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Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease
known for its dense tumor stroma. Focal adhesion kinase in-
hibitor (FAKi), a non-receptor type tyrosine kinase inhibitor,
reduces the tumor stroma. G47D, a third-generation oncolytic
herpes simplex virus type 1, destroys tumor cells selectively and
induces antitumor immune responses. This study evaluates the
efficacy of FAKi and G47D in PDAC models in combination
with or without immune checkpoint inhibitors. G47D was
effective in human PDAC cell lines in vitro and in subcutaneous
as well as orthotopic tumor models. Transgenic mouse-derived
#146 cells were used to generate subcutaneous PDAC tumors
with rich stroma in immunocompetent mice. In this #146 tu-
mor model, the efficacy of FAKi was synergistically augmented
when combined with G47D, which reflected not only a
decreased stromal content but also a significant shifting of
the tumor microenvironment toward immune stimulation. In
transgenic autochthonous PKF mice, a rare model that de-
velops stroma-rich PDAC with a 100% penetrance and resem-
bles human PDAC in various aspects, the prolongation of sur-
vival compared with FAKi alone was achieved only when FAKi
was combined with G47D and immune checkpoint inhibitors.
The FAKi combination therapy may be useful to overcome the
treatment resistance of stroma-rich PDAC.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggres-
sive cancers and expected to be the second leading cause of cancer-
related deaths in the United States by 2030.1 Only a few chemother-
apies are available to date, with limited efficacy.2

Oncolytic viruses can selectively replicate in and destroy cancer cells.
Herpes simplex virus type 1 (HSV-1) is suited for cancer therapy
because it can infect a wide variety of cancer cells with strong cytotox-
icity and induce specific antitumor immune responses, without
damaging the normal tissues. G47D (teserpaturev) is a triple-mutated,
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third-generation oncolytic HSV-1, noted for its markedly enhanced
antitumor activity in vivo.3 G47D is found effective for a variety of
cancers,4-10 and it has been tested in patients with glioblastoma,11

prostate cancer, olfactory neuroblastoma, and malignant mesotheli-
oma. Based on the results of the phase II study, G47D was recently
approved as a new drug for malignant glioma in Japan.12 Talimogene
laherparepvec (T-VEC), a double-mutated oncolytic HSV-1 express-
ing granulocyte-macrophage colony-stimulating factor (GM-CSF),
showed significant durable responses in patients with advanced mel-
anoma, and it was approved as the first oncolytic virus product in the
United States and Europe in 2015.13 Oncolytic poliovirus reportedly
caused a long-term survival in some patients with glioblastoma in a
phase I clinical trial.14 The use of oncolytic viruses for human
PDAC has so far been quite limited: HF10, a naturally attenuated
HSV-1, was injected intraoperatively into non-resectable pancreatic
cancer in six patients, and though safe, only one patient showed a par-
tial response.15 ONYX-015, an E1B-55 kDa gene-deleted adenovirus,
has been tested in clinical trials, but it has not advanced beyond phase
I/II.16,17

A dense tumor stroma has always been a hurdle for treating PDAC.
Focal adhesion kinase inhibitor (FAKi) is a non-receptor type tyro-
sine kinase inhibitor that can reduce the tumor stroma, recruit cyto-
toxic T lymphocytes (CTLs), and suppress regulatory T cells (Tregs)
in the tumor microenvironment by regulating transcription of che-
mokines.18,19 Whether FAKi can improve the efficacy of immune
checkpoint inhibitors (ICIs) in solid malignancies is a topic currently
under investigation.
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Figure 1. The antitumor effect of G47D in human

PDAC cells in vitro and in vivo

(A) Cytopathic effect of G47D in vitro. The number of sur-

vivingcells ofPanc-1,Capan-1,Capan-2, andBxPC-3cells

after infectionwithG47D at anMOI of 0.01 or 0.1 is counted

on indicated days and expressed as percentage of number

ofmock-infected control cells. The results are shownas the

means (n = 3); error bars indicateSD. (B) Efficacy ofG47D in

athymic mice bearing subcutaneous Panc-1 or BxPC-3

tumors. In both subcutaneous tumor models, intratumoral

inoculations with G47D (2 � 106 pfu) on days 0 and 3

caused a significant inhibition of tumor growth. The results

are presented as mean (n = 7); error bars represent SEM.

Tumor volume = length � width � height/2. (C)

Replication of G47D in the normal pancreas. The normal

pancreases of A/J mice were injected with G47D (1 � 107

pfu) and removed on days 0, 3, and 7 or with mock and

removed on day 0. A high number of G47D copies was

detected by qPCR from the pancreas on day 0, but the

number rapidly decreased on day 3, reflecting no

replication of G47D in the normal pancreas. The results

are presented as mean (n = 3); error bars represent SEM.

*p < 0.05, **p < 0.01, ***p < 0.001; vs. mock-infected

controls. ns; not significant. n.d.; not detected.
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Immunotherapy has changed the treatment strategies of cancer, espe-
cially for malignant melanoma, lung cancer, kidney cancer, and head
and neck cancer.20 None of the ICIs, however, has shown efficacy in
treating PDAC.21-24 In order to induce therapeutic effects of ICIs,
various combination therapies are under investigation, including
chemotherapy, radiotherapy, vaccines, and oncolytic viruses. Several
clinical studies combining chemotherapy, such as gemcitabine, with
ICIs have failed in improving the outcome.24 For ICIs to work in
PDAC, it would be necessary to use therapeutic means that can re-
cruit CTLs and turn an immunologically “cold” PDAC into a “hot”
tumor. In this regard, G47D with FAKi and ICIs may serve as an
optimal combination in treating PDAC.25
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In this study, we show that the combination of
G47Dwith FAKi exhibits synergistic therapeutic
effect on PDAC. Further, using PKF mice, a
transgenic autochthonous mouse model that re-
produces the natural course of PDAC in human,
we demonstrate that a combination of G47D
and FAKi, with anti-PD-L1 and anti-CTLA4 an-
tibodies, results in enhanced efficacy.

RESULTS
G47D shows oncolytic activity in human

PDAC cells

Four human PDAC cell lines (Panc-1, Capan-1,
Capan-2, and BxPC-3) were used to evaluate the
cytopathic effects of G47D in vitro. Cells were
infected with G47D at a multiplicity of infection
(MOI) of 0.1 or 0.01. In Panc-1 and BxPC-3
cells, G47D showed significant cytopathic effect, eradicating more
than 90% of tumor cells on post-infection day 4 at an MOI of 0.1
However, G47D showed limited effect in Capan-1 and Capan-2 cells
(Figure 1A).

The infectivity of G47D was evaluated by X-gal staining using Vero
cells as control. At an MOI of 3, Panc-1, Capan-2, and BxPC-3 cells
showed efficient infection with G47D, although Capan-1 demon-
strated limited infectivity (Figure S1A). Further, we evaluated the
replication capability of G47D by virus replication assay. G47D repli-
cates efficiently in Panc-1 and BxPC-3 cells and to a certain extent in
Capan-2 cells, but not in Capan-1 cells (Figure S1B).



Figure 2. The efficacy of G47D in an orthotopic

human pancreatic cancer model

(A) The experimental schedule. Orthotopic PDAC is

generated in the pancreas of athymic mice using BxPC-3-

Red-Fluc cells (1 � 106) and treated with a single

intratumoral injection with G47D (2 � 106 pfu) (n = 8) or

mock (n = 9) on day 14. (B) The tumor growth was

evaluated by measuring the total photon counts by IVIS.

(C) G47D treatment significantly inhibited the growth of

orthotopic PDAC in athymic mice (p < 0.01). The data

are the means; error bars indicate SEM. **p < 0.01. (D)

Kaplan-Meier analysis reveals that G47D treatment

significantly prolongs the survival of athymic mice with

orthotopic PDAC (p < 0.01, log rank test).
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G47D is effective against human PDAC tumors in vivo

Subcutaneous tumors of Panc-1 and BxPC-3 cells were generated in
athymic mice (n = 7), and G47D (2 � 106 plaque-forming units
[pfu]) was intratumorally administered on days 0 and 3. G47D caused
a significant inhibition of the tumor growth in both subcutaneous tu-
mor models (Figure 1B).

To simulate the clinical settings, orthotopic PDAC was generated in
the pancreas of athymic mice using BxPC-3-Red-Fluc cells, and estab-
lished tumors were treated with a single intratumoral injection with
G47D (2 � 106 pfu) on day 14 (Figure 2A). The tumor growth was
Molecul
then followed by measuring the total flux by
In Vivo Imaging System (IVIS). Treatment
with G47D significantly inhibited the tumor
growth compared with mock (p < 0.01 at day
49; Figures 2B and 2C). Six of eight mice sur-
vived in the G47D group, whereas only one of
nine mice survived in the mock group
(p < 0.01; Figure 2D). Thus, intratumoral injec-
tions with G47D in the pancreas are shown use-
ful for treating PDAC in these models.

Replication and cytotoxicity of G47D in the

normal pancreas

To evaluate the replication and cytotoxicity of
G47D in the normal pancreas, the normal pan-
creases of HSV-1-sensitive A/J mice were in-
jected with G47D (1 � 107 pfu) or mock and
removed on days 0, 3, and 7. A high number
of G47D copies was detected by qPCR from
the pancreas as expected on day 0 (2.6 � 108 ±
5.7 � 107/ng DNA [mean ± SEM]), the number
rapidly decreased by day 3 to the detection limit
level (1.8 � 105 ± 0.4 � 105/ng DNA), and
G47D was no longer detected on day 7 (Fig-
ure 1C). The result indicates that G47D does
not replicate in the normal pancreas. Histopa-
thology of the pancreases stained with H&E or
immunostained with an anti-HSV-1 antibody
revealed no abnormalities at any time point after injection for both
G47D and mock (Figure S2), implicating that G47D causes no cyto-
toxicity in the normal pancreas.

G47D and FAKi act synergistically for tumor growth inhibition of

PDAC

As PDAC is associated with rich stroma, we used FAKi that acts to
reduce the tumor stroma. A murine PDAC cell line, #146, derived
from Pdx1cre/+;LSL-KrasG12D/+;Trp53fl/+ mice, was infected in culture
with G47D at anMOI of 1 or 3 and treated with 0.005, 0.05, or 0.5 mM
of FAKi. G47D showed significant cytopathic effects by day 3 at both
ar Therapy: Oncolytics Vol. 28 March 2023 33
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Figure 3. G47D combined with FAKi synergistically

inhibits tumor growth

(A) The experimental schedule. C57BL/6NCrSlc male

mice with established subcutaneous #146 tumors were

treated with intratumoral injections with G47D (2 � 106

pfu) or mock on days 4 and 7, without or with daily oral

administrations with FAKi (50 mg/kg) from day 4. (B)

Representative histology images of subcutaneous #146

tumor stained with H&E and immunostained with an anti-

aSMA antibody showing rich stroma. A histology image of

subcutaneous Neuro2a tumor with aSMA immunostain-

ing representing a tumor with poor stroma is presented for

comparison. (C) G47D and FAKi acted synergistically, and

the combination led to a greater inhibition of the tumor

growth than the FAKi monotherapy. The data are the

means (n = 7); error bars represent SEM. Tumor volume =

length � width � height/2. **p < 0.01. Scale bar, 200 mm.
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MOI of 1 and 3 and positive infection of #146 cells (Figures S3A and
S3D). Treatment with FAKi alone at 0.05 mM and 0.5 mM killed more
than 90% of the cells by day 4 (Figure S3B). Whereas FAKi alone at a
low concentration of 0.005 mM showed no cytotoxic effect on day 3, it
significantly augmented the cytopathic effect of G47D at an MOI of 1
when combined (p = 0.002 and p < 0.001 for day 3 and day 4, respec-
tively, G47D vs. FAKi+G47D; Figure S3C).

We then generated subcutaneous tumors of #146 cells in the flanks of
C57BL/6NCrSlc mice. The histology of established tumors showed
34 Molecular Therapy: Oncolytics Vol. 28 March 2023
rich stroma, mimicking human PDAC
(Figures 3A and 3B). Animals were treated with
intratumoral injections with G47D (2 � 106

pfu) or mock on days 4 and 7, with or without
daily oral administrations with FAKi (50 mg/kg)
from day 4. Whereas the treatment with G47D
alone showed no antitumor efficacy, that with
FAKi alone inhibited the tumor growth compared
with control (p < 0.01 on day 18; Figure 3C).
Consistent with in vitro studies, the combination
ofG47D andFAKi led to a significantly greater in-
hibition of the tumor growth than the FAKi
monotherapy (p < 0.01 on day 18; Figure 3C).
The expected and observed fractional tumor vol-
umes (FTVs) with this combined treatment on
day 18 were 0.690 and 0.373, respectively. Since
the expected FTV to observed FTV ratio was >1
(1.85), G47D and FAKi were considered to have
a synergistic effect.

The combination therapy modifies tumor

microenvironment toward immune

stimulation

To investigate the immunological aspect of how
tumormicroenvironment is altered by the combi-
nation therapy using G47D and FAKi, single cells
prepared from treated tumors, including tumor infiltrating lympho-
cytes (TILs), were evaluated by flow cytometric analysis (Figure 4A).
The numbers of CD8+ andCD4+T cells, natural killer (NK) cells, Tregs,
tumor-associated macrophages (TAMs), CD69- or CD25-positive
CD8+ and CD4+ T cells and myeloid-derived suppressive cells
(MDSCs), and thePD-L1expression statuswere evaluated. Flowcytom-
etry gating strategy for an individual cell subset is shown in Figure S4A.

The combination therapy caused a significant increase of the propor-
tions of both CD8+ T cells and CD4+ T cells among CD45+ cells



(legend on next page)
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compared with control or G47D monotherapy (p < 0.001 and
p < 0.05, respectively vs. control; p < 0.01 and p < 0.05, respectively
vs. G47D alone: Figure 4B). The combination therapy as well as
G47D alone significantly increased the proportions of CD8+CD69+

T cells (p < 0.001 for both G47D and G47D+FAKi) and CD8+

CD25+ T cells (p < 0.01 for both G47D and G47D+FAKi; Figure S4B),
whereas such was not observed with CD4+ T cells (Figure S4C). In
contrast, the proportion of NK cells among CD45+ cells was signifi-
cantly decreased by the combination therapy compared with all other
treatments (p < 0.001 vs. each treatment; Figure 4C). Tregs and PD-
L1+CD45+ cells were both neither affected by G47D nor FAKi
(Figures 4C and 4D). Treatment with G47D caused a significant in-
crease of the proportion of PD-L1+ cells among CD45– tumor cells
with or without FAKi, whereas FAKi alone had no effect on the
PD-L1 expression of tumor cells (G47D vs. control, p < 0.001;
G47D + FAKi vs. FAKi, p < 0.001; Figure 4E). The TAM1/TAM2 ratio
did not change by treatment with G47D alone, but significantly
increased when combined with FAKi (G47D vs. G47D + FAKi,
p < 0.05; Figures 4F and 4G). The combination therapy caused a sig-
nificant decrease of the MDSC proportion compared with all other
treatments, reflecting the decease of the granulocytic-MDSC (G-
MDSC) proportion (p < 0.05 vs. each treatment: Figure 4H).

To assess tumor-specific immune responses induced by the combina-
tion of G47D and FAKi, ELISpot assay was performed using spleno-
cytes harvested from subcutaneous #146 tumor-bearing mice on day
9 of treatment. The combination therapy caused a significant increase
in the number of #146 cell-reactive splenocytes compared with other
therapies (p < 0.01, p < 0.05, and p < 0.05 vs. control, G47D alone, and
FAKi alone, respectively; Figure 4I).

Subcutaneous #146 tumors of treated animals were further assessed
by immunohistochemistry. The combination therapy caused a signif-
icant increase in the number of infiltrating CD8+ T cells compared
with other treatments (p < 0.01, p < 0.05, and p < 0.05 vs. mock,
G47D, and FAKi, respectively; Figures 4J and 4K). Immunostainings
for aSMA revealed that treatment with FAKi caused a remarkable
decrease of stroma (Figure 4K). Quantitative polymerase chain reac-
tion (qPCR) analysis for G47D revealed that combining FAKi had no
effect on in vivo replication of G47D in subcutaneous #146 tumors
(Figure S5). The levels of serum cytokines, including IFN-g, IL-2,
IL-4, IL-5, IL-6, IL-10, IL-12, TNFa, and GM-CSF were measured
1, 4, and 11 days after the second administration with G47D. No sig-
nificant difference was observed in any of the cytokines among four
treatment groups (Figure S6). The results indicate that the combina-
Figure 4. The combination therapy modifies tumor microenvironment toward i

(A) The experimental schedule. C57BL/6NCrSlc male mice with established subcutaneo

mock on days 4 and 7, without or with daily oral administrations with FAKi (50 mg/kg) fro

cytometric analyses are shown for (B) CD8+ lymphocytes and CD4+ lymphocytes; (C) NK

TAM (TAM1 + TAM2) cells; (G) TAM1/TAM2 ratio; and (H) M-MDSC and G-MDSC. The d

were collected on day 9 and subjected to ELISpot assay for IFN-g secretion in response t

(J) The numbers of CD8+ cells in subcutaneous #146 tumors. CD8+ cells were counted i

Representative immunohistochemical images of subcutaneous #146 tumors immunost

Scale bar, 100 mm.
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tion therapy modifies the tumor microenvironment toward immune
stimulation.

G47Dwith orwithout ICIs is inefficacious in transgenic PKFmice

Next, to explore whether G47D is efficacious for a naturally occurring,
stroma-rich PDAC, we used PKF (Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2fl/
fl) autochthonous PDAC mice. This transgenic mouse model mimics
human PDAC on various aspects.26,27 PKF mice develop well-differ-
entiated PDAC with a 100% penetrance, and they all die of a tumor
burden with a median survival of 59 days. They manifest weight
loss, bloody ascites, and jaundice, resembling a common clinical
course of human PDAC. Tumors appear from 5 weeks old with no
exception and eventually occupy the entire pancreas. Histology shows
well-differentiated glandular architecture with rich stromal compo-
nent, again mimicking human PDAC.

42-day-old PKF mice were randomly divided into four treatment
groups (n = 6 per group). Mice were treated with a single intratumoral
injection with G47D (1� 107 pfu) or mock, with or without intraper-
itoneal injections with anti-PD-L1 (200 mg/body) and anti-CTLA4
(250 mg/body) antibodies every 4–5 days (Figure 5A). Kaplan-Meier
analysis revealed no difference in survival among four treatment
groups (log rank test; Figure 5B). Typical pancreatic tumors of
46-day-old PKF mice show rich stroma (Figure 5C). When G47D (
1 � 107 pfu) is injected into a pancreatic tumor of a PKF mouse, im-
munostaining with an anti-HSV-1 antibody demonstrates positivity
for HSV-1 on day1 but not on day 3 of G47D injection (Figure 5D).
In vivo replication study in subcutaneous tumors generated with
K399, a murine PDAC cell line derived from PKF mice, showed a
relatively high number of G47D copies recovered until 2 days after in-
tratumoral G47D injection, but G47D copies decreased rapidly by day
3, implicating that G47D replication capability in PKF tumor model is
limited (Figure 5E).

The efficacy of FAKi is augmented when combined with G47D

and immune checkpoint inhibitors in transgenic PKF mice

Because the combination of FAKi with G47D shifted tumor microen-
vironment toward immune stimulation and decreased areas of stroma
in #146 tumors, we further investigated whether an additional combi-
nation of FAKi causes a favorable effect in PKF mice. It has been re-
ported that FAKi alone can prolong the survival of KPCmice, another
transgenic PDAC mouse model.18 42-day-old PKF mice were
randomly divided into four treatment groups (n = 10, mock and
FAKi groups; n = 9, FAKi + G47D and FAKi + G47D + ICIs groups).
In addition to an intratumoral injection with G47D (1 � 107 pfu), or
mmune stimulation

us #146 tumors were treated with intratumoral injections with G47D (2� 106 pfu) or

m day 4. Tumors were collected on day 9 and single cells prepared. Results of flow

cells and Treg; (D) CD45+PD-L1+ cells; (E) PD-L1+ tumor cells; (F) TAM1,TAM2 and

ata are the means (n = 5); error bars represent SEM. (I) ELISpot assay. Splenocytes

o stimulation by #146 cells. The data are themeans (n = 3); error bars represent SEM.

n five fields per section. The data are the means (n = 3); error bars represent SEM. (K)

ained with anti-CD8 and anti-aSMA antibodies. *p < 0.05, **p < 0.01, ***p < 0.001.
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G47D treatment combined with intraperitoneal injections with anti-
PD-L1 (200 mg/body) and anti-CTLA4 (250mg/body) antibodies every
4–5 days, mice were treated with oral administration with FAKi
(50mg/kg) daily (Figure 6A). Control groups received an intratumoral
injection withmock with or without daily FAKi administration. Treat-
ment with FAKi alone prolonged the survival of PKF mice compared
with control (p = 0.0001). Contrarily to our expectation, FAKi com-
bined with G47D treatment showed no enhancing effect over FAKi
alone. However, combining FAKi treatment with G47D and ICIs led
to a significant improvement of survival compared with FAKi alone
(p = 0.0087) or FAKi + G47D (p = 0.0091; Figure 6B). Immunohisto-
chemical analysis of pancreatic tumors of PKF mice for aSMA
demonstrated that all treatments that included FAKi significantly
decreased the tumor stroma compared with control (Figure 6C).
The triple combination treatment, FAKi + G47D + ICIs, caused a
remarkable increase of the infiltration of both CD4+ and CD8+

T cells, but not NK cells (Figure 6C). TAM1+ and TAM2+ cells were
prominent in all groups without apparent differences (Figure 6C).

Prior to the above experiment, we performed an experiment
comparing the efficacy of FAKi alone and FAKi + ICIs in PKF
mice. The results showed no significant difference in survival between
the two treatment groups (p = 0.387; Figure S7). Therefore, neither
FAKi + G47D nor FAKi + ICIs showed increased efficacy over
FAKi alone in PKF mice, and the prolongation of survival was
achieved only when FAKi was combined with both G47D and ICIs.

DISCUSSION
G47D, a triple-mutated oncolytic HSV-1, has shown safety and effi-
cacy in several clinical trials.5,11,12 The phase II trial in glioblastoma
patients led to the recent approval of G47D as a new drug for malig-
nant glioma in Japan.12 Here, we show that the treatment resistance of
stroma-rich PDAC may be overcome by the use of focal adhesion ki-
nase inhibitor when combined with G47D and ICIs.

One of the obstacles in developing new treatments for PDAC has been
the lack of proper animal models that reflect the clinical course and
histology in human. The transgenic PKF mouse model we use is
rare in that it resembles human PDAC in all aspects.26,27 PKF mice
invariably develop PDAC at 5 weeks old and die of tumor burden
with a median of 59 days, and the well-differentiated glandular tumor
has rich stromamimicking human PDAC. The significance of the pre-
sent study is that, because the efficacy of the combination therapy was
shown in PKF mice, we can expect such outcome to be reproduced in
clinical settings. This model was used to discover that erlotinib showed
Figure 5. G47D with or without ICIs is inefficacious in transgenic PKF mice

(A) The experimental schedule. PKF mice (42 days old) were treated with an intratumora

with anti-PD-L1 (200 mg/body) and anti-CTLA4 (250 mg/body) antibodies (n = 6 per grou

four treatment groups (log rank test). (C) Representative histology of typical pancreatic tu

stroma. (D) After being injectedwith G47D (1� 107 pfu), a pancreatic tumor of a PKFmou

(E) In vivo replication study of G47D. Subcutaneous K399 tumors in athymic mice we

harvested on days 0, 1, 2, 3, and 7 for G47D (n = 3–4) and on day 0 for mock (n = 3), and r

SEM. n.d.; not detected.
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additional benefit to gemcitabine.28 We recently demonstrated that
anti-VCAM-1 antibody was efficacious in PKF mice.29 The transgenic
KPC mouse (LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre) has been
used as a model for PDAC, but it does not resemble human in that tu-
mors grow rather slowly with the mean survival of 5 months, the tu-
mor stroma is less dense than human, and 8% of KPC mice form sar-
coma.30 Oncolytic vaccinia virus armed with interleukin 10 was shown
effective in prolonging the survival of KPC mice.31

The dense tumor stroma has always been the main obstacle for treat-
ing PDAC. Stroma not only suppresses actions of chemotherapeutic
agents, but it contains fibroblasts and extracellular matrix that block
infiltration of effector cells.32 To overcome the stroma problem,
several agents have been developed, including the Hedgehog inhibitor
(IPI-926) and human hyaluronidase (PEGPH20), but these agents
failed to improve the outcome of chemotherapy in PDAC pa-
tients.33,34 FAKi is a promising, non-receptor type tyrosine kinase in-
hibitor that can act on stroma and inhibit tumor growth of PDAC.19 It
has been reported that various FAK inhibitors, including VS-4718
used in this study, are undergoing clinical trials in different phases.35

FAKi has shown efficacy in the subcutaneous #146 tumor model pre-
sumably by recruiting CD8+ T cells and decreasing Tregs.18 Whereas
G47D alone showed efficacy in athymic mice bearing human PDAC
tumors, it did not exhibit any effect in immunocompetent mice
bearing #146 tumors or in PKF mice. One obvious reason would be
that G47D does not kill mouse PDAC cells as efficiently as human
PDAC cells. It is also possible that G47D cannot spread efficiently
in a stroma-rich environment. However, FAKi acted synergistically
with G47D, and the combination was significantly more efficacious
than FAKi alone in the subcutaneous #146 tumor model. The combi-
nation therapy was shown to modify tumor microenvironment to-
ward immune stimulation, so the synergy is likely a result of immu-
nostimulatory actions of both FAKi and G47D. In transgenic
autochthonous PKF mice, not only G47D alone but also G47D with
ICIs showed no efficacy: an augmented efficacy was observed only
when FAKi was combined with both G47D and ICIs. Therefore, the
use of FAKi seems required for overcoming the treatment resistance
of PDAC. Further, this observation likely shows that, as the mecha-
nism of efficacy augmentation by FAKi, the release of stroma’s
blockade of immune cell infiltration, thereby augmenting antitumor
immune responses, may be acting more importantly than allowance
of virus spread. Because G47D replicates in and kills human tumor
cells more efficiently than mouse tumor cells, a higher efficacy of
the combination therapy, using FAKi, G47D, and ICIs, may be ex-
pected in clinical settings than in the mouse models.
l injection with G47D (1 � 107 pfu) or mock, with or without intraperitoneal injections

p) every 4–5 days. (B) Kaplan-Meier analysis reveals no difference in survival among

mors of 46-day-old PKF mice using H&E and anti-a SMA staining demonstrates rich

se shows immuno-positivity for HSV-1 on day 1 but not on day 3. Scale bar, 200 mm.

re injected with G47D (2 � 106 pfu) 7 days after tumor implantation. Tumors were

ecovered virus wasmeasured by qPCR. Results are themeans; error bars represent



Figure 6. The efficacy of FAKi is augmented when

combined with G47D and immune checkpoint

inhibitors in transgenic PKF mice

(A) The experimental schedule. 42-day-old PKFmice were

randomly divided into four treatment groups (n = 10, mock

and FAKi groups; n = 9, FAKi + G47D and FAKi + G47D +

ICI groups). In addition to an intratumoral injection with

G47D (1 � 107 pfu), or G47D treatment combined with

intraperitoneal injections with anti-PD-L1 (200 mg/body)

and anti-CTLA4 (250 mg/body) antibodies every 4–

5 days, PKF mice were treated with oral administration

with FAKi (50 mg/kg) daily. Control groups received an

intratumoral injection with mock with or without daily

FAKi administration. (B) Kaplan-Meier analysis

demonstrates that the combination of FAKi treatment

with G47D and ICIs significantly prolongs the survival of

PKF mice compared with FAKi alone (p = 0.0087) or

FAKi + G47D (p = 0.0091). FAKi alone prolonged the

survival of PKF mice compared with control (p =

0.0001), but FAKi combined with G47D treatment

showed no enhancing effect over FAKi alone. *p < 0.05,

**p < 0.01, ***p < 0.001. (C) Representative histology of

pancreatic tumors of PKF mice in four treatment groups.

Sections of pancreatic tumors were stained with H&E, or

immunostained for aSMA, CD4, CD8, NK (CD161),

TAM1 (CD86) or TAM2 (CD206). Scale bar, 50 mm.
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PDAC is known to be an immunologically “cold” tumor, character-
ized by the presence of dominant immunosuppressive cells such as
MDSCs, Tregs, and TAMs in the tumor microenvironment.36 Our
study shows that the combination of FAKi and G47D can turn these
“cold” tumors “hot.” FAKi is reported to inhibit the recruitment of
Molecul
Tregs by decreasing the expression of CCL5,19

but in the subcutaneous #146 tumor model,
we show that the addition of FAKi to G47D
rather causes enhanced recruitment of CD8+

and CD4+ T cells and a decrease in NK cells,
TAM1/TAM2 ratio, and MDSCs in the tumor
microenvironment. It has been reported that
NK cells and CD8+ T cells exert negative feed-
back on each other.37,38 MDSCs are known to
suppress the antitumor immunity, and we
have reported that an inhibition of CXCR2, ex-
pressed on MDSCs, disrupted the tumor-stro-
mal interactions and improved survival in a
PDAC mouse model.39 In addition to the ac-
tions of FAKi, G47D alone causes a significant
increase of PD-L1+ ratio of tumor cells. Expres-
sion levels of PD-L1 are shown to correlate with
the effectiveness of immune check point
inhibitors.40

In conclusion, the efficacy of FAKi was signifi-
cantly augmented via a synergistic action when
combined with G47D or with both G47D and
ICIs in immunocompetent mice bearing stroma-rich PDAC. The
combination therapy likely modifies the tumormicroenvironment to-
ward immune stimulation. FAKi in combination with G47D and ICIs
may be useful to overcome the treatment resistance and to improve
the outcome of PDAC patients.
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MATERIALS AND METHODS
Cell lines and virus

Vero (African green monkey kidney) and human PDAC cell lines,
Capan-1, Capan-2, and BxPC-3, were purchased from the American
Type Culture Collection (Manassas, VA, USA). The Panc-1 (human
PDAC) was purchased from RIKEN Cell Bank (Tsukuba, Japan).
BxPC-3-Red-Fluc was purchased from PerkinElmer (Waltham,
MA, USA). A murine PDAC cell line, #146, was previously estab-
lished from the Pdx1cre/+;LSL-KrasG12D/+;Trp53fl/+ mouse model.41

A murine PDAC cell line, K399, was derived from PKF (Ptf1a-
cre/+;LSL-KrasG12D/+;Tgfbr2fl/fl) mice.27 Vero and #146 cells were
maintained in DMEM supplemented with 10% fetal bovine serum
(FBS). Capan-1 and Capan-2 cells were maintained in IMDM and
McCoy’s 5A supplemented with 20% and 10% FBS, respectively.
The BxPC-3, Panc-1, BxPC-3-Red-Fluc, and K399 cells were main-
tained in RPMI1640 supplemented with 10% FBS. All the cells were
incubated at 37�C under 5% CO2. G47D is a conditionally replicating
oncolytic HSV-1 virus with deletions in the g34.5 and a47 genes and
an inactivating insertion of the LacZ within the ICP6 locus.3
Animal studies

C57BL/6NCrSlc male mice (6 weeks old) and BALB/c nu/nu female
mice (6–7 weeks old) were purchased from Japan SLC (Hamamatsu,
Japan). The PKF (Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2fl/fl) mice were
generated and genotyped as previously described.26,27 All animal
studies were approved by the Ethics Committee for Animal Experi-
mentation of the University of Tokyo.
Subcutaneous tumor models

Subcutaneous tumors were generated by injecting Panc-1 or BxPC-3
cells (5 � 106), or K399 cells (3 � 106) into the left flank of athymic
(BALB/c nu/nu) mice, and #146 cells (1 � 106) into the left flank of
C57BL/6NCrSlc mice. The cells were suspended in 70 mL serum-
free medium before injection. In athymic mouse models, when the
subcutaneous tumors reached 5 mm in diameter, G47D (2 � 106

pfu) or mock (defined as 20 mL PBS supplemented with 10% glycerol)
was administered intratumorally on days 0 and 3. Mice were eutha-
nized when tumors reached 24 mm in diameter as regulated by the
Ethics Committee for Animal Experimentation of the University of
Tokyo. Drug interactions were evaluated as synergistic or additive, us-
ing the FTV.42 The FTV was calculated as the ratio of experimental
tumor volume to mean control tumor volume. The expected FTV
was calculated as the FTV after FAKi � FTV after G47D. If the ratio
of the expected FTV to observed FTV was greater than 1, the effect
was considered to be synergistic. A ratio less than 1 suggested that
the effect was additive.
Orthotopic tumor model

An orthotopic mouse PDAC model was generated in the pancreas of
athymic mice, as previously described,43 using the BxPC-3-Red-Fluc
cells (1� 106) suspended in 80 mL serum-free medium on day 0 with a
1-mL disposable syringe and a 26G needle. Tumor volume was eval-
uated using bioluminescence, which is highly specific and sensitive for
40 Molecular Therapy: Oncolytics Vol. 28 March 2023
tumor detection. Briefly, mice were anesthetized with isoflurane and
intraperitoneally injected with 150 mg/kg of D-luciferin (Promega,
Madison, WI, USA) as the substrate. For tumor detection, mice
were placed in the right lateral decubitus position. Images were ac-
quired 20 min after administration of luciferin. The signal intensity
was evaluated as the sum of all detected photon counts within the re-
gion of interest after subtraction of background luminescence. In pre-
liminary experiments, orthotopic tumors were observed to have a tu-
mor diameter of approximately 4 mm on day 14, so the timing was
chosen for treatment initiation. On day 14, each tumor volume was
evaluated based on the bioluminescence, and mice were randomly as-
signed to mock and G47D treatment groups. After randomization,
mice were anesthetized, and the abdominal wall was incised 1 cm
to expose the pancreatic tumor. G47D (1 � 107 pfu) or mock was in-
jected with a 100-mL Hamilton syringe and a 30G needle at a depth of
3 mm. The abdominal wall was closed with a 5-0 nylon surgical su-
ture. Photons were counted every 3–4 days until day 49. The survival
rate was evaluated until day 110.

In vitro cytotoxicity studies

In vitro cytotoxicity studies were performed as described previously.44

Cytotoxicity studies in #146 cells were performed using DMEM with
10% heat-inactivated FBS. The number of surviving cells was counted
every day with the Coulter Counter (Beckman Coulter, Brea, CA,
USA) and expressed as percentage of the number of mock-infected
control cells.

X-gal staining

Vero, #146, and human PDAC cells (Panc-1, Capan-1, Capan-2, and
BxPC-3) were seeded in six-well plates (3 � 105 cells/well) and in-
fected with G47D at an MOI of 1 or 3 at 37�C for 1 h, and further
cultured for 4 h. Next, the cells were fixed with 0.2% glutaraldehyde
or 2% paraformaldehyde and incubated with X-gal substrate solution
(PBS, 5-bromo-4-chloro-3-indolyl-b-d-galactoside, 5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide, and 2 mM magnesium
chloride) at 37�C for 2 h.

Virus replication assay

Vero and human PDAC cells (Panc-1, Capan-1, Capan-2, and
BxPC-3) were seeded in six-well plates (3 � 105 cells/well) and in-
fected with G47D at an MOI of 0.01. After incubation at 37�C for
24 or 48 h, cells were collected, and virus yields were assessed using
plaque assay with Vero cells.

G47D and FAKi combination therapy in a subcutaneous tumor

model

C57BL/6NCrSlc mice bearing established subcutaneous #146 tumors
were treated with intratumoral injections with G47D (2� 106 pfu) or
mock on days 4 and 7. FAKi (VS-4718, Selleck, Houston, TX, USA)
was administered orally (50 mg/kg) every day starting on day 4.
VS-4718 is a selective bispecific inhibitor with activity against
FAK1/FAK and FAK2/PYK2 kinases. VS-4718 has been shown to
suppress tumor progression and prolong survival of transgenic
KPC mice and to render pancreatic cancers responsive to ICIs.18
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Combination therapy in transgenic PKF mice

In preliminary experiments, all PKF mice were observed to have more
than 80% of the pancreas occupied by tumor at 42 days of age, so the
timing was chosen for treatment initiation. 42-day-old PKF mice were
treated with a single intratumoral injection with G47D (1 � 107 pfu),
intraperitoneal injections with anti-PD-L1 antibody (clone 10F.9G2,
BioXCell, Lebanon, NH, USA, 200 mg/body), and anti-CTLA4 antibody
(clone 9H10, BioXCell, 250 mg/body) every 4–5 days starting on day 42.
For G47D treatment, mice were anesthetized, and the abdominal wall
was incised 1.5 cm to expose the pancreatic tumor. G47D was injected
with a 100-mL Hamilton syringe and a 30G needle at a depth of
5 mm. The abdominal wall was closed with a 5-0 nylon surgical suture.

For the combination therapy of FAKi and ICIs, 42-day-old PKF mice
started daily treatment of oral administration with FAKi (50 mg/kg)
and received intraperitoneal injections with anti-PD-L1 (200 mg/
body) and anti-CTLA4 (250 mg/body) antibodies every 4–5 days since
day 42. For the triple combination therapy, PKFmice were treatedwith
FAKi, anti-PD-L1, and anti-CTLA4 in the same manner as above, and
a single intratumoral injection with G47D (1� 107 pfu) on day 52. The
rat IgG2b antibody (clone LTF-2, BioXCell) and Syrian Hamster IgG
antibody (polyclonal, BioXCell) were used as isotype controls.

Flow cytometric analysis

C57BL/6NCrSlc mice bearing established subcutaneous #146 tumors
were treated with intratumoral injections with G47D (2 � 106 pfu)
or mock on days 4 and 7, and oral administrations with FAKi
(50mg/kg) daily from day 4. Tumorswere excised on day 9, andmouse
Tumor Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many), gentleMACS Dissociator (Miltenyi Biotec), and gentleMACS
C Tubes (Miltenyi Biotec) were used to prepare single cells according
to themanufacturer’s protocol. Red blood cells were removed by using
the RBC lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA).
Single cells including TILs were stained with several antibodies
(Table S1) and analyzed using the gating strategy (Figure S3). Cell sub-
sets were defined as follows: CD8+ lymphocytes (CD45+CD14�CD19�

CD8+); CD4+ lymphocytes (CD45+CD14�CD19�CD4+); NK cells
(CD45+CD49b+CD3�); Treg (CD45+CD14�CD19�CD4+Foxp3+);
CD45+PD-L1+ cells (CD45+PD-L1+); PD-L1+ tumor cells (CD45�PD-
L1+); TAM1 cells (CD45+CD3�F4/80+CD11b+CD206�CD86+),
TAM2 cells (CD45+CD3-F4/80+CD11b+CD206+CD86�); M-MDSC
(CD45+CD11b+Ly6G�Ly6Chigh); G-MDSC (CD45+CD11b+Ly6G+

Ly6Clow); CD8+CD69+ lymphocytes (CD45+CD3+CD8+CD69+CD8+

CD25+ lymphocytes (CD45+CD3+CD8+CD25+); CD4+CD69+ lym-
phocytes (CD45+CD3+CD4+CD69+); CD4+CD25+ lymphocytes
(CD45+CD3+CD4+CD25+). The True-Nuclear Transcription Factor
Buffer Set (BioLegend, SanDiego, CA,USA)was used for intra-nuclear
staining according to the manufacturer’s protocol. The analysis was
performed on the CytoFLEX flow cytometer (Beckman Coulter,
Brea, CA, USA).

ELISpot assay

#146 cells (1� 106) were implanted subcutaneously into the left flanks
of C57BL/6NCrSlc mice. When tumors were established, mice
received intratumoral injections with G47D (2 � 106 pfu) or mock
on days 4 and 7 and oral administrations with FAKi (50 mg/kg) daily
from day 4. Mice were sacrificed on day 9, and a single-cell suspension
of splenocytes was prepared. After the splenocytes were stimulated by
#146 cells, IFN-g secretion from tumor-reactive splenocytes was eval-
uated using IFN-g ELISpot PLUS (Mabtech, Nacka Strand, Sweden).
Assays were conducted following the manufacturer’s protocol. Spots
were counted and analyzed using the ImmunoSpot Analyzer and
ImmunoSpot software (CTL, Cleveland, OH, USA).

Histological analysis

Tumors were excised from subcutaneous #146 tumors of C57BL/
6NCrSlc mice or pancreatic tumors of PKF mice and fixed in 10%
formaldehyde neutral buffer solution (Sigma-Aldrich, St. Louis,
MO, USA) for 72 h, and embedded in paraffin. Sections were rehy-
drated through graded alcohol, and Target Retrieval Solution S1700
(Agilent Technologies, Santa Clara, CA, USA) was used for heat-
mediated antigen retrieval. A subcutaneous Neuro2a (neuroblas-
toma) tumor generated in syngeneic A/J mouse was used as a
stroma-poor histology control. The sections were immunostained
with anti-mouse CD161, CD86, CD206, CD8a, CD4, alpha smooth
muscle actin (aSMA) antibody (Cell Signaling Technology, Danvers,
MA, USA), or anti-HSV-1 antibody (Abcam, Cambridge, United
Kingdom), followed by developing using the 3-30 diaminobenzidine
(DAB) as chromogenic substrate. For the measurement of CD8+ cells,
a blinded observer counted the number of positive cells in five fields
(0.5 mm2/field) per section.

Cytokine analysis

C57BL/6NCrSlc male mice with established subcutaneous #146 tu-
mors were treated with intratumoral injections with G47D (2 � 106

pfu) on days 4 and 7 and daily oral administration with FAKi. Serum
was collected from mice on days 4, 7, and 14 and was used for cyto-
kine analysis. The levels of IFN-g, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12,
TNF-a, and GM-CSF were evaluated using the Bio-Plex Multiplex
Assay and Bio-Plex 200 system (Bio-Rad, Hercules, CA, USA) ac-
cording to the manufacturer’s protocol.

Detection of G47D by quantitative polymerase chain reaction

Subcutaneous #146 tumors in C57BL/6NCrSlc male mice were in-
jected with G47D (2� 106 pfu) on days 4 and 7. Tumors were excised
on day 9, and DNA was extracted using the QIAamp Fast DNA Tis-
sue Kit (QIAGEN, Venlo, the Netherlands). One HSV-specific primer
pair, amplifying the glycoprotein B (gB) gene, was used. The forward
primer sequence was 50-GGCGCGGTCCTCAAAGAT-30 and reverse
primer sequence was 50-AGAACATCGCCCCGTACAAG-30. PCR
was performed using the 7500 Fast Real-time PCR System (Thermo
Fisher Scientific). HSV genome copy number below 1.0 � 105/ng
DNA was not detectable. Approximately 36 copies of G47D detected
by qPCR equal 1 pfu.

In vivo replication assay

Subcutaneous K399 tumors in athymic (BALB/c nu/nu) mice were
injected with G47D (2 � 106 pfu) or mock 7 days after tumor
Molecular Therapy: Oncolytics Vol. 28 March 2023 41
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implantation. Tumors were harvested on days 0, 1, 2, 3, and 7 for
G47D (n = 3–4) and on day 0 for mock (n = 3). DNA was extracted
and qPCR for G47D was performed as described above.

Replication and cytotoxicity evaluation of G47D in the normal

pancreas

G47D (1 � 107 pfu) or mock in a volume of 20 mL was injected into
the pancreas of A/J mice using a 100-mL Hamilton syringe and a 30G
needle. The pancreases injected with G47D were removed on days 0,
3, and 7 (n = 3 per day) and those with mock on day 0 (n = 3), and the
amount of G47DDNA was measured by qPCR as described above. In
a separate set of experiments, the pancreases of A/J mice were injected
with G47D or mock, removed on days 0, 3, and 7 (n = 3 per day for
both groups), and subjected to pathological evaluation by H&E stain-
ing and immunohistochemistry for HSV-1.

Statistical analysis

Two-tailed Student’s t test was used for all comparisons, except for
Kaplan-Meier analysis, for which a log rank test was used. In all cases,
p < 0.05 was considered to be statistically significant. All statistical an-
alyses were performed using the JMP Pro 14 software (SAS, Cary,
NC, USA).
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