (Leinco,
C375), TCRyS (eBioscience, 14-5711-82), TIM3 (Bio X Cell, BE0115),
H2-Kb OVA (WUSTL CHiiPs core), Ki-67 (Novus, NBP2-22112),
FOXP3 (eBioscience, 14-5773-82), GATA3 (eBioscience, 14-9966-82),
Granzyme B (eBioscience, MA1-80734), CTLA4 (eBioscience, 50-129-
16), TCF1 (R&D, MAB8224), ROR+t (eBioscience, 14-6988-82),
EOMES (eBioscience, 50-245-556), and T-bet (BioLegend, 644802).

Western Immunoblot

Cell lysates were harvested using radioimmunoprecipitation assay
(RIPA) lysis buffer (25 mmol/L Tris-HCI pH 7.5, 150 mmol/L NacCl,
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%
w/v BSA, membranes were probed with primary antibodies overnight
at 4°C. Membranes were washed thrice in 1X TBST and probed with
HRP-conjugated secondary antibody for 1 hour at room tempera-
ture. Membranes were developed with Pierce ECL Western Blotting
Substrates and detected using a ChemiDoc XRS+ system (Bio-Rad).

Staining was performed with the following antibodies: B-actin
(Cell Signaling Technology, 4970), pIRF3 (Cell Signaling Technology,
29047S), IRF3 (Cell Signaling Technology, 4302S), STING (Cell Signal-
ing Technology, 13647S), and yH2Ax (Cell Signaling Technology, 9718S).

RNA and cDNA Isolation

Total RNA was extracted from live cultured cells using an E.ZZ.N.A.
Total RNA kit (OMEGA) according to the manufacturer’s instruc-
tions and banked in ~80°C until use. cDNA for downstream applica-
tions were synthesized using qScript cDNA SuperMix kit (QuantaBio)
according to the manufacturer’s instructions.

RNA-seq and Analysis

RNA samples from treated KPOG organoid cultures were prepared
according to the kit manufacturer’s protocol, ribo-depleted using
RiboZero protocol, and subsequently indexed, pooled, and sequenced on
HiSeq 3000 (Illumina) at the Genome Technology Access Center, Wash-
ington University. Differential expression analysis of normalized counts
(after standard base calling 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 < 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 log, fold changes reported for each term versus the back-
ground log, fold changes of all genes found outside the respective term.

Mouse Tissue scRNA-seq Data Analysis

PDAC tissues were taken from vehicle-treated, RT-treated, FAKi-
treated, or RT + FAKi-treated KPC pancreatic tumors 14 days after
treatment start. Cells were sorted into two samples: Immune cells
(CD45%) and CAFs (CD45~ CD31” EPCAM™ PDPN*) using Aria-II cell
sorter (BD Biosciences). Each sample was generated from a pooled of
2-3 mice/treatment group. For a total of 4 treatment groups and 2
different cell types, we made 8 total libraries to be sequenced.

Sorted cells from each sample were encapsulated into droplets and
libraries were prepared using Chromium Single Cell 3'v3 Reagent kits
according to the manufacturer’s protocol (10X Genomics). The gener-
ated libraries were sequenced by a NovaSeq 6000 sequencing system
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(Ilumina) to an average of 50,000 mean reads per cell. Cell Ranger
mkfastq pipeline (10X Genomics) was used to demultiplex Illumina
base call files to FASTQ files. Files from the KPC tumors were demulti-
plexed with >97% valid barcodes, and >94% q30 reads. Afterward, fastq
files from each sample were processed with Cell Ranger counts and
aligned to the mm10 reference (v.3.1.0, 10X Genomics, mouse refer-
ence mm10-2020-A from https://cf.10xgenomics.com/supp/cell-exp/
refdata-gex-mm10-2020-A.tar.gz) to generate feature barcode matrix.

The filtered feature barcode matrices were loaded into Seurat
(v4.1.2). For each Seurat object, genes that were expressed in less than
3 cells and cells that expressed less than 1,000 or more than 6,000
genes were excluded. Cells with greater than 10% mitochondrial RNA
content were also excluded. SCTransform with default parameters
was used on each individual sample to normalize and scale the expres-
sion matrix against the sequence depths and percentages of mito-
chondrial genes (90). Cell-cycle scores and the corresponding cell-cycle
phase for each cell were calculated and assigned after SCTransform
based on the expression signatures for S and G,-M genes (CellCycle-
Scoring). The differences between the S phase score and G,-M score
were regressed out by SCTransform on individual samples. Variable
features were calculated for each sample independently and ranked,
based on the number of samples they were independently identified
(SelectIntegrationFeatures). The top 3,000 shared variable features
were used for multiset canonical correlation analysis to reduce dimen-
sions and identify projection vectors that defined shared biological
states among samples and maximized overall correlations across
datasets. Principal component analysis (PCA) was performed on the
3,000 variable genes calculated earlier (function RunPCA). Multiple
datasets were then integrated using Harmony Integration (RunHar-
mony; ref. 91) using the calculated PCA values. Mouse immune cell
datasets were integrated using Harmony (Fig. 5), mouse CAF datasets
(Fig. 6) were not integrated, and mouse CAF Harmony integrated
datasets are shown in Supplementary Fig. S6. A UMAP dimensional
reduction was performed using the Harmony-corrected values to
obtain a two-dimensional representation. Then, these defined 30
dimensionalities were used to refine the edge weights between any
two cells based on Jaccard similarity (FindNeighbors) and were used
to cluster cells through FindClusters functions, which implemented
shared nearest neighbor modularity optimization. To characterize
clusters, the FindAllMarkers function with log, fold threshold = 0.25
and minimum 0.25-fold difference and MAST test was used to iden-
tify signatures alone with each cluster. Then the TAMs, cDCs, and
adaptive immune cells (B cells, T cells, NK cells, yT cells) were selected
and the top 3,000 variable features were recalculated to recluster using
the above-described methodology. DEGs between the two groups were
calculated for each dataset with min.pct of 0.1 and logfc.threshold
of -Inf and MAST test (PrepSCTFindMarkers then FindMarkers).
Then the DEG lists from each dataset were filtered with P < 0.05
and ranked based on fold change. These ranked gene sets were fed
into GSEA to test for GO terms, KEGG pathways, Reactome and
Molecular Signatures Database (MSigDB) gene sets with FDR <0.05
in ClusterProfiler (92).

Human Sample scRNA-seq Data Analysis

PDAC tissues were taken from patients using ultrasound-guided
biopsies, and details of the trial design are available on ClinicalTrials.gov
(NCT04331041) and briefly here. Patients received SBRT with a total of
50 Gy given in S fractions. FAKi (VS-6063) was given at a dose of 400
mg twice a day starting at the end of day 2 after SBRT and continued
up to one year. Tissues were obtained pretreatment and 12 to 14 weeks
after SBRT. Biopsy tissues were processed and digested as described
above. Following tissue digestion, processed cells from each sample were
encapsulated into droplets and libraries using BD Rhapsody Single-Cell
Capture and cDNA Synthesis Analysis System (BD Biosciences) accord-
ing to the manufacturer’s protocol. For a total of 6 pre- and posttreat-
ment groups, we made 10 total libraries to be sequenced.

The generated libraries were sequenced by a NovaSeq 6000
sequencing system (Illumina) to an average of 50,000 mean reads
per cell. FASTQ files from each sample were processed and aligned
with BD Rhapsody WTA Analysis Pipeline (SevenBridges) using refer-
ence genome (GRCh38-PhiX-gencodev29.tar.gz) to generate a feature
barcode matrix.

The filtered feature barcode matrices were loaded into Seurat as
Seurat objects (Seurat v4). For each Seurat object, genes that were
expressed in less than 3 cells and cells that expressed less than 1,000
or more than 6,000 genes were excluded. Cells with greater than 25%
mitochondrial RNA content were also excluded. Seurat Normalize-
Data and ScaleData with default parameters were used on each indi-
vidual sample to normalize and scale the expression matrix against
sequence depth and percentage of mitochondrial genes. Variable fea-
tures were calculated for each sample independently and ranked
based on the number of samples they were independently identified
(FindVariableFeatures). The top 3,000 shared variable features were
used for multiset canonical correlation analysis to reduce dimension
and identify projection vectors that define shared biological states
among samples and maximize overall correlation across datasets.
PCA was performed on the 3,000 variable genes calculated earlier
(function RunPCA). Multiple datasets were then integrated based
using Harmony Integration (RunHarmony). A UMAP dimensional
reduction was performed on the scaled matrix using the first 30 PCA
components to obtain a two-dimensional representation of cell states.
Then, these defined 30 dimensionalities were used to refine the edge
weights between any two cells based on Jaccard similarity (FindNeigh-
bors) and were used to cluster cells through FindClusters functions,
which implemented shared nearest neighbor modularity optimiza-
tion. To characterize clusters, the FindAllMarkers function with log
fold threshold = 0.25 and minimum 0.25-fold difference and MAST
test was used to identify signatures alone with each cluster. DEGs
between the two groups were calculated for each dataset with min.pct
of 0.1 and logfc.threshold of 0.01 and MAST test (FindMarkers). Then,
the DEG lists from each dataset were filtered with P < 0.05 and ranked
based on fold change. These ranked gene sets were fed into GSEA to
test for GO terms, KEGG pathways, Reactome and Molecular Signa-
tures Database (MSigDB) gene sets with FDR <0.05 in ClusterProfiler.

RPPA

Cell extracts were lysed using (RIPA) lysis buffer (25 mmol/L Tris-
HCI pH 7.5, 150 mmol/L NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS)
supplemented with protease and phosphatase inhibitors (Roche).
Samples were then submitted to the MD Anderson Cancer Center for
the RPPA assay. The Functional Proteomics RPPA Core is supported
by MD Anderson Cancer Center Support grant # 5 P30 CA016672-40.

Image Analysis

Whole-tissue scans at 10X or 20x magnification were obtained on
a Zeiss Axio Scan Z1 brightfield/fluorescence Slide Scanner. Whole-
tissue scans were analyzed with HALO software (Indica Labs) using
area quantification, Cytonuclear, or HighPlex modules. Where noted,
grading was conducted by a trained pathologist in a blinded fashion
and verified by the principal investigator post hoc.

mlHC

Serial staining was performed with multiple markers as indicated,
adapted from a previously published study (93). FFPE tissue sections
were loaded onto the BOND RX™ autostainer (Leica Biosystems)
for iterative staining cycles for markers, including CK19, CD8, CD4,
FOXP3, PDPN, and pSTAT]1. Slides were baked for 60 minutes and
deparaffinized prior to the first cycle. Based on antibody host species,
default manufacturer protocols and reagents were used up to labeling
with HRP. Antigen labeling was chromogenically visualized with a
ready-to-use AEC substrate (Abcam). Post-staining, the slides were
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manually counterstained for hematoxylin, coverslipped using Vecta-
Mount AQ Aqueous mounting media (Vector), then scanned using an
Axio Scan Z1 (Zeiss). The slides were then decoverslipped and destained
using an ethanol gradient, including a 1% hydrochloric acid wash, and
blocked, as needed, with avidin/biotin blocking kit (Vector Laborato-
ries) and anti-rabbit or anti-rat Fab fragments to eliminate carryover
signal from previous cycles, prior to starting another staining cycle. Cit-
rate-based antigen retrieval was performed before each staining cycle.
Images of the same specimen but different stains were cropped into
multiple segments using ZEN software (Zeiss). Using HALO image
analysis software (Indica Labs), each marker was then converted into
pseudocolors using the Deconvolution algorithm and compiled into
composite multimarker images. Markers of interest were pseudo-colored
and quantified through the HighPlex FL algorithm in HALO software.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism soft-
ware v9, 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 precalculated
to satisfy power requirements (with >85% confidence) in most experi-
ments. To accomplish randomization for orthotopic or syngeneic
tumor experiments, 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. Data are shown
as mean * SEM unless otherwise noted. Statistical tests such as
unpaired parametric Student ¢ test, ANOVA analysis (Bonferroni
multiple comparison), or unpaired nonparametric Mann-Whitney U
test were used appropriately based on normality of data. For survival
analyses, log-rank (Mantel-Cox) test was used. P < 0.05 was consid-
ered statistically significant for all studies; ns denotes not significant.

Data Availability

Bulk-RNA and scRNA-seq data from KPC pancreatic lesions
and human PDAC biopsies (NCT04331041) can be found at the
Gene Expression Omnibus Repository (GEO) accession numbers
GSE207718 and GSE207536. All software packages used are publicly
available through commercial vendors.
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