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ABSTRACT

Background Stereotactic body radiotherapy

(SBRT) induces immunogenic cell death, leading to
subsequent antitumor immune response that is in

part counterbalanced by activation of immune evasive
processes, for example, upregulation of programmed

cell death-ligand 1 (PD-L1) and adenosine generating
enzyme, CD73. CD73 is upregulated in pancreatic ductal
adenocarcinoma (PDAC) compared with normal pancreatic
tissue and high expression of CD73 in PDACs is associated
with increased tumor size, advanced stage, lymph node
involvement, metastasis, PD-L1 expression and poor
prognosis. Therefore, we hypothesized that blockade of
both CD73 and PD-L1 in combination with SBRT might
improve antitumor efficacy in an orthotopic murine PDAC
model.

Methods We assessed the combination of systemic
blockade of CD73/PD-L1 and local SBRT on tumor

growth in primary pancreatic tumors, and investigated
systemic antitumor immunity using a metastatic murine
model bearing both orthotopic primary pancreatic tumor
and distal hepatic metastases. Immune response was
quantified by flow cytometric and Luminex analyses.
Results We demonstrated that blockade of both CD73
and PD-L1 significantly amplified the antitumor effect

of SBRT, leading to superior survival. The triple therapy
(SBRT+anti-CD73+anti-PD-L1) modulated tumor-
infiltrating immune cells with increases of interferon-
v*CD8" T cells. Additionally, triple therapy reprogramed
the profile of cytokines/chemokines in the tumor
microenvironment toward a more immunostimulatory
phenotype. The beneficial effects of triple therapy are
completely abrogated by depletion of CD8* T cells, and
partially reversed by depletion of CD4* T cells. Triple
therapy promoted systemic antitumor responses illustrated
by: (1) potent long-term antitumor memory and (2)
enhanced both primary and liver metastases control along
with prolonged survival.

BACKGROUND

Pancreatic ductal adenocarcinoma (PDAC) is
one of the most aggressive and deadly cancers,
with a b-year survival rate of approximately
11%." PDAC is predicted to be the second
leading cause of cancerrelated deaths in the

WHAT IS ALREADY KNOWN ON THIS TOPIC

= (D73 is upregulated in pancreatic ductal adenocar-
cinoma (PDAC) compared with normal pancreatic
tissue and high expression of CD73 in PDACs is
associated with poor prognosis. The antitumor im-
mune response stimulated by radiotherapy can be
counterbalanced by immune suppressive effects,
including radiation-induced upregulation of pro-
grammed cell death-ligand 1 (PD-L1) and adenosine
generating enzyme CD73. However, whether block-
ade of both CD73 and PD-L1 in combination with
stereotactic body radiotherapy (SBRT) improves an-
titumor efficacy in local and metastatic PDAC mod-
els remains to be elucidated.

WHAT THIS STUDY ADDS

= Dual blockade of CD73 and PD-L1 greatly aug-
mented local SBRT-induced antitumor efficacy in
orthotopic PDAC murine models by modulating the
immunosuppressive tumor microenvironment in
PDAC toward a more immunostimulatory pheno-
type, which resulted in long-term antitumor mem-
ory. Importantly, local SBRT treatment of pancreatic
cancer and systemic blockade of CD73 and PD-L1
enhanced control of liver metastases and prolonged
survival.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= SBRT in combination with blockade of CD73 and
PD-L1 could induce not only local but also systemic/
abscopal antitumor immune responses in the PDAC
model providing proof of principle for the translation
of triple therapy in human PDAC.

USA by 2030. Surgical resection remains as
the only curative treatment. However, over
80% patients present with locally advanced
or metastatic disease at the time of diagnosis.
The current standard of care, chemotherapy
with  FOLFIRINOX (5-fluorouracil, leucov-
orin, irinotecan, oxaliplatin) or gemcit-
abine/nab-paclitaxel, provides only modest
improvement of effectiveness compared with
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gemcitabine single treatment.” * Therefore, new effec-
tive treatment strategies are greatly needed to improve
survival in PDAC.

Immune checkpoint blockade (ICB) has shown prom-
ising benefits for patients in various solid tumors, espe-
cially those with high mutation burdens or programmed
cell death-ligand 1 (PD-L1) expression.”” However, ICB
with anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4) or
combination of anti-CTLA-4 and anti-PD-L1 has proven
ineffective for patients with PDAC in clinical trials.*® The
lack of ICB response is largely due to the unique PDAC
tumor microenvironment (TME) which consists of a
desmoplastic stroma with high density of immunosup-
pressive cells including myeloid derived suppressor cells
(MDSCs), regulatory T cells (Tregs), tumor-associated
macrophages (TAMs).'’ In addition, low immunogenicity
which is characterized as low tumor mutational burden
in PDAC may also explain the ineffectiveness of ICB.'" 12
Therefore, the current challenge is how to overcome the
barriers of this immunosuppressive TME and convert
them into immunostimulatory.

Strategies to circumvent these barriers using conven-
tional cancer treatments to prime the immune response
in combination with ICB are under active exploration.
Among them, radiotherapy, especially a new generation
of radiotherapy, such as stereotactic body radiotherapy
(SBRT), appears to be a promising candidate due to its
immunomodulatory ability, favoring local tumor control
and even abscopal effect (non-irradiated and distant
metastases).”” '* Our previous studies have shown that
SBRT induces immunogenic cell death in PDAC, resulting
in the release of damage-associated molecular patterns
(DAMPs), which attract and activate dendritic cells,
leading to subsequent adaptive immune responses.'”"’
One previous preclinical study demonstrated that radio-
therapy induced PD-L1 upregulation and PD-L1 blockade
enhanced the response of PDAC to radiotherapy.'® There-
fore, SBRT in combination with ICB immunotherapy, is a
promising approach to modulate the immunosuppressive
PDAC tumor towards one that is now immunostimulatory.

ATP, as an important DAMP released by irradiated
cancer cells during immunogenic cell death, is rapidly
hydrolyzed stepwise by CD39, converting ATP to AMP,
and CD73, as the rate-limiting step of this enzymatic
cascade, converting AMP to extracellular adenosine.'? *’
ATP promotes inflammation via ATP receptors, whereas
adenosine dampens inflammation via adenosine recep-
tors. Adenosine, via interaction with specific receptors
(A1, A2A, A2B or A3), enhances the suppressive function
of immune cells, such as TAMs, MDSCs, and Tregs, and
suppresses the protective immune cells such as T cells,
natural killer (NK) cells.!* Therefore, CD73 and CD39,
as adenosine-generating enzymes, have emerged as novel
immune checkpoints.

CD73 is upregulated in PDAC compared with normal
pancreatic tissue and high expression of CD73 in
PDAG:s is associated with increased tumor size, advanced
stage, lymph node involvement, metastasis, PD-LI

expression and overall poor prognosis.”’ ** Further-
more, recent research showed that radiotherapy could
increase CD73 and CD73 blockade in combination with
radiotherapy and ICB improved the efficacy.” CD73
blockade is currently being tested in combination with
ICB, including anti-programmed cell death protein-1
(PD-1) /PD-L1 and anti-CTLA-4, with synergistic effects
of this combined therapy being observed in preclinical
models and clinical trials.**** Given that both CD73 and
PD-L1 are radiation-induced checkpoints, we propose
that blockade of both CD73 and PD-L1 in combination
with SBRT might improve antitumor efficacy in PDAC
models.

Here, we demonstrated that dual blockade of CD73
and PD-LI in combination with SBRT resulted in supe-
rior local tumor control and survival when compared with
untreated, monotherapy or dual combination of these
therapies in orthotopic PDAC murine models. Triple
therapy (SBRT+anti-CD73+anti-PD-L1) modulated the
TME toward immunostimulatory based on the change
of tumor-infiltrating immune cells and tumor cytokines/
chemokines milieu. The beneficial effects of triple
therapy were dependent mainly on CD8" T cells and
partially on CD4" T cells. Importantly, local SBRT treat-
ment of pancreatic cancer and systemic blockade of CD73
and PD-L1 enhanced liver metastases control. Together,
these preclinical results suggest that dual blockade of
CD73 and PD-L1 in combination of SBRT may be a prom-
ising strategy for PDAC treatment.

METHODS

Cells and reagents

The murine PDAC KCKO and luciferase-expressing
KCKO (KCKO-Luc) cell lines were provided by Dr Pinku
Mukherjee (University of North Carolina, Charlotte,
North Carolina, USA, 2010). Luciferase-expressing KP2
cells (KP2.1-Luc) were generated by transfecting the
KP2 cells (provided by Dr David DeNardo, Washington
University of Medicine, St. Louis, Missouri, USA, 2016)
with luciferase-containing vectors. All cell lines were
negative for Mycoplasma and cultured in RPMI1640
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. All cell lines used for
experiments were within three passages of subsequent
culture.

Anti-CD73 (2C5 mouse IgGl), anti-PD-L1 (clone 80)
and related isotype IgG controls are provided by Astra-
Zeneca. For in vivo experiments, 10 mg/kg of anti-CD73,
anti-PD-L1 or isotype control IgG were administered by
intraperitoneal injections (diluted in phosphate buff-
ered saline (PBS), 100 pL. per mouse) two times per week
starting on 1 day before SBRT treatment. For CD4" T cell,
CDS8" T cell or neutrophil depletion, 200 pg of anti-CD4
(clone: YTS191), anti-CD8 (clone: 53-6.7), ant-Ly6G
(clone: 1A8) or isotype IgG (diluted in PBS, 100 pL per
mouse) were administered intraperitoneally every 3 days.
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Murine orthotopic model and hepatic metastases model of
pancreatic cancer

Female C57BL/6] mice, 6-8 weeks old, were purchased
from Jackson Laboratory and allowed to acclimate in
the institutional animal facility. All animal studies have
been approved by the University Committee on Animal
Resources at the University of Rochester Medical Center
(Rochester, New York, USA). Orthotopic or hepatic metas-
tases models were established as described previously with
minor adjustments.' 7 In brief, for the orthotopic model,
mice were anesthetized with isoflurane and injected in
the tail of the pancreas with 2x10° KCKO-Luc cells or
5x10* KP2.1-Luc cells in a 1:1 PBS to Matrigel suspen-
sion. Two small titanium clips were placed on either side
of the tumor for identification at the time of SBRT. For
the hepatic rechallenge model, mice that cured primary
pancreatic tumors after SBRT+anti-CD73+anti-PD-L1
treatment were rechallenged with a hemi-splenic injec-
tion of 5x10° KCKO-Luc cells in PBS to develop hepatic
metastases. For the murine model with both orthotopic
tumor and hepatic metastases, mice were injected in the
hemi-spleen with 5x10° KCKO-Luc cells and injected in
the tail of the pancreas with 2x10°KCKO cells.

SBRT treatment

As previously described,'® '” ** mice were anesthetized
with isoflurane and transferred to a Small Animal Radi-
ation Research Platform (XStrahl) equipped with a CT
scanning device that is controlled by MuriPlan software.
Pancreatic tumor was identified by a CT image based on
two small titanium fiducial clips placed on either side
of the tumor at the time of tumor injection. A dose of
6 Gy was delivered to the tumor for four consecutive days,
precisely targeting the tumor and minimizing normal
tissue radiation exposure.

Flow cytometry

Mouse tumors were minced and digested with 30%
collagenase (30min, 37°C). Single-cell suspensions were
generated by passing tumor fragments resuspended in
5% FBS in PBS through 40pm cell strainer. Single-cell
suspensions were subsequently incubated with Fc (Frag-
ment, crystallizable) receptor blocking solution followed
by fluorophore-conjugated mouse antibodies (BD Biosci-
ences or BioLegend). For cell surface staining, fluores-
centlylabeled antibodies including anti-CD45-FITC(clone
30-F11), anti-CD45-PE-Cy5(clone 30-F11), anti-CD3-
FITC(clone 145-2 C11), anti-CD4-APC-Cyb (clone GK1.5),
anti-CD8-BV605 (clone 53-6.7), anti-NK1.1-PE-Cy7(clone
PK136), anti-CD11b-eFluor450(clone M1/70), F4/80-
APC(clone BMS), anti-Ly6C-APC-Cy7(clone AL-21),
anti-Ly6G-PE-Cy7 (clone 1A8), anti-CD11c¢-PE-Cy7(clone
HL3), anti-MHC-II(I-A/I-E)-PerCP-Cy5.5 (clone
M5/114.15.2), anti-CD69-APC(clone H1.2F3), anti-CD73-
Alexa Fluor488(clone TY/23), anti-PD-L1-BV605 (clone
10F.9G2), anti-CD103-APC(clone M290), anti-XCRI1-
BV421 (clone ZET), anti-CD80-BV786(clone 16-10A1),
anti-CD86-BV510(clone PO3), anti-PD-1-BV711(clone

J43), or anti-CTLA-4-APC-R700(clone UC10-4F10-11),
were added to samples for 30 min at 4°C in the dark. For
further intracellular staining, cells were washed with PBS
supplemented with 5% FBS, fixed/permeabilized with
an FoxP3/Transcription factor staining buffer set (eBio-
sciences), and stained with fluorescence-labeled mouse
antibodies including anti-interferon (IFN)-y-BV786(-
clone XMGI1.2) and anti-FoxP3-APC(clone FJK-16s) for
30min at room temperature in the dark. Stained cells
were washed and resuspended in 5% FBS in PBS. Flow
cytometry was performed on an LSR II, and data analyzed
using FlowJo.

Immunohistochemical staining

The cleaved caspase-3, HMGBI, or HSP70-positive cells
were determined by immunohistochemical staining as
previously described.'® 17 Briefly, the frozen sections of
tumor tissue from KCKO-Luc bearing mice were stained
with primary antibodies including cleaved caspase-3
(#9664S, Cell Signaling Technology), anti-HMGBI
antibody (ab18256, Abcam), or anti-HSP70 antibody
(ab79852, Abcam), followed by horseradish peroxidase-
labeled secondary antibody staining. DAB (3,3’-Diami-
nobenzidine) was applied as substrate and hematoxylin
as counterstain. Positive cells were enumerated using
a computerized Olympus DP80 imaging system. Ten
randomly selected fields (x400, magnification) of each
tumor tissue section were enumerated, and the means
were reported.

Analysis of cytokines and chemokines by multiplexed
magnetic Luminex assay

As previously described,'” tumor tissue samples were
homogenized and digested with Lysis Buffer #11 (R&D
Systems) containing protease inhibitors on ice for 1 hour.
The samples were then centrifuged at 14,000rpm for
20 min at 4°C, and supernatants were collected and then
delivered to Eve Technologies Corporation (Calgary,
AB. Canada) for cytokines/chemokines detection using
multiplexed magnetic Luminex assay.

Adenosine analysis

Mice bearing KCKO-Luc tumors in the pancreas were
treated with SBRT (6 Gyx4) on day 7-10 and anti-CD73
on day 6 and 10 post tumor implantation. Mice were sacri-
ficed on day 11. Tumors were collected, weighed and snap
frozen in liquid nitrogen into the tissue homogenizing
CKMix tube (Fisher, cat# 50-154-2938). Samples were
analyzed for adenosine using liquid chromatography-
mass spectrometry.”’

Statistical analysis

Statistical analyses were performed with GraphPad Prism
V.9.3.1 software. Unless indicated, data are expressed as
mean+SEM. For growth curve multiple comparison, one-
way analysis of variance (ANOVA) was used, followed
by a Bonferroni method adjustment. For survival curve
multiple comparison, log-rank (Mantel-Cox) with Bonfer-
roni adjustment was used. For other multiple group
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comparison studies, one-way ANOVA was used, followed
by the Dunnett’s test for comparing experimental groups
against the untreated group as a single control. For a
single comparison between the two groups, the paired
student t-tests were used. P value<0.05or p<0.01 was
considered to be significant.

RESULTS

Radiation-induced upregulation of CD73 and PD-L1 on
pancreatic cancer cells

The antitumor immune response stimulated by radio-
therapy can be counterbalanced by immune suppres-
sive effects, including radiation-induced upregulation of
PD-L1"™ *** and adenosine generating enzymes, such as
CD73."** To investigate whether pancreatic cancer cells
respond to radiation by upregulation of PD-L1 and CD73,
we treated mouse PDAC cell lines KCKO and KP2 with
15 Gy and analyzed the expression of CD73 and PD-L1 at
different time points after radiation. As shown in online
supplemental figure 1, mean fluorescence intensity of
CD73 and PD-L1 significantly increased in the radiation-
treated KCKO and KP2 cells compared with the untreated
control. To further confirm the effect of radiation on
expression of CD73 and PD-L1 in vivo, we treated mice
bearing KCKO-Luc orthotopic pancreatic tumors with
SBRT (6 Gyx4, on day 7, 8, 9 and 10 post tumor implan-
tation) and analyzed expression of CD73 and PD-L1 on
tumor cells on day 11 (1 day after SBRT). Shown in online
supplemental figure 2, both CD73 and PD-L1 significantly
increased in the SBRT group compared with untreated.
These data demonstrated that radiotherapy induces these
immunosuppressive pathways suggesting that blockade of
both CD73 and PD-L1 may improve the antitumor effi-
cacy of SBRT.

Blockade of CD73 and PD-L1 amplifies antitumor efficacy of
SBRT in murine orthotopic PDAC models

To determine whether blockade of CD73 and/or PD-L1
can improve the antitumor efficacy of SBRIT, we use
two murine PDAC orthotopic models, KCKO-Luc, a
luciferase-expressing cell line, derived from sponta-
neous PDAC tumor in p48-Cre/LSL-KrasGI12D mice
and KP2-Luc, derived from PDAC tumors in p48-Cre/
LSL-KrasG12D/p53flox/+ mice. Blockade of CD73 was
effective at reducing the intratumoral concentration of
adenosine in both untreated and SBRT treated tumor-
bearing mice (figure 1A). Tumor bearing mice were
divided into eight groups: no treatment, anti-CD73, anti-
PD-L1, anti-CD73+anti-PD-L1, SBRT (6 Gyx4), SBRT+an-
ti-CD73, SBRT+anti-PD-L1 or combination of SBRT,
anti-CD73 and anti-PD-L1 as shown in figure 1B. In the
KCKO model (figure 1C-E), compared with no treat-
ment, anti-CD73+anti-PD-L1, SBRT+anti-PD-L1, or triple
therapy  (SBRT+anti-CD73+anti-PD-L1)  significantly
reduced tumor growth; triple therapy has significantly
better antitumor effect than SBRT or SBRT+anti-PD-L.1,
with 60% survival in the triple therapy compared with

30% survival in SBRT+anti-PD-L1. Similarly, in the KP2
model (figure 1F-H), triple therapy achieved enhanced
tumor control and survival, compared with no treat-
ment or SBRT groups, with enhanced tumor growth
control and a trend of improved survival (66.7% in triple
therapy and 40% in SBRT+anti-PD-LL1) when compared
with SBRT+anti-PD-L1 group. These data demonstrated
that the combination of SBRT, anti-CD73 and anti-PD-L1
could be a promising strategy to treat pancreatic cancer.

Radiotherapy-induced immunogenic cell death is enhanced by
blockade of PD-L1, not CD73

Our previous work has shown that SBRT can induce
immunogenic cell death (ICD) in both KCKO and KP2
orthotopic PDAC models.'® "7 We investigated whether
blockade of CD73 and/or PD-LL1 can enhance ICD
induced by SBRT. Tumors (KCKO model) from different
treatment groups (day 14 post tumor implantation) were
examined for expression of cleaved caspase-3 (apoptotic
cell death marker, figure 2A), or two DAMP markers
HMGBI (figure 2B) and HSP70 (figure 2C) by immuno-
histochemistry. SBRT alone could induce increased ICD.
Blockade of PD-LL1, but not CD73, induced increased ICD
in combination with SBRT. In addition, triple therapy
(SBRT+anti-PD-L1+anti-CD73) did not further enhance
ICD induced by SBRT+anti-PD-L1. Collectively, only anti-
PD-L1 further enhanced the SBRT-induced ICD.

Triple therapy modulates intratumor immune populations

To determine the impact of SBRT/anti-CD73/anti-PD-L1
on the tumor immune microenvironment, we assessed
the change in tumor-infiltrating immune cells by flow
cytometry at day 14, which is 1 day after the third dose of
anti-CD73+anti-PD-L1. We determined that not only were
CDS8" T cells significantly increased in SBRT+anti-PD-L1
and triple therapy groups, these cells also exhibited height-
ened IFN-y in the anti-CD73, anti-CD73+anti-PD-L1, and
triple therapy groups (figure 3A, online supplemental
figure 4). Triple therapy also increased CD69°CD4" T
cells (figure 3B, online supplemental figure 4). Of note,
although anti-CD73 alone increased IFN-y"CD8" T cells, it
also induced a trend of increase in PD-1"CD4, which may
partially explain why anti-CD73 alone has no antitumor
effect (figure 3B). Triple therapy also induced a signifi-
cant increase of granulocytic myeloid derived suppressor
cells (G-MDSCs) and type 1 classical dendritic cells in
tumor (figure 3C). Additionally, we observed a significant
increase of activation of CD8 and CD4 positive T cells
in the spleen (online supplemental figure 3) following
triple therapy, suggesting that triple therapy may induce
a systemic antitumor immune response.

CD8" T cells are critical for the antitumor effect in the
orthotopic PDAC model

To evaluate the impact of CD8" T cells, CD4" T cells
and G-MDSCs in the triple therapy-mediated immune
response, cell depletion with antibodies against these cell
populations was performed in the orthotopic KCKO-Luc
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Figure 1 Blockade of CD73 and PD-L1 significantly enhances the antitumor efficacy of SBRT in the murine orthotopic

model of pancreatic cancer. (A) Blockade of CD73 decreases adenosine in mice pancreatic ductal adenocarcinoma tumor.
Mice bearing KCKO-Luc in pancreas were treated with SBRT (6 Gyx4) on day 7-10 and anti-CD73 on day 6 and 10 post
tumor implantation. Mice were sacrificed on day 11. Tumors were collected, and adenosine was analyzed using liquid
chromatography-mass spectrometry.?’” Results were expressed as mean+SEM from four mice/group and analyzed by one-
way analysis of variance (ANOVA) with Dunnett’s post test. ***, p<0.001. (B) Schematic of the experimental design. C57BL/6J
mice were injected with KCKO-Luc or KP2-Luc cells in the tail of pancreas and treated with SBRT, anti-CD73, or anti-PD-L1 or
combinations of two or three of these. Tumor growth was analyzed by IVIS two times a week. (C) and (F) Representative VIS
images from day 18 after KCKO-Luc? or KP2-Luc (F) implantation. (D) and (G) Tumor growth curves in KCKO-Luc (D) or KP2-
Luc (G) were determined by IVIS imaging. Data shown are geometric mean of IVIS value+SD from 10 to 15 mice/group. (E) and
(H) Kaplan-Meier survival curves of mice bearing KCKO-Luc (E) or KP2-Luc (H) were observed. *, adjusted p<0.05, **, adjusted
p<0.01, ***, adjusted p<0.001, analyzed by one-way ANOVA with multiple comparison (adjusted by Bonferroni method) for
growth curve. #, adjusted p<0.01, ##, adjusted p<0.001, ###, adjusted p<0.0001, analyzed by log-rank (Mantel-Cox) test with
multiple comparison (adjusted by Bonferroni method) for survival curve. VIS, in vivo imaging system; KCKO-Luc, luciferase-
expressing KCKO; KP2-Luc; luciferase-expressing KP2 cells; PD-L1, programmed cell death-ligand 1; SBRT, stereotactic body
radiation therapy.
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Figure 2 Blockade of PD-L1, but not CD73 induced increased ICD in combination with SBRT in the orthotopic model of
murine pancreatic cancer. Mice bearing KCKO-Luc orthotopic tumors were treated with SBRT, anti-CD73 or anti-PD-L1, and
ICD was determined by immunohistochemistry staining of cleaved caspase-3, HMGB1, and HSP70. Results are expressed
as the mean+SEM from five mice per group and analyzed by one-way analysis of variance with Dunnett’s post test. *, p<0.05,
**, p<0.01, **, p<0.001, compared with the untreated group or monotherapy group. ICD, immunogenic cell death; KCKO-Luc,
luciferase-expressing KCKO cells; PD-L1, programmed cell death-ligand 1; SBRT, stereotactic body radiation therapy.

Ye J, et al. J Immunother Cancer 2023;11:¢006842. doi:10.1136/jitc-2023-006842



Open access

CD8" T cells
IFNy*CD8

<

+

PD1*CD8

I
o
o]
~

(%)si19o L ,8@0 4o sl192 ,Lad

| 35 2leS
<ig
[ ] Ho m
.
> —b B
e
EREE
3 oo

1
n

CTLA4*CDS8

I
wn
L

(%)slieo L ,8Q90 40 s|199 ,pv1LD

e

T
wn
i

1
o o
=4

> >
e <«
-
on_.o?

>
<
°

>

»—— >
< A 4«
- &

oQeoe
w

I T 1
(=] =] o
N -~

(%)s1190 L 800 Jo s|199 ,ANH|

—p—
©
[« 3
o
T T
0 0

> 12
< —H— <« «
#Ha
LIS )
* »
«
LI |
T |
=) o

— =

(%)sl192 |ejoL jo s|192 1 ,8AD

CD4" T cells

24

FoxP3*CD4

CTLA4*CD4 PD1*CD4

CD69'CD4

« el - 20
DS
= ~HR [ EQOY
o reres | M«w b,
S T - voa&&,«o
< — < - \V.o Vw.,\\&\%,o
= m—pa [ ] |$.0N~0 @0%0?
o o ge [ 5O b, S,
T T T T RN N
o o o o o % P,
) 1) < 3] % %,
(%)sl1e2 1 ¥ 40 siied ,Lad %, b
> B > > - <
ps
<« vy A
X
. —— % -,
R
> —te > - \w&o@vx«,«o
<« r— <« - \V'o m\.\a\%@
AR o A Y
oo . - \000,.003 4,
T T T T T RN N
o o o o o o Yo b 00
S ® ®© ¥ « S, %,
K (2
(%)s1192 L A9 40 s|199 ,pVILD %
> > > -z
P
< ey = 450
PSS
il G,
L S .\@0..00 %,
> - @a\oﬁﬁ«o
< — <« | \W.O vm.\\a\%ux
e om o Sy S8
o opiee | MO @Mvm £ m\a‘
T T T RN 3P S
o o = o Y67 00
) < ] <, %,
(%)s1192 L ,¥A9 40 sl192 6900 \o\v (2
[ B 2
S
<4 <4« —}<a <« - 40
o oo o @0,.0«\3
> Bisle B V&.\omm,«o
T T e L 9%, &w%%ov
oed o \MMVO@MW 6 ® m\&\
%
ST L L Y %
(%)slIeo [e10L 40 s|199 1 4D N
v

Myeloid cells / DCs

> —r > \V
- A
O s .\a‘o .,.oovw%
a s SO b
° - 5o B,
- Lo, @0,% %,
T T T .0_ \&WPWOM@ &&v
© < 2. o 4o, ®
o o o o .Q\. ;\«\V
(%)sl192 |ejol jo $0Q,L¥OX,£0LAD nwv
> »—p— > - \V
<« = 450
m " remam - nuW.OQ N\«\V
° —do§ = .\a‘ru Nx«\ 3
o 0, B
_m « T—lﬁv!.&l. Av - MVM%QQVVW&MWN
"= = —js mm - %V.Q .Nw\ .\a\%&\.\«\?
ot - A5k, S
T T T AN N
o o o o Yot "2,
7 < « 3, %,
(%)sl190 |ejo] 3o s|199 9947, 0947 .@v (2
> — > - \V
3 ~ Lo,
2 At
e X
M. <l <« \V.% VW\@QG;\
S RACX
(O] . £, @06 %
o gf \MO,W\N\OX” ® m\@
I T T T 1 %l Y
o =) o =) =) Yob 00
< © N - o.wnx uko
(%)s1199 [e30] jo s|192 9947, 0941 .@v (3
P > IlVLA '” MVoo
% = whik - Aw.o 2,
o ° —poo o - %G.N\QVW:
M. = - VW&QQVM\QOG
° d —4— <« <« - \VO XS,
Nor, NQa%e,
s L L A 8 4%
oe-% - «\0 N\«\Vm & m\a\
I T T T S S
© © < ~ =) % %, e
(%)s1199 [ejo jo s|199 9947, 0947 s .oov
v
[ = I 2 <
<t < - £«
‘a . i [ 2%,
= Cea b
a SR B 5N
< A - 50 540,
© (LS ] X .\@0&0«\
- %, YOS b,
o%le o % Ns«wi ® ¥,
r T T T T LA XS ()
o o o o o =) G <o &
WY
S ® ®© ¥ « S, %,
7
(%)sl192 ejo] jo s|1@2 q1Lao0 %Y N

Figure 3 Triple therapy with SBRT, anti-CD73 and anti-PD-L1 enhances antitumor immune response in the orthotopic model

of murine pancreatic cancer. Mice bearing luciferase-expressing KCKO cells orthotopic pancreatic cancer were treated as in
figure 1 and sacrificed on day 14. Tumor-infiltrating immune cells were determined by flow cytometry. (A) Tumor-infiltrating

CD8* T cells and their expression of IFN-y, CTLA-4, and PD-1 were analyzed. (B) Tumor infiltrating CD4" T cells and their

TAMs and cDC1 cells were analyzed. Results are expressed as mean+SEM from five mice per group and analyzed by analysis

expression of CD69, CTLA-4, PD-1, and FoxP3 were analyzed. (C) Tumor-infiltrating CD11b* cells, Mo-MDSCs, G-MDSCs,
of variance with Dunnett’s post test. Significance is indicated by *, p<0.05. cDC1, type 1 classical dendritic cells; CTLA-4,

cytotoxic T-lymphocyte antigen 4; DC, dendritic cell; G-MDSC, granulocytic myeloid derived suppressor cell; IFN-y, interferon-vy;

Mo-MDSCs, monocytic myeloid derived suppressor cells; PD-1, programmed cell death protein-1; PD-L1, programmed death

ligand-1; SBRT, stereotactic body radiotherapy; TAMs, tumor-associated macrophages.
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PDAC model. Depletion of CD8" T cells completely abro-
gated treatment efficacy (figure 4) whereas depletion of
CD4" T cells partially diminished the antitumor efficacy
of triple therapy (figure 4). Depletion of G-MDSCs led
to a trend of enhanced antitumor effect however with no
significant difference (figure 4). These data suggest that
T cells, especially CD8" T cells, are essential to mediate
the antitumor efficacy of triple therapy.

Triple therapy modulates intratumor cytokine/chemokine
profiles

The change of intratumoral cytokines and chemokines
after therapy was assessed using Luminex technology on
day 14 post tumor implantation (figure 5A). Triple therapy
induced a significant decrease of several protumor,
predominately myeloid-derived factors including inter-
leukin (IL)-6, IL-7, LIF(leukemia inhibitory factor),
LIX (Lipopolysaccharide-induced ~CXC  chemokine),
MCP-1(Monocyte chemoattractant protein-1), MIP(Mac-
rophage Inflammatory Protein)-lo./B, and VEGF (Vas-
cular endothelial growth factor), (figure 5B,C, online
supplemental figure 5). These data indicate that triple
therapy shifts TME toward a more immunostimulatory
phenotype mainly through the downregulation of inhib-
itory factors.

Triple therapy resulted in long-term antitumor memory and
liver metastatic tumor control

Given that triple therapy could illicit T-cell activation in the
spleen (online supplemental figure 3), we proposed that
triple therapy can induce not only local but also systemic
antitumor responses. To test that hypothesis, mice cured
of KCKO orthotopic pancreatic tumor by triple therapy
(figure 1) for at least 90 days were confirmed by in vivo
imaging system as tumor free and then rechallenged
with a hemi-splenic injection, which facilitates liver
metastases, of KCKO-Luc cells. Shown in figure 6A,B,
age-matched naive mice developed liver metastases well
after hemi-splenic injection. However, mice cured by
therapy were completely refractory to metastatic rechal-
lenge, suggesting that triple therapy results in long-term
systemic antitumor memory capable of rejecting liver
tumors. We then determined if triple therapy could
control established liver metastases using a mouse model
bearing both orthotopic KCKO (unlabeled) primary
pancreatic tumor and metastatic KCKO-Luc tumors in
liver (figure 6C). Mice received SBRT only at pancre-
atic tumor site but systemic anti-CD73 and anti-PD-L1
(figure 6C). As shown in figure 6D,E, anti-PD-L1 and
anti-CD73+anti-PD-L1 significantly slowed down hepatic
tumor growth compared with the untreated group but
did not promote survival. In contrast, both SBRT+anti-
PD-L1 and triple therapy significantly delayed hepatic
tumor growth compared with untreated or SBRT groups,
however only triple therapy (not SBRT+anti-PD-L1)
improved survival when compared with the SBRT group.
In addition, the triple therapy demonstrated a trend of
enhanced liver tumor control and survival compared with

SBRT+anti-PD-L1. Together, these data demonstrated
that systemic blockade of CD73 and PD-L1 in combina-
tion with local SBRT treatment could induce a systemic
antitumor response resulting in enhanced metastatic
tumor control.

DISCUSSION

As the immunosuppressive PDAC TME is a major obstacle
for ICB response, converting an immunosuppressive TME
into a more inflammatory and immunogenic TME with
SBRT appears to be a promising strategy to reactivate the
hostimmune system and increase ICB response. However,
this inflammatory response induced by SBRT may not be
durable since an immunosuppressive cascade can also be
triggered by SBRT.**! One such mechanism is generating
immunosuppressive adenosine from extracellular ATP
released from irradiated tumor cells. We demonstrated
that systemic administration of anti-CD73 and anti-PD-L1
greatly augmented local SBRT-induced antitumor effi-
cacy in both mouse orthotopic and metastatic models.
Moreover, this triple therapy also generates a long-term
systemic antitumor immune response, thereby providing
a promising strategy for PDAC treatment.

CD73, as a speed-limiting ectonucleotidase, attenuates
tumor immunity via cooperating with CD39 to generate
immunosuppressive adenosine. Our data showed that
anti-CD73 alone did not achieve a significant antitumor
response, which is consistent with other reports,” *
supporting the use of this reagent in combination with
other therapies (such as anti-PD-L1 and SBRT).

Radiotherapy can upregulate the expression of
CD73 on PDAC tumor cells representing a potential
therapeutic target to be combined with radiotherapy.
Improved antitumor efficacy with the combination of
radiotherapy and CD73 blockade has been demonstrated
in non-PDAC tumors.** However, it is unclear whether
blockade of CD73 can enhance radiotherapy efficacy in
PDAC. Recently, one report showed that combination
therapy of radiofrequency ablation (RFA) and a small
molecule CD73 inhibitor AB680 reduced tumor growth
and enhanced antitumor immune responses in a subcu-
taneous syngeneic PDAC model.** In the current study,
CD73 expression of PDAC tumor cells was upregulated
following radiation in vitro or SBRT in vivo, which is
consistent with other reports.” ** However, in contrast to
the earlier report using AB680,* we observed no synergic
effect between SBRT and anti-CD73 as well as no signifi-
cant change of immune cells and cytokine/chemokines
profiles in the tumor. This inconsistency is likely due to
the different models: subcutaneous versus orthotopic and
different treatments: RFA (1.82 W over 10-20s) versus
SBRT (6 Gyx4).

Another mechanism limiting the SBRT-induced anti-
tumor immune response is the upregulation of PD-L1
on tumor cells following SBRT.'® 28 SBRTinduced IFN-y,
mainly from activated CDS8" T cells, was demonstrated
to be responsible for upregulation of tumor cell PD-L1
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Figure 4 CD8" T cells are critical for the antitumor effect in the orthotopic pancreatic ductal adenocarcinoma model. KCKO-
Luc tumor-bearing mice were treated with SBRT+anti-CD73+anti-PD-L1 as in figure 1. Mice were given isotype or antibodies
against CD8, CD4 or Ly6G to deplete CD8" T cells, CD4* T cells, or granulocytes, respectively. Tumor growth was measured
by IVIS and survival observed. (A) Representative of IVIS on day 17 post tumor injection. (B) Tumor growth curve. Data are
represented as geometric mean+SD (n=5 for each group). *, p<0.05. (C) Survival. **, p<0.01, ***, p<0.001, ****, p<0.0001. ROI,
region of interest; IVIS, in vivo imaging system; KCKO-Luc, luciferase-expressing KCKO cells; PD-L1, programmed cell death-
ligand 1; SBRT, stereotactic body radiotherapy.

Ye J, et al. J Immunother Cancer 2023;11:¢006842. doi:10.1136/jitc-2023-006842 9



n
A S £ S 3 w
~N = < L
o X P-% - ®n T [=REITR
[ [« - ™ N
2N el S nmweona2d222 ,ux06Q0a2aa 288
Ldyddddddddddd e IIESEEEECX - >
untreated-
anti-CD73+
anti-PD-L14
anti-CD73+anti-PD-L1
SBRTA [ |
SBRT+CD73+
SBRT+anti-PD-L14
SBRT+anti-CD73+anti-PD-L1+ [ |
|- H M
-4 -2 0 2 4
Log(Folds,2)
- & LIF LIX
B IL-6 IL-7 -
*kkk
150 5+ X 300+ sk
L4 A |
4 e A VY @ L] L]
£ ° £ % £ = °
g 100 @ v T i i £ 40 ® v £ 200+
0o 3
8| g°® 'A-i-{--‘ R Rt ML S a i X
[ ] vw
Eafiatyloll Bt “lispy Bl Jardss| EalTRiDce
g ‘mt ’EA 2 v = 2 ey 2 'I"} !
v e .% v, 1+ iy v - A v i &
v .l % X g o
O —T—T T T T T 717 O —T—T—T T T T T O —T—TT T T T 17 GIIIIIII*_
b,\“:\:\\&,\%\\ SO NNLONN 06,\'5\;\\&,\'5\\ Q.b,\":’\:\\}q‘_\,\’b\:\\:\
PO R L SO0 SSLTPESOR SR L SO0 LI R RO
SFLF FLS FFy e FEFE T SEEF S
v é&,‘vf;x\»“ T T s éx‘ixv:x\»“ s éx:xv%,v
« « O Ll « « « «
S FLS S FLS S FLS S LS
& & ¥ & & & & &
8 & ¥ & ¥ & A &
& & & &
24 4 % 4
C MCP-1 MIP-1a MIP-18 VEGF
*k
1000 Ak 2000 150
*
o ]
o 8004 . = c £ 1500 A £
g ?= Ve 8 2 v e £ 1007
o 600 [] ? o o o v ] °
SR banfta1yie. !
A
E’400—. et g g ;AA .%AVE
2 v 'i‘ - 2 500 veoa -1— 2
= 200 . % = . 1 f
Ay N /
0 T T T T T T T T 0 T T T T T T T T 0
DONANAONN QONANLA S NN
¥ SRS SO SER DL SR &
FFER TS S S T & &
NSRS S S A\ S o™ P oS o OV
Lol S o o o Lt St i o
B L & L 3
& PP & FTEL S
& & §
¥ o © o s
Q.
o g2

Figure 5 Triple therapy modulates intratumor cytokine/chemokine profiles. The change of intratumoral cytokines and
chemokines after therapy was assessed using Luminex technology on day 14 post tumor implantation. (A) Fold changes

of cytokines and chemokines in the tumor following treatment of SBRT/anti-CD73/anti-PD-L1. The levels of cytokines and
chemokines of tumors from no treatment groups were set as 1, and data were fold changes as compared with untreated
groups. (B) and (C) IL-6, IL-7, LIF, LIX, MCP-1, MIP-1a, MIP-1f3, and VEGF. Results are expressed as mean+SEM from five mice
per group and analyzed by one-way analysis of variance with Dunnett’s post test. Significances are indicated by *, p<0.05, and
**, p<0.01, **, p<0.001, compared with the untreated group. IFN, interferon; IL, interleukin; PD-L1, programmed cell death-
ligand 1; SBRT, stereotactic body radiotherapy; MCP-1, Monocyte chemoattractant protein-1; LIF, leukemia inhibitory factor;
LIX, Lipopolysaccharide-induced CXC chemokine; MIP-1, Macrophage Inflammatory Protein 1; VEGF, Vascular endothelial
growth factor.
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Figure 6 Local SBRT treatment of pancreatic cancer and systemic blockade of CD73 and PD-L1 enhanced liver metastasis
control. (A) and (B) mice that were cured by SBRT+anti-CD73+anti-PD-L1 in figure 1 were refractory to tumor rechallenge.
Mice cured by triple therapy (SBRT-+anti-CD73+anti-PD-L1) and aged matched naive mice received 5x10° KCKO-Luc cells

by hemi-splenic injection. Tumor growth was analyzed by IVIS. (A) Representative of IVIS on day 7 post injection. (B) Growth
curve of tumor liver metastasis. *, p<0.05, by multiple t-tests. (C) Schematic of mice orthotopic pancreatic cancer and hepatic
metastasis establishment and treatment. (D) The growth of liver metastases analyzed by IVIS and the value of IVIS on day 6
set as one. Results are expressed as the mean of folds change of IVIS value+SEM from 10 to 15 mice/group. The significance
was analyzed by one-way analysis of variance with multiple comparison (adjusted by Bonferroni method). (E) Survival. The
significance was analyzed using a log-rank (Mantel-Cox) test (adjusted by Bonferroni method). i.p., intraperitoneal; IVIS, in vivo
imaging system; KCKO-Luc, luciferase-expressing KCKO cells; PD-L1, programmed cell death-ligand 1; SBRT, stereotactic

body radiation therapy.
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expression.'® * Concurrent blockade of PD-L1 with
SBRT augments the generation of durable systemic anti-
tumor immune responses.'® *® In accordance with these
reports, we observed that PD-L1 expression was upreg-
ulated by radiotherapy (SBRT) and SBRT in combina-
tion with anti-PD-L1 modestly improved the antitumor
response compared with untreated or SBRT alone. The
efficacy of this combination is associated with increased
tumor-infiltrating CD8" T cells and IFN-y'CD8" T cells
(trending), demonstrating that addition of anti-PD-L1
can enhance T-cell recruitment and activation.'®*®

The combination of CD73 blockade and other ICB
is reported in clinical and preclinical studies.** ** Given
both CD73 and PD-L1 expression were upregulated on
SBRT treatment, we hypothesized that dual blockade of
both radiation-induced checkpoints, CD73 and PD-L1,
may enhance SBRT-induced antitumor efficacy. To the
best of our knowledge, this is the first preclinical study
testing the efficacy of SBRT+anti-CD73+anti-PD-L1 in a
PDAC model. We confirmed the importance of T cells
in this model through immune cell depletion assays as
CD8" T cells were essential with CD4" T cells partially
mediating the response. Interestingly, we also observed
a significant increase of G-MDSCs in tumors after triple
therapy. Our group and others have shown that targeting
G-MDSCs could enhance chemotherapeutic and immu-
notherapeutic responses in PDAC.”” ** However, in the
current study, depletion of this population with anti-Ly6G
did not significantly enhance the triple therapy-induced
antitumor effect, suggesting triple therapy might induce
a partial reversal of the immunosuppressive nature of this
population.

Chemotherapy or chemoradiotherapy followed by anti-
PD-1/PD-L1 and anti-CD73 or CD73 inhibitor have shown
promising results in clinical trials including in patients
with PDAC.” * We also tested the efficacy of chemo-
therapy in combination (sequentially) with blockade of
CD73 and PD-L1 in the PDAC model. Our data showed
that chemotherapy (gemcitabine/nab-paclitaxel)+anti-
CD73+anti-PD-L1 resulted in improved tumor control
than chemotherapy alone or anti-CD73+anti-PD-L1,
leading to prolonged survival (online supplemental
figure 6). However, no mouse survived past 75 days
following chemotherapy+anti-CD73+anti-PD-L1 whereas
SBRT+anti-CD73+anti-PD-L1 combination resulted in
over 60% mice surviving well past 150 days (presenting
as cures). Thus, in this preclinical model of PDAC, SBRT
appears to be a better candidate than chemotherapy to be
combined with this regime of immunotherapy. This may
be due to the ability of SBRT to modulate the immune
system by inducing ICD."® 7

Accumulating evidence indicates that local radio-
therapy can induce a systemic antitumor effect (regres-
sion of tumor in distant unirradiated sites), although the
clinical cases of abscopal effects are rare.*” SBRT, as a
modern radiotherapy technique, can deliver a few frac-
tions of high doses per fraction to a small target volume
enhancing the potential to generate heightened systemic

immune response.*' However, SBRT also induced higher
expression of CD73 and PD-L1 in the PDAC mouse
model, which may partially explain why SBRT alone has
limited abscopal effect in our liver metastatic model.
CD73 blockade enhances the local and systemic tumor
control (asbcopal effect) of radiotherapy in murine rectal
cancer model” and mammary carcinoma.” However,
similar as in our orthotopic PDAC model, CD73 blockade
in combination with SBRT did not improve the liver
metastatic tumor control, again indicating additional
therapy is required to reverse the strong immunosup-
pressive TME in PDAC. The abscopal response has been
more frequently observed in patients receiving the combi-
nation of radiotherapy and immunotherapy in various
tumors.”” ¥ The combination of radiotherapy and ICB
has been explored in PDAC in a clinical trial,** but no
abscopal effect has been reported thus far. One preclinical
study demonstrated a significant delay in tumor growth in
a model where pre-irradiated PDAC cells were injected
into the liver and treated with anti-PD-L1. Although this
was not a perfect abscopal model, the authors claimed
the possible systemic/abscopal effect for combination of
SBRT and anti-PD-L1(18). In another preclinical PDAC
study, two subcutaneous KPC tumors were established on
both flanks with only one tumor receiving irradiation.
Radiotherapy in combination with ICB did not affect the
growth of the unirradiated tumor or prolong survival,
and additional immunomodulatory treatment with anti-
CD40 was required to overcome the immunosuppressive
PDAC.® In contrast, in our clinically relevant mouse
model bearing both tumor in the pancreas (radiated)
and liver (unirradiated), combining SBRT and anti-PD-L1
modestly improved survival when compared with the
untreated group. This inconsistency could be attributed to
differences in models (eg, orthotopic tumor (irradiated)
plus liver metastasis in our model vs two subcutaneous
KPC tumors on both flanks*). Together, our data clearly
demonstrated that SBRT in combination with blockade
of CD73 and PD-L1, two radiation-induced checkpoints,
could induce not only local but also systemic/abscopal
antitumor immune responses in a PDAC model.

The models (KCKO-Luc and KP2-Luc) were engineered
to express luciferase in order to monitor tumor burden
longitudinally in vivo. This has both advantages and limita-
tions for the current immunotherapy study. In addition to
tracking tumor size, luciferase itself is a moderate immu-
nostimulatory antigen*® that may enhance the immuno-
genicity properties of ICB and therefore, our model more
closely resembles patients with PDAC with higher levels of
tumor-infiltrating CD3" T cells."” As a result, the current
model may not directly mimic the poorly immunogenic
PDAC TME where few T cells are present.

In summary, our data demonstrated that triple therapy
combining SBRT, anti-CD73 and anti-PD-L1 could be
a promising strategy to overcome immunosuppressive
barriers in PDAC. Clinical trials combining ICB and anti-
CD73 (NCT03611556, NCT04940286, NCT05431270)
or CD73 inhibitor (NCT04104672, NCT04148937) are
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underway or completed in PDAC paving the way for trans-
lation of the triple therapy scheme presented here into
the clinic. Our results provide proof of principle for the
translation of triple therapy combining SBRT, anti-CD73,
anti-PD-L1 as neoadjuvant or adjuvant therapy in human
PDAC.
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