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SUMMARY

Our data demonstrate that pancreatic cancer cells actively
signal broad antitumor immune responses through STING
agonist induced type I IFN signaling and chemokine pro-
duction that drive the infiltration and activation of cytolytic
T cells in local and distant pancreatic tumors.

BACKGROUND & AIMS: Pancreatic ductal adenocarcinoma
(PDA) is a lethal chemoresistant cancer that exhibits early
metastatic spread. The highly immunosuppressive PDA tumor
microenvironment renders patients resistant to emerging
immune-targeted therapies. Building from our prior work, we
evaluated stimulator of interferon genes (STING) agonist acti-
vation of PDA cell interferon-a/b-receptor (IFNAR) signaling in
systemic antitumor immune responses.

METHODS: PDA cells were implanted subcutaneously to wild-
type, IFNAR-, or CXCR3-knockout mice. Tumor growth was
monitored, and immune responses were comprehensively
profiled.

RESULTS: Human and mouse STING agonist ADU-S100
reduced local and distal tumor burden and activated systemic
antitumor immune responses in PDA-bearing mice. Effector T-
cell infiltration and inflammatory cytokine and chemokine
production, including IFN-dependent CXCR3-agonist chemo-
kines, were elevated, whereas suppressive immune populations
were decreased in treated tumors. Intratumoral STING agonist
treatment also generated inflammation in distal noninjected
tumors and peripheral immune tissues. STING agonist treat-
ment of type I IFN–responsive PDA tumors engrafted to
IFNAR-/- recipient mice was sufficient to contract tumors and
stimulate local and systemic T-cell activation. Tumor regression
and CD8þ T-cell infiltration were abolished in PDA engrafted to
CXCR3-/- mice treated with STING agonist.

CONCLUSIONS: These data indicate that STING agonists pro-
mote T-cell infiltration and counteract immune suppression in
locally treated and distant tumors. Tumor-intrinsic type I IFN
signaling initiated systemic STING-mediated antitumor inflam-
mation and required CXCR3 expression. STING-mediated in-
duction of systemic immune responses provides an approach to
harness the immune system to treat primary and disseminated
pancreatic cancers. (Cell Mol Gastroenterol Hepatol
2021;12:41–58; https://doi.org/10.1016/j.jcmgh.2021.01.018)

Keywords: Antitumor Immunity; Tumor Microenvironment;
Flow Immunophenotyping; Tumor-Intrinsic IFNAR Signaling.

ancreatic ductal adenocarcinoma (PDA) remains a
Phighly fatal cancer, with poor responsiveness to
chemotherapy.1,2 Most patients present with distant metas-
tases precluding surgical resection eligibility, the only current
life-sparing intervention.3 Conventional chemotherapy or
radiotherapy strategies, alone or in combination, have shown
modest benefits. Therapeutic resistance largely stems from
the densely fibrotic, poorly vascularized, and immune-
suppressed PDA tumor microenvironment.4–6 Emerging
strategies targeting the desmoplastic response or the pro-
nounced immune suppression within the PDA tumor micro-
environment have shown minimal improvement in patient
outcomes.7,8 The predominant immunotherapies currently in
clinical use interferewith inhibitory checkpoint signaling byT
cells and have shown some success in immunogenic tumors
inherently abundant with tumor-specific T cells.9 In contrast,
PDA is largely a non-immunogenic tumor devoid of cytolytic
tumor-reactive CD8þTcells and rich in suppressive leukocyte
populations within the tumor.6,10–12 Immunogenic and non-
immunogenic tumors evade antitumor immunity through
different mechanisms, with immunogenic tumors largely
inhibiting effector T-cell function, whereas non-immunogenic
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tumors limit priming, activation, and/or infiltration of tumor-
reactive T cells.13 In patients with detectable anti-PDA T cells,
effector lymphocytes are actively excluded from infiltrating
the tumor parenchyma.12,14 Thus, therapeutic strategies to
increase both antitumorT-cell generation and infiltration into
the primary tumor anddisseminateddisease sitesmay induce
immune-mediated PDA tumor control.

Recent studies have identified the innate immune stimu-
lator of interferon genes (STING) pathway in the generation of
antitumor immune responses to immunogenic tumors.15,16

Furthermore, therapeutic STING activation enhances preex-
isting antitumor immunity to eradicate local and distant
immunogenic tumors in preclinical subcutaneous mod-
els.17–19 Cyclic dinucleotides, produced by intracellular bac-
teria or endogenous cyclic guanosine monophosphate–
adenosine monophosphate synthase action on cytosolic
double-stranded DNA, bind to the STING receptor residing
within the endoplasmic reticulum membrane.20 Activated
STING recruits TANK-binding kinase 1 (TBK1) to activate the
transcription factor interferon regulatory factor 3 (IRF3),
culminating in the expression of effector antiviral cytokines
and chemokines, especially type I interferons (type I IFNs),
IFNa and IFNb, that signal through the ubiquitous type I IFN
receptor (IFNAR).21,22 Type I IFNs interfere with viral infec-
tion in part through induction of apoptosis and inhibition of
cellular proliferation of infected cells.23 IFNAR activation can
also elicit tumor-intrinsic antiproliferative signaling.24

Recently, type I IFN–induced transcriptional signatures
were associated with immunogenic T cell-inflamed human
melanoma tumors, demonstrating tumor-extrinsic antitumor
effects of IFNAR.25 Indeed, dendritic cell–mediated genera-
tion of tumor-specific CD8þ T cells is dependent on IFNAR
signaling in immunogenic tumor models.25,26 In pancreatic
cancer, type I IFN responses are thought to be actively
repressed as a consequence of KRAS and MYC oncogene
signaling.27 The ability of STING agonist to generate wide-
spread antitumor immunity against non-immunogenic
pancreatic tumors through tumor-intrinsic or tumor-
extrinsic type I IFN signaling could prove a powerful strat-
egy to overcomeoncogene enforced immune suppression and
evasion.

We recently reported that intratumoral STING agonist
monotherapy debulked singular subcutaneous murine PDA
tumors by increasing the frequency of effector T cells and
decreasing suppressive immune populations within tu-
mors.28 Importantly, tumor-reactive T cells were identified
in the periphery of PDA-bearing mice after treatment, sug-
gesting that locally administered STING agonists may pro-
mote systemic antitumor immunity.28 Here, we investigated
the ability of a clinically relevant STING agonist to elicit
systemic adaptive immune responses in a non-immunogenic
PDA tumor model and examine the role for PDA epithelial
IFNAR in STING-induced tumor inflammation. We discov-
ered that local STING activation altered the magnitude of
tumor burden and quality of the immune landscape at both
local and distant tumor sites. Importantly, IFNAR signaling
by pancreatic tumor cells was sufficient to initiate STING
agonist-mediated immune responses. Furthermore, STING
activation induced the expression of IFN-dependent CXCR3-
attracting chemokines. Our data show that the antitumor
effects were dependent on CXCR3 expression, demon-
strating the critical role for CXCR3 in STING agonist-induced
tumor inflammation and tumor regression. The ability of
STING agonist to stimulate local and systemic immune
activation suggests a potential clinical avenue for treating
patients with localized resectable or disseminated unre-
sectable pancreatic tumors.

Results
STING Agonist ADU-S100 Reduces Tumor
Burden and Inflames PDA Tumors

Activation of the antiviral innate immune receptor STING
may be exploited therapeutically to promote antitumor
immunity.29 We recently demonstrated that DMXAA, a
flavonoid-like molecule specific for mouse STING,30,31

effectively contracts PDA tumors in a CD8þ T cell-
dependent manner.28 Because DMXAA cannot activate
human STING agonists and failed in clinical trials, we
investigated the response of PDA to a Food and Drug
Administration–cleared agonist, ADU-S100 (S100), a mixed
[2,3]-linkage analog of cyclic-di-adenosine monophosphate
that activates each of the 5 allelic variants of human STING
that can also bind mouse STING.17 Murine KPC
cell–engrafted tumors faithfully recapitulate human
pancreatic cancers, including the stromal desmoplastic re-
action and immunosuppression.4,32 To determine the effi-
cacy of S100 in pancreatic cancer, mice were engrafted with
KPC cells and treated as outlined in Figure 1A. S100 was as
effective as DMXAA at reducing tumor burden (Figure 1B),
with doses as low as 10 mg inhibiting tumor progression
(Figure 1C). As shown in Figure 1D, S100-treated mice
exhibited a median survival of 56 days, 2.5 times longer
than that of control mice.

Subsequently, we assessed the ability of antitumor doses
of S100 to promote immune activation. Immunophenotyp-
ing of pancreatic tumors by flow cytometry using gating
strategies illustrated in Figure 1E and F revealed that S100
was as effective as DMXAA in shifting tumors to a more
immunogenic phenotype (Figure 1G). Critically, S100
increased the CD8þ T cell frequency of total T cells, and
ratio of cytolytic CD8þ to helper CD4þ T cells (Figure 1G)
within diminishing pancreatic tumors compared with un-
treated tumors. Moreover, CD8þ T cells within the treated
tumors demonstrated increased granzyme B expression and
elevated frequency of chemokine receptor CXCR3-
expressing cells (Figure 1G). Levels of CD4þFoxp3þ regu-
latory T cells (Tregs) were decreased, with a concomitant
diminished ratio of suppressive Foxp3þ to effector CD8þ T
lymphocytes upon STING agonist treatment (Figure 1G). The
response was not limited to T-cell infiltration and activation
because S100 simultaneously decreased levels of
CD45þLy6C-MHCIIþCD11bþF4/80þ tumor-associated mac-
rophages (TAMs) within the tumor (Figure 1G). Further-
more, the remaining TAMs were increasingly repolarized to
a more inflammatory type, as evidenced by a reduced level
of CD206 expression, a marker of suppressive-type macro-
phages (Figure 1G).



Figure 1. ADU-S100 STING agonist reduces tumor burden and activates the pancreatic cancer immune
microenvironment. (A) Schematic of experimental treatment plan. C57BL/6 mice were implanted into a single-flank with
KPC1242 cells and treated with 2 or 3 intratumoral injections of 450 mg DMXAA (teal), 1 mg, 10 mg, 25 mg, or 100 mg ADU-S100
(S100, purple), or vehicle control (black). (B) Tumors were harvested after 3 injections and measured ex vivo. (C) Tumor volume
at study end from mice treated twice with dose titration of S100. (D) Kaplan-Meier survival curve with log-rank test analysis (top
panel) and individual animal PDA tumor area (bottom panel) over time. Gray arrows indicate treatment on days 11, 15, and 25.
n ¼ 4 (control), n ¼ 6 (S100). (E and F) Representative gating strategies for flow cytometric analysis of lymphocyte populations
(E) and myeloid populations (F). Shaded regions indicate selected cell populations in gating scheme. (G) Tumors from (B) were
analyzed by flow cytometry. Error bars represent mean ± standard error of the mean (SEM). n ¼ 3–6. FC, fold-change; MFI,
median fluorescence intensity; ns, not significant. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Next, an unbiased multiplex cytokine array of whole
tumor homogenates evaluated immune mediator levels
within treated tumors. Inflammatory cytokines interleukin
6, tumor necrosis factor, and IFNg were significantly
increased in S100-treated tumors (Figure 2A). Moreover,
monocyte, neutrophil, and T cell–attracting chemokines
were significantly elevated in response to S100 treatment
(Figure 2A). Notably, S100 stimulated the production of IFN-
regulated chemokines CXCL9 and CXCL10 (Figure 2A), with
concentrations within the physiological range for stimu-
lating trafficking of activated T cells (Figure 2B). Thus,
intratumoral S100 shifts PDA tumors from immune-tolerant
to immune-permissive, impacting both T cells and myeloid
cell subsets to reverse immune suppression typical of
pancreatic cancers. Together, these data indicate that S100,
a compound currently enrolled in clinical trials for treat-
ment of superficial tumors (NCT02675439, NCT03172936,
NCT03937141), has potent antitumor properties
against PDA.
Antitumor Effects of STING Agonist in Local
Treated and Distal Untreated PDA

STING agonists are typically administered directly into
tumors in an effort to avoid off-tumor immunotoxicity,
limiting the potential clinical utility of STING agonists in
deep tumors like PDA.33 We previously observed elevated
tumor-reactive T cells in the periphery of PDA-bearing
mice treated with DMXAA, suggesting that intratumoral
STING agonist may promote systemic antitumor immu-
nity.28 To test the potential for STING agonist to inhibit
tumor growth in local injected as well as distal non-
injected tumors, a dual flank tumor model in which
syngeneic mice were synchronously implanted with KPC
cells was created. The flank with the larger number of
implanted cells was directly treated and was defined as
the “injected” tumor, whereas fewer cells engrafted to the
“contralateral” flank served as a surrogate disseminated
tumor and did not receive direct treatment (Figure 3A).
For these studies, we used a DMXAA dosing regimen that
generated antitumor T cells in our initial report.28 The
median survival of mice treated with STING agonist was
48% longer than in control mice (Figure 3B), with
increased survival mirrored by significantly decreased
tumor size in both the injected and the contralateral tu-
mor (Figure 3C). Tumor regression of the contralateral
tumor was delayed relative to that of the injected tumor
(Figure 3D), as might be expected from STING-generated
antitumor T-cell responses.

Because of our previous report showing that DMXAA
does not directly inhibit PDA growth or induce apoptosis,28

we next investigated whether the decreased size of non-
injected tumors corresponded with increased tumor
microenvironment inflammation. As predicted, DMXAA-
injected tumors had increased frequencies of CD8þ T cells,
increased levels of CD8þ T-cell granzyme B and CXCR3
expression, decreased frequency of Tregs, and decreased
Foxp3:CD8 ratio (Figure 4A). Notably, the cellular landscape
within noninjected contralateral tumors of STING agonist-
treated mice paralleled that of the injected tumors, with
similar changes and trends in lymphocyte populations
(Figure 4B). CD8þ tumor-infiltrating lymphocytes from both
injected and contralateral tumors recognized and induced
killing of PDA tumor cells (Figure 4C), confirming that
STING treatment induced tumor-specific T-cell activation
rather than merely generalized inflammation. STING agonist
also remodeled the myeloid compartment at both sites
(Figure 4D and E). TAMs comprised less of the immune
infiltrate, with diminished CD206 expression observed in
both injected and contralateral tumors of DMXAA-treated
animals (Figure 4D and E). The composition of natural
killer cells, B cells (CD19þ), monocytes or monocytic-
myeloid derived suppressor cells (CD45þCD11bþ, Ly6Chi,
Ly6Glo), and neutrophils or polymorphonuclear-myeloid
derived suppressor cells (CD45þCD11bþ, Ly6Cint, Ly6Ghi)
in injected or contralateral tumors was little changed by
treatment (Figure 4F). These data indicate that intratumoral
STING agonist treatment induces antitumor effects in local
and distal PDA tumors, with concordant inflammation of the
immune microenvironment and activation of tumor antigen-
specific T cells.
Intratumoral STING Agonists Stimulate Local and
Global Immune Responses

To reinforce the potential systemic effects of STING ag-
onists, we next measured the ability of S100 to modulate
local as well as distant immune responses. After S100
treatment injected tumors uniformly shrank (Figure 5A–C).
In contralateral tumors of S100-treated mice, PDA growth
was also inhibited, and the tumor microenvironment
showed an increased frequency of CD8þ T cells and
decreased ratio of Treg-to-CD8þ T cells (Figure 5A–D).
Moreover, tumor-infiltrating T cells were activated with
elevated levels of IFNg, granzyme B, and CD69, and there
was a decreased proportion of CD62L-expressing cells
(Figure 5D). PD-1þCD8þ T cells were increased, as expected
from the increased production of IFNg34 (Figure 5D). As
seen with DMXAA, S100 treatment effects were not
restricted to T cells because there was a decreased fre-
quency of TAMs within the total CD45þ immune infiltrate
and decreased TAM CD206 expression, consistent with a
likely shift from suppressive to inflammatory macrophages
(Figure 5D).

Although most PDA tumors are immune suppressed, the
presence of tumor antigen-specific T cells in the tumor and
periphery has been linked to long-term PDA survival,
demonstrating the importance of generating widespread
immunity.35 Thus, we examined whether the immune-
stimulating effects of STING agonist were restricted to tu-
mors, as may be expected if the contralateral tumor
response solely reflected diffusion of drug into the site, or
were more widespread, suggesting the development of
systemic antitumor immunity. To this end, the spleen and
tumor-draining lymph nodes (TDLNs) from injected and
contralateral tumors were collected and processed for flow
cytometry. The relative abundance of CD4þ and CD8þ T
cells in these lymphoid tissues was unaltered by S100



Figure 2. Unbiased screen of
immune messengers in
ADU-S100 or vehicle-treated
pancreatic tumors. (A) Fold
change in concentration of
secreted cytokines (top panel) and
chemokines (bottom panels) from
S100-treated tumors relative to
mean of control tumors in a single-
flank PDA-bearing mouse model
after 2 treatments was calculated
and graphed on a log-scale. Pro-
teins in bold font were significantly
increased. (B) Quantification of
secreted cytokine (top panel) and
chemokine (bottom panels) con-
centrations from treated and un-
treated tumors shown as percent
change (A). Error bars represent
mean ± standard deviation (SD).
n ¼ 3 (control), n ¼ 4 (S100) from
one independent experiment. FC,
fold change. *P < .05, **P < .01,
***P < .001, ****P < .0001.
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treatment (Figure 5E). However, the percent of CD8þ T cells
expressing CD62L decreased, and those expressing CD69,
CD44, and granzyme Bþ increased in these tissues of S100-
treated mice (Figure 5F and G). Furthermore, IFNg pro-
ducing CD8þ T cells were significantly increased in the
spleen and trended higher in TDLNs (Figure 5F and G).
Consistent with S100-induced stimulation of an activated T-
cell phenotype, the percent of CD8þ T cells expressing
CXCR3 was also elevated at all sites (Figure 5F and G). The
global and consistent immune response in injected tumors,
distal tumors, and peripheral immune tissues illustrates the
power of S100 to induce systemic immune responses
reflective of adaptive antitumor immune involvement.
Tumor-Intrinsic Type I IFN Signaling Drives
Antitumor Effects of STING Agonist

Epithelial cells act as immune sentinels, but the contri-
bution of PDA epithelial cell-intrinsic IFNAR signaling in
STING-activated immune responses remains to be



Figure 3. DMXAA STING agonist
effects on tumor progression,
survival, and size of primary and
distal pancreatic tumors. (A)
Mice were synchronously implan-
ted onto each flank with KPC1242
cells. Injected tumors treated with
2 intratumoral injections of 450 mg
DMXAA or vehicle control,
whereas contralateral tumors were
untreated. (B) Kaplan-Meier sur-
vival curve, log-rank (Mantel-Cox)
test used to compare groups. (C)
Tumor volume at harvest. (D) PDA
tumor area over time in injected
and contralateral flank tumors. Er-
ror bars represent mean ± SEM (C)
or mean ± SD (D). n ¼ 10 (B) and
n ¼ 7–9 (C and D) from 2 inde-
pendent experiments. *P < .05,
***P < .001, ****P < .0001.
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elucidated. To interrogate the role for tumor-intrinsic
STING-IFNAR pathway signaling in PDA, cells were engraf-
ted to IFNAR-/- or wild-type mice and treated with DMXAA
or vehicle control. We verified STING mRNA expression in
several murine PDA cell lines including engrafted KPC1242
cells (Figure 6A) and confirmed surface IFNAR expression
by these cells using flow cytometry (Figure 6B). Impor-
tantly, DMXAA stimulated the production of inflammatory
cytokines and chemokines across distinct PDA cell lines,
verifying intact STING signaling by PDA cells (Figure 6C–E).
Furthermore, STING agonist increased expression of Mx1
and Mx2, two cardinal type I IFN–stimulated genes and
sensitive indicators of IFNAR signaling, measured by semi-
quantitative reverse transcriptase polymerase chain reac-
tion (RT-PCR) analyses (Figure 6F).

Mice were treated as outlined in Figure 7A. The absence
of IFNAR expression in knockout mice was validated
(Figure 7B). After intratumoral STING agonist therapy, tu-
mor size was reduced in both wild-type and IFNAR-/- mice
(Figure 7C). The strong ablation of STING agonist-treated
PDA tumors in IFNAR-/- mice was unexpected because
prior reports in B16.F10 melanoma, a more immunogenic
tumor, showed a lack of response to STING agonist treat-
ment,17 a finding we confirmed (Figure 7D). Our data sug-
gest that epithelial tumor-intrinsic IFNAR signaling plays a
role in STING-mediated antitumor responses in PDA.

Because STING agonist increased IFNb and Mx1 and Mx2
expression by PDA cells, we profiled the immune microen-
vironment to determine the ability for tumor-intrinsic type I
IFN-IFNAR signaling to inflame tumors after STING treat-
ment. As shown in Figure 7E, STING agonist elevated the
frequency of CD8þ T cells and significantly increased levels
of CXCR3-expressing CD8þ T cells in IFNAR-/- recipient
mice. Moreover, Foxp3þ Treg to CD8þ T-cell ratio and levels
of suppressive CD206þ TAMs were decreased in both
knockout and wild-type mice (Figure 7E). Systemic immune
responses evaluated in TDLNs and spleen revealed that the
CD4þ to CD8þ T-cell ratio was unaffected by STING activa-
tion or IFNAR expression. In contrast, the percent CD8þ T
cells expressing CXCR3 increased in both TDLNs and spleen
independent of IFNAR expression (Figure 7F and G). The
extent to which CXCR3þCD8þ T cells in the periphery were
increased by DMXAA was dependent on IFNAR, whereas
those infiltrating the tumor were not (Figure 7F and G).
These findings contrast with prior work in immunogenic
tumors such as melanoma in which STING agonist re-
sponses required type I IFN receptor signaling by dendritic
cells.15,17,25,26,36,37 Taken together, our data from PDA
indicate that tumor-intrinsic IFNAR signaling provides a
sufficient immune activating signal within the tumor
microenvironment to provoke STING agonist-induced im-
mune responses within the tumor and more broadly in
draining lymph nodes and spleen.
STING Agonist Effects on PDA Tumors Require T
Cell CXCR3 Expression

CXCR3 is a chemokine receptor expressed on activated
effector T cells that directs migration toward increasing
concentration gradients of its ligands CXCL9 and CXCL10.
Chemotactic migration requires the gradient be established
from within the tumor to ensure robust tumor infiltration
by T cells. We have shown that STING agonist potently in-
creases production of type I IFN–regulated chemokines
CXCL9 and CXCL10 in PDA tumors (Figure 2A). STING-
stimulated PDA epithelial cells contributed to chemokine
production directly, suggesting an autocrine type I IFN
feedback loop in these IFNAR-expressing cancer cells
(Figure 6D and E). Furthermore, STING agonist treatment of
PDA tumors increased levels of CXCR3-expressing T cells
within the tumor, lymph node, and spleen (Figure 7E–G).
These data implicate the CXCR3-CXCL9/10 pathway in the



Figure 4. Local STING treatment stimulates widespread immune responses. Mice bearing dual-flank KPC tumors were
treated intratumorally into a single-flank with 450 mg DMXAA (teal) or vehicle control (black). Tumors were harvested for flow
cytometric analysis 2 days after second treatment. Lymphocytes were analyzed from injected (A) and contralateral (B) tumors.
Left to right: CD4þ and CD8þ cell frequency of all tumor-infiltrating T cells, CD4:CD8 T-cell ratio, expression of granzyme B and
CXCR3 within the CD8þ cell compartment, and suppressive Tregs (Foxp3þ) frequency of CD4þ T cells, Foxp3þ to CD8þ cell
ratio. (C) KPC1242-nuclear red cell killing by CD8þ TILs isolated and expanded from injected or contralateral tumors, and
KPC1242-nuclear red cells alone in culture as control (black bars). Green object fluorescent count represents apoptosis (top),
and red object count represents KPC cell viability (bottom). (D and E) Myeloid populations were analyzed from injected (D) and
contralateral (E) tumors. Left to right: CD45þLy6C-MHCIIþCD11bþF4/80þ TAMs, expression of CD206 on TAMs, TAMs lacking
CD206 expression, and TAMs expressing CD206. Shown is a representative histogram of CD206 expression; gray-filled curve
is unstained control. (F) Natural killer (NK) cells, B cells (CD19þ), monocytic-myeloid derived suppressor cells (Mo-MDSCs) or
monocytes (CD45þCD11bþ, Ly6Chi, Ly6Glo), polymorphonuclear cells (PMN) or PMN-MDSCs (CD45þCD11bþ, Ly6Cint,
Ly6Ghi), and dendritic cells (DCs; CD45þMHCIIþCD11cþF4/80lo) were analyzed in injected (left panel) or contralateral (right
panel) tumors. Error bars represent mean ± SEM. n ¼ 5–6. MFI, median fluorescence intensity; ns, not significant. *P < .05, **P
< .01, ***P < .001, ****P < .0001.
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response of PDA tumors to STING agonist. We therefore
tested the requirement for CXCR3 in STING-mediated abla-
tion of PDA tumors and infiltration of cytotoxic T lympho-
cytes by treating PDA-engrafted wild-type or CXCR3-/- mice
with DMXAA or vehicle control (Figure 8A). Absence of
CXCR3 expression in knockout mice was validated
(Figure 8B and C) and confirmed mouse PDA cells lacked
expression of the chemokine receptor in agreement with our
prior reports of human epithelial tissues (Figure 8B).38,39 In
contrast to the decrease in tumor size in IFNAR-/- and wild-
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type engrafted mice, there was no effect of STING agonist on
tumor volume in CXCR3-/- mice (Figure 8D). Furthermore,
tumor inflammation, measured by total CD45þ leukocytes,
and infiltration of cytolytic CD8þ T cells were unchanged
with treatment in PDA-bearing CXCR3-/- mice (Figure 8E
and F). Levels of CD3þ and CD8þ T cells in the spleen were
unaffected by DMXAA treatment or expression of CXCR3
(Figure 8G-I). Likewise, lack of CXCR3 expression did not
impact expression of CCR5, another chemokine receptor
expressed on activated T cells (Figure 8J). Taken together,
these data indicate that the full antitumor effects of STING
agonists rely on expression of the T cell–trafficking



Figure 6. STING and IFNAR signaling by pancreatic cancer cells. (A) mRNA expression of mSting or b-actin control in 3
distinct mouse PDA cell lines. (B) Surface expression of IFNAR1 on KPC1242 cells (dark line) relative to isotype control (gray-
filled curve). (C) IFNb secretion by KPC1242 cells treated 24 hours with DMXAA. (D and E) Soluble proteins were measured in
supernatant of mouse PDA cell lines treated with vehicle control or 100 mg DMXAA for 24 hours. Heatmap of the average fold-
change levels of secreted proteins in DMXAA groups compared with control (D) and quantification of production (E). (F) mRNA
from murine PDA cell lines stimulated 8 hours with 1 or 10 mg/mL DMXAA was reverse transcribed and then analyzed by
semiquantitative PCR for Mx1 and Mx2 IFN-stimulated genes. Error bars represent mean ± SEM. ns, not significant. **P < .01,
****P < .0001.
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chemokine receptor CXCR3 and support a model in which
tumor-intrinsic IFNAR signaling and T cell–attracting che-
mokine production drive tumor inflammation in immune
suppressed pancreatic cancer.
Discussion
The majority of pancreatic cancer patients are diag-

nosed with unresectable disseminated disease and have
limited therapeutic options. In this study, the ability of
STING agonist to elicit widespread antitumor responses in
an immune suppressed pancreatic cancer model was
Figure 5. (See previous page). ADU-S100 STING agonist in
treated tumors. Mice were synchronously implanted with dual-
or vehicle control (black) injected to a single-flank. Tumors wer
treatment. (A) Injected and contralateral tumor volume at study
lateral (bottom) tumors. (C) Waterfall plot of percent change in tu
bar represents an individual mouse. Dotted horizontal lines re
phenotypes were analyzed in contralateral tumors. Represe
composition of the injected (iTDLNs) and contralateral (cTDLNs)
lymphoid tissues (E). Phenotype of CD8þcells measured by C
TDLNs (F) and spleen (G). Error bars represent mean ± SEM (
experiments (A–C), n ¼ 5 (D and E). ns, not significant. *P < .05,
median fluorescence intensity.
investigated. We demonstrated that STING agonists
potently inhibited tumor progression and improved sur-
vival in PDA-bearing mice. DMXAA and human-targeted
ADU-S100 robustly converted the immunologically inert
PDA tumor into an immunogenic, inflamed tumor with
abundant CXCR3-expressing cytotoxic T lymphocytes and
diminished populations of suppressive myeloid and regu-
latory T cells. Moreover, the reinvigoration of the immu-
nologic landscape within the tumor directly injected with
STING agonist was mirrored in distal, noninjected tumors,
implicating STING signaling in the development of systemic
antitumor immune responses. Analysis of soluble factors
hibits pancreatic cancer growth and inflames distal un-
flank KPC tumors and treated twice with 100 mg S100 (purple)
e harvested for flow cytometric analysis 2 days after second
end. (B) Tumor growth kinetics of injected (top) and contra-

mor area from day 12, before first treatment, to endpoint; each
present the mean of each group. (D) Cell frequencies and
ntative CD4þ-by-CD8þ T cell contour plot. (E–G) Cellular
tumors and within the spleen. Ratio of CD4:CD8 cells in these
D62L, CD69, CD44, GzmB, IFNg, and CXCR3 expression in
A, D, and E) or mean ± SD (B). n ¼ 10 from 2 independent
**P < .01, ***P < .001, ****P < .0001. GzmB, granzyme B; MFI,



Figure 7. IFNAR signaling by pancreatic cancer cells promotes STING activated antitumor response. (A) C57BL/6 (wild-
type [WT]) or IFNAR-/- mice were engrafted subcutaneously with single-flank KPC1242 PDA cells and treated with 450 mg
DMXAA or vehicle control. (B) Validation of IFNAR-/- mouse model; representative flow cytometry histograms of IFNAR surface
expression normalized to mode on splenocytes collected from WT or IFNAR-/- mice. (C) KPC1242 tumor volume at study end.
(D) Subcutaneous B16.F10 melanoma tumor volume in response to ADU-S100 STING agonist treatment in WT or IFNAR-/-

host mice. (E–G) Cellular immune profiles in the tumor (E), TDLNs (F), and spleen (G) of WT or IFNAR-/- mice. Error bars
represent mean ± SEM. n ¼ 4–10 from 2 independent experiments. ns, not significant. *P < .05, **P < .01, ***P < .001,
****P < .0001.
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within tumor tissue and PDA cells treated with STING
agonist revealed increased levels of immune-stimulatory
molecules, including type I IFN–regulated T
cell–attracting chemokines CXCL9 and CXCL10. IFNAR
signaling by tumor cells was sufficient to drive contraction
of PDA tumors in the absence of IFNAR signaling by
accessory cells of the tumor microenvironment. Further-
more, we demonstrated for the first time that the anti-
tumor effects and tumor infiltration of cytolytic T cells
upon STING agonist treatment require CXCR3 expression.
These data support a model in which STING activation
induces tumor-intrinsic and tumor-extrinsic type I IFN
signaling to drive the production of inflammatory cytokines
and a physiologically relevant chemokine gradient of T
cell–attracting chemokines to direct infiltration of effector
T cells.
We tested the ability of local STING agonist injection into
PDA tumors to generate widespread antitumor responses
capable of acting at distal sites. Recent preclinical reports
indicate that STING activation boosted preexisting anti-
tumor immune responses in immunogenic melanoma,
breast, and colon cancers to eradicate tumors at injected
and contralateral sites.17–19,40,41 However, the murine KPC
implantation model recapitulates human PDA disease that
lacks spontaneous antitumor responses. In this non-
immunogenic model, effector CD8þ T cells were more
abundant in tumors injected directly with STING agonists as
well as in contralateral tumors not receiving treatment.
Furthermore, STING agonist induced tumor antigen-specific
T-cell activation at both sites and increased the frequency of
cytolytic T cells within the draining lymph nodes of the
injected and contralateral tumors, supporting a role for
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STING-mediated induction of systemic adaptive immunity.
However, the potential contribution of systemic STING
agonist distribution acting directly at distal PDA tumors
cannot be overlooked. Indeed, a recent report indicates that
different doses of STING agonist eradicate breast cancers
through codependent mechanisms, with lower
immunogenic doses stimulating antitumor T-cell expansion,
whereas higher ablative doses promote highly inflammatory
pathways, including tumor necrosis factor a signaling, at the
expense of T-cell expansion.19,42 In their dual-flank breast
cancer model, local administration of ablative S100 doses
resulted in immunogenic S100 levels in the contralateral
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tumor, and both tumors shrank.19 On the other hand,
contralateral tumors progressed on administration of
immunogenic doses,19 illustrating the importance of both
nonexclusive mechanisms of STING activation in long-term
antitumor responses. Data from phase I clinical trials
show that S100 absorption from intratumoral injection was
rapid, reaching maximal plasma concentration within mi-
nutes, and has a circulation half-life of approximately 10–23
minutes. These data suggest that although S100 may achieve
high local concentrations, its blood levels diminish rapidly.
Moreover, the hypovascular nature of PDA tumors limits
drug accessibility.4,5 We postulate that the increase in tumor
killing by TILs from STING agonist-injected and noninjected
PDA tumors reflects the generation of local and systemic
adaptive antitumor immunity. Induction of systemic anti-
tumor immunity by STING agonist may provide a thera-
peutic avenue in the treatment of aggressive PDA such that
local treatment of often more accessible metastatic lesions
may enable control of visceral primary tumors and other
nontreated metastatic lesions.

Prior reports have suggested that pattern recognition
receptor signaling has paradoxical roles in PDA progression
likely reflecting cell-type–specific signaling or pathway-
specific signaling.43–46 STING is a nearly ubiquitous
pattern recognition receptor that stimulates production of
type I IFNs during antiviral immune responses. Our data
support this notion because each of the murine cell lines
tested expressed the STING transcript. Type I IFNs have
tumor-intrinsic and tumor-extrinsic antitumor properties.24

Indeed, a recent report indicates that type I IFN signaling is
suppressed in pancreatic cancers.27 Furthermore, IFNg-
based chemoradiation provided long-term survival benefit
in PDA patients, albeit with significant toxicity.47 STING
agonist-mediated contraction of immunogenic melanoma
tumors was linked to dendritic cell IFNAR signaling, an
example of extrinsic tumor control.15 Our data showed that
STING activation could regress IFNAR-responsive non-
immunogenic PDA tumors engrafted to hosts with absent
IFNAR signaling, supporting a role for tumor-intrinsic
IFNAR signaling in the PDA response to STING agonist
therapy. Moreover, human PDA cells expressing higher
levels of IFNAR were more sensitive to IFNa/b-mediated
antiproliferative and pro-apoptotic effects.48,49 Although
tumor-intrinsic IFNAR signaling activated local and systemic
immune responses in our model, the lack of complete
eradication suggests that tumor-extrinsic IFNAR signaling
Figure 8. (See previous page). STING antitumor immune res
schedule for C57BL/6 (wild-type [WT]) or CXCR3-/- mice eng
expression of CXCR3 in murine KPC cell lines, WT mouse sple
region was amplified as a control for genomic DNA. þ, WT m
early activation marker on T cells derived from spleens of CXC
hours after activation. (D) Tumor volume from WT (black bars) an
DMXAA or vehicle control. (E and F) Cellular frequencies of t
tumor-infiltrating CD8þ cytolytic T cells (F). (G) Frequencies of CD
CXCR3-/- mice. (H and I) Within spleens of non–tumor-bearing W
and additional cell-type frequencies and phenotypes (I). (J) Ex
splenocytes, remains consistent between WT and CXCR3-/- m
independent experiments. ns, not significant. *P < .05, **P < .0
by additional cell types within the PDA tumor microenvi-
ronment may be required to unleash the full inflammatory
effects of STING agonist. Alternatively, TBK1 activation by
STING within PDA cells may act through IFNAR-
independent mechanisms, because TBK1 also plays a crit-
ical role in induction of autophagy.50 Autophagy has been
shown in different model systems to paradoxically promote
tumorigenesis or inhibit PDA progression. Thus, STING
stimulation of TBK1-mediated autophagy is a potential
IFNAR-independent process mediating its antitumor effects.

Intratumoral STING activation strongly induced inflam-
matory cytokine and chemokine production within PDA
tumors, including CXCL9 and CXCL10. Although evidence
suggests that these chemokine ligands mediate T-cell traf-
ficking to and within melanoma tumors,51,52 their roles and
the establishment of the appropriate chemical gradients in
fibrotic PDA tumors have not been shown. CXCL9 and
CXCL10 are up-regulated by type I and type II IFN and
engage their cognate receptor CXCR3 expressed nearly
exclusively by activated effector T cells. Our data showed
increased PDA-infiltrating CXCR3þCD8þ T-cell populations
and tumor growth inhibition on STING activation in both
wild-type and IFNAR-/- mice. PDA cells were identified as
robust producers of CXCL10 in response to STING stimula-
tion, indicating an important role for epithelial and immune
cell chemokines in contributing to tumor infiltration of
CXCR3þ cells. The loss of this chemokine receptor resulted
in a loss of STING agonist efficacy. Thus, CXCR3 appears to
play an essential role in the antitumor response to STING
agonist. Because elevated levels of CXCL9 and CXCL10 in the
plasma of PDA patients significantly correlated with longer
survival,53 our data validate the potential for success for
STING agonist therapy in human PDA disease.

STING agonist was effective as a single-agent therapy in
a physiologically relevant model of pancreas cancer. Human
PDAs often develop resistance to single agent therapeu-
tics.54,55 Suppressive myeloid populations interfere with
therapeutic efficacy of checkpoint blockade inhibitors in
murine PDA models.56,57 STING-induced reprogramming of
the myeloid immune compartment from suppressive-type
TAMs into inflammatory-type TAMs58 suggests that
combining it with anti-PD1 may yield even greater anti-PDA
responses as shown recently in colon cancer.59 Here, 2
distinct STING agonists, including clinically relevant S100,
were shown to modulate the immunologic landscape of
locally injected tumors as well as tumors distal to the
ponses in CXCR3-deficient mice. (A) Schematic treatment
rafted subcutaneously with KPC1242 PDA cells. (B) mRNA
en, or CD3/CD28-activated WT T cells. NRAMP non-coding
ouse positive control. (C) Expression of CXCR3 and CD69
R3-/- or WT mice measured by flow cytometry at 24 and 48
d CXCR3-/- (blue bars) mice treated intratumorally with 450 mg
umor-infiltrating pan-leukocyte CD45þ immune cells (E) and
3þ or CD8þ cells within spleens of PDA tumor-bearing WT or
T or CXCR3-/- mice, an analysis of CD3þ T cell frequencies (H)
pression of CCR5, another surface chemokine on activated
ice. Error bars represent mean ± SEM. n ¼ 4–8 mice from 2
1, ***P < .001.
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treated site. Our distal engraftment approach, which is used
as a surrogate for disseminated cancer that is observed in
more than 80% of human pancreatic cancer patients, sug-
gests the translational potential for injecting STING agonist
to one tumor site to promote immune activation in distal,
untreated tumors. Thus, harnessing the power of the body’s
own defense system through exogenous activation of the
STING pathway may be a viable therapeutic approach in the
management of PDA.

Materials and Methods
All authors had access to the study data and had

reviewed and approved the final manuscript.
Mouse Models and Cell Lines
Murine LSL-KRas.G12D/þ-LSL-Trp53R172H/þ-Pdx-1-Cre

(KPC) cells were maintained in high-glucose (4.5 g/mL)
Dulbecco modified Eagle medium (DMEM) (Life Technolo-
gies Inc, Carlsbad, CA) supplemented with 10% (v/v) fetal
bovine serum (Omega Scientific, Tarzana, CA) and 1X peni-
cillin/streptomycin. Cell lines were authenticated annually
using short tandem repeat profiling and mycoplasma-tested
semiannually. The Institutional Animal Care and Use Com-
mittee at the Medical College of Wisconsin approved all ani-
mal studies (AUA000076). C57BL/6 mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). IFNAR-/- mice
on C57BL/6 genetic background were originally obtained
from the Sprent laboratory (Scripps Research Institute, La
Jolla, CA).60,61 CXCR3-/- mice (B6.129P2-Cxcr3tm1Dgen/J) were
obtained from the Jackson Laboratories. Six- to eight-week-
old mice were implanted subcutaneously into one or both
flanks with 2�105–1�106 syngeneic KPC cells and randomly
assigned to treatment or control groups. Male mice were
engrafted with KPC1242 cells, consistent with the sex from
which the tumor cells were derived.62 Experimental treat-
ments were 450 mg 5,6-dimethyl-9-oxo-9H-xanthene-4-
acetic acid (DMXAA) (Tocris, Minneapolis, MN) in 50 mL of
0.67% (v/v) NaHCO3–phosphate-buffered saline (PBS) or
titrated doses of ADU-S100 (MedChemExpress, Monmouth
Table 1.Key Reagents and Chemicals

Reagent

DMEM

Fetal bovine serum

DMXAA

ADU-S100

Mouse Tumor Dissociation Kit

Super Bright Staining Buffer

Live/Dead Aqua Fixable Dead Cell Stain

FcR Blocking anti-CD16/32, clone 2.4G2

Protease inhibitors

Foxp3 Transcription Factor Staining Buffer

RNeasy Kit

DNase
Junction, NJ) in 50 mL sterile water. Mice were treated with
intratumoral injections into a single flank after tumors had
established on days 9–12. Tumor area (mm2) was calculated
by using the formula length�width, as measured by calipers
along the cranial-caudal and ventral-dorsal axes. After tumor
excision, tumor volume (mm3) using the formula length �
width � depth was measured. Reagents are listed in Table 1.
Tissue Dissociation
After euthanasia, tumors were excised and collected in

cold PBS with 0.5% (w/v) bovine serum albumin on ice.
Tumors were minced, transferred to gentleMACS C-Tubes,
and enzymatically dissociated in DMEM with Mouse Tumor
Dissociation kit reagents (Miltenyi Biotec, San Diego, CA).
Samples were digested by using the gentleMACS Dissociator
and incubated at 37�C for 40 minutes, followed by serial
filtration through 70-mm and 30-mm strainers. After
washing in PBS, the resultant single-cell suspension was
used immediately for flow cytometry analyses.
Immune Monitoring
Cell suspensions from tumor, spleen, and TDLNs were

stainedwith Live/Dead Fixable Aqua Dead Cell Stain (Thermo
Fisher,Waltham,MA) in PBS, followedby Fc receptor blocking
with anti-CD16/32 antibody (BioXCell, Lebanon, NH) and
multiparametric extracellular surface antigen staining in PBS
and 0.5% (w/v) bovine serum albumin. Cells were then fixed
with PBS/1% (w/v) paraformaldehyde or permeabilized for
intracellular staining using Foxp3/Transcription Factor
Staining Buffer (eBioscience, San Diego, CA), followed by
intracellular antigen staining. Fluorochrome-labeled anti-
bodies are listed in Table 2. Super Bright Staining Buffer was
used to minimize nonspecific interactions between fluoro-
chrome labels (Invitrogen, Carlsbad, CA). Cell populations
were detected by using flow cytometry as shown in repre-
sentative gating strategies detailed in Figure 1E and F. Sam-
ples were acquired on the BD LSRFortessa X-20. Data were
analyzed by using FlowJo software (10.6.1; Becton Dickinson,
Franklin Lakes, NJ). Cell populations of interest were
Manufacturer Catalog no.

Gibco 11965084

Omega FB-12

Tocris 5601

MedChemExpress HY-12885B

Miltenyi 130-096-730

Invitrogen SB-4400-42

Thermo Fisher L34957

BioXCell BE0307

Sigma 539134

eBioscience 00-5523-00

Qiagen 74104

Ambion AM1906



Table 2.Flow Cytometry Antibodies

Target antigen Fluorochrome Clone Host isotype Manufacturer Catalog no.

CD45 Alexa Fluor700 30-F11 Rat IgG2b, k eBioscience 56-0451

CD3 APC-eF780 17A2 Hamster IgG eBioscience 47-0032

CD4 APC GK1.5 Rat IgG2b, k eBioscience 17-0041

CD8 BUV395 53-6.7 Rat IgG2a, k BD Bioscience 563786

CD11b SB600 M1/70 Rat IgG2b, k eBioscience 63-0112

CD11c PE-eFluor610 N418 Hamster IgG eBioscience 61-0114

CD19 PE-cyanine7 eBio1D3 Rat IgG2a, k eBioscience 25-0193

CD62L SuperBright702 MEL-14 Rat IgG2a, k eBioscience 67-0621

CD69 SuperBright436 H1.2F3 Hamster IgG eBioscience 62-0691

CXCR3 PE CXCR3-173 Hamster IgG eBioscience 12-1831

CD335/NKp46 FITC 29A1.4 Rat IgG2a, k eBioscience 11-3351

Granzyme B FITC GB11 Mouse IgG1, k BioLegend 515403

CD279 (PD-1) PE-Cy7 J43 Hamster IgG eBioscience 25-9985

FoxP3 APC FJK-16s Rat IgG2a, k eBioscience 17-5773

CD103 APC 2E7 Hamster IgG eBioscience 17-1031

CD206 PE-Cy7 MR6F3 Rat IgG2b, k eBioscience 25-2061

F4/80 SB702 BM8 Rat IgG2a, k eBioscience 67-4801

Ly-6C PE HK1.4 Rat IgG2c, k eBioscience 12-5932

Ly-6G FITC IA8 Rat IgG2a, k eBioscience 11-9668

MHC Class II eFluor M5/114.15.2 Rat IgG2b, k eBioscience 61-0114

IFNAR PE MAR1-5A3 Mouse IgG1, k BioLegend 12-7311

Isotype control IgG1k. PE MOPC-21 Mouse IgG1, k BioLegend 400111

Ig, immunoglobulin.
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normalized to the percent of total cells from the collected
single-cell suspension or of parent gate populations to correct
for variability in tumor regression after treatment with STING
agonist.

Cytokine/Chemokine Array
After euthanasia, tumors were excised and collected in

cold homogenate buffer (20 mmol/L Tris-HCl pH 7.9, 0.5%
[v/v] Tween, 150 mmol/L NaCl, and 1:100 protease
Table 3.RT-PCR Primer Sequences

Target Forward primer (50 / 30)

Mx1 AGCTAGACAGAGCAAACCAAGCCA

Mx2 AGCAGAGTGACACAAGCGAGAAGA

mSTING GTTGATCTTACCAGGGCTCCAGGC

Cxcr3 GTGGCTGCTGTGCTACTGAGTCAGC

b-actin TGACGGGGTCACCCACACTGTGCCCATC

Nramp CAGGAAGGACCAGAAATCGGA

NOTE. Conditions: Mx1 and Mx2 were amplified by using 35-cy
60 seconds at 72�C). mSTING transcript expression was amplifi
minutes at 68�C). CXCR3 transcript expression was amplified by
30 seconds at 62�C, 30 seconds at 72�C). Mouse beta-actin m
PCR reaction (30 seconds at 94�C, 30 seconds at 62�C, 30 se
inhibitors [Sigma Chemical Co, St Louis, MO]). Tumors were
weighed and minced, and the tumor was homogenized by
using gentleMACS M-Tubes and Dissociator, centrifuged at
4500g, and supernatant was collected and frozen. PDA ho-
mogenates were analyzed by using the Mouse Cytokine
Array/Chemokine Array 44-plex to detect secreted proteins
on the basis of binding to fluorescently coded polystyrene
beads labeled with capture antibody (Eve Technologies,
Calgary, Canada).
Reverse primer (50 / 30)

TCCCTGAAGCAGACACAGCTGAAA

AGCCCTTCTGTCCCTGAATCACAA

AGGCGGCAGTTATTTCGAGACTCG

GCATTGAGGCGCTGATCGTAGTTGGC

TA CTAGAAGCATTGCGGTGGACGATGGAGGG

TGAGTAAGAGTGGGAACCCACG

cle PCR reactions (45 seconds at 94�C, 30 seconds at 65�C,
ed by using 30-cycle PCR reaction (60 seconds at 94�C, 2.5
using 30-cycle PCR reaction (30 seconds at 94�C, 2 minutes
RNA and genomic NRAMP were amplified by using 30-cycle
conds at 72�C).
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RT-PCR
RNA was isolated from cells by using the RNeasy kit

(Qiagen, Thermo Fisher, Waltham, MA) and treated with
DNase (Ambion, Thermo Fisher). After nanodrop inspection
of RNA quality and yield, total RNA was converted to cDNA
using Superscript RT III. Transcript expression was
measured by using RT-PCR, with the primers and conditions
listed in Table 3.

T Cell Killing Assay
CD8þ TILs were isolated and expanded ex vivo from

dissociated injected or contralateral PDA tumors from
DMXAA-treated mice as described previously.28 Target PDA
KPC1242 cells stably expressing mCherry were cultured
overnight in a 96-well plate. Expanded TILs were incubated
with KPC cells at a target-to-effector ratio of 1:10 along with
5 mmol/L apoptosis reagent caspase-3/7, and cell killing
was measured by using real-time IncuCyte S3 (Essen
BioScience, Ann Arbor, MI) imaging. Mean green fluores-
cence values from TILs alone in culture were subtracted
from co-culture wells at corresponding time points.

Statistical Analyses
Statistical analyses were performed by using Prism 8.0

software or R version 3.6.0. Power analysis was performed
by using an alpha error probability of 0.05 and a power
level of 0.8 to select rigorous sample sizes for individual
experiments. Unpaired sample comparisons between 2
groups were analyzed by Student t test when data were
normally distributed with equal variances of the groups or
by Mann-Whitney test when parametric test conditions
were violated. Three or more independent groups were
compared by using one-way analysis of variance with
Tukey’s honestly significant difference test for multiple
comparisons. When 2 independent variables were analyzed,
a two-way analysis of variance with the Sidak’s test for
multiple comparisons was used to calculate significance
values. A log-rank Mantel-Cox test was used to compare
differences in survival curves between experimental groups.
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