Molecular Therapy
Oncolytics

Original Article

Oncolytic adenovirus inhibits malignant ascites
of advanced ovarian cancer by reprogramming
the ascitic immune microenvironment
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Malignant ascites frequently occur in patients with advanced
ovarian cancer at initial diagnosis, and in almost all cases of
relapse, they are closely related to poor prognosis, chemoresist-
ance, and metastasis. To date, effective management strategies
have been limited. In this study, we aimed to investigate the ef-
fects of oncolytic adenovirus (OV) on malignant ascites in a
mouse model of advanced ovarian cancer. The results suggested
that OV conferred an effective ability to reduce ascites develop-
ment and prolong overall survival. Further analysis of the as-
citic immune microenvironment revealed that OV treatment
promoted T cell infiltration, activation, and differentiation
into the effector phenotype; reprogrammed macrophages to-
ward the M1-like phenotype; and increased the ratios of both
CD8" T cells to CD4" T cells and M1 to M2 macrophages. How-
ever, immunosuppressive factors such as PD-1, LAG-3, and
Tregs emerged after treatment. Combination therapy
including OV, CSF-1R inhibitor PLX3397, and anti-PD-1
remarkably delayed the progression of ascites, and combina-
tion therapy induced a greater extent of T cell infiltration, pro-
liferation, and activation. This study provides experimental
and theoretical evidence for oncolytic virus-based treatment
of malignant ascites, which may further contribute to advanced
ovarian cancer therapy.

INTRODUCTION

Malignant ascites are present in more than one-third of ovarian
cancer patients.”” As a comorbidity, the emergence of malignant
ascites can have a significant impact on a patient’s quality of life,
causing abdominal distension, pain, nausea, and impaired move-
ment.” In addition, malignant ascites are closely associated with
poor prognosis, relapse, drug resistance, and metastasis." ® The
larger volume of ascites accumulation was consistent with shorter
progression-free survival (PFS) in a large study of 685 patients, in
which patients with ascites volume >2 L demonstrated shorter
PFS and overall survival (OS).” Ascites could be an independent
prognostic indicator, considering that more than 90% of ovarian
cancer patients with malignant ascites are diagnosed with stage

III and IV cancer.*” Immune cells and cytokines are important
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components of malignant ascites and are associated with disease
progression.’ Previous studies have shown that the immunoreactive
phenotype is consistent with lower ascites volume.'®'" Patients with
a higher ratio of CD8/CD4 and effector T cells in ascites had longer
PFS,'"'* indicating that a strong immune response might be essen-
tial to overcome ovarian cancer-induced ascites. At present, no
therapeutic strategy has been applied to standard practice to
manage or prevent ascites secondary to ovarian cancer; paracentesis
is generally used to attenuate ascites and their symptoms, and anti-
angiogenic therapy via vascular endothelial growth factor (VEGF)
inhibition is currently emerging as a potential approach. Neverthe-
less, the side effects are obvious, and new and effective strategies are
required.

Oncolytic viruses have emerged as a promising approach in the field
of cancer therapy, based on their extensive effects, including direct
oncolysis, release of tumor-associated antigens (TAAs), and induc-
tion of immune cell infiltration.'*"' Systemic antitumor effects could
be achieved by local injection of oncolytic viruses, whereby TAAs
released by local or intratumoral injection of oncolytic adenovirus
(OV) could act as a vaccine in situ to activate the immune system
and recruit immune cells into the tumor microenvironment,'®"”
thus shifting “cold” tumors to “hot” tumors and being key to success-
ful immunotherapy in tumors with low immune scores.'® These ad-
vantages resulted in the approval of the oncolytic herpesvirus for
the treatment of melanoma.'” A series of studies has evaluated the
therapeutic effects of oncolytic viruses in ovarian cancer.”* >’
er, most studies are currently heavily focused on the direct or indirect
effects of oncolytic viruses on tumor cells themselves, and attention
paid to ascites is limited. Moreover, in most studies, human ovarian
cancer cell lines were used to evaluate oncolytic effects in immune-

Howev-

Received 2 April 2021; accepted 7 November 2021;
https://doi.org/10.1016/j.0mt0.2021.11.008.

Correspondence: Hongxin Deng, PhD, State Key Laboratory of Biotherapy and
Cancer Center, Collaborative Innovation Center of Biotherapy, West China Hos-
pital, Sichuan University, Ke-yuan Road 4, No. 1, Gao-peng Street, Chengdu, Si-
chuan 610041, P.R. China.

E-mail: denghongx@scu.edu.cn

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omto.2021.11.008
mailto:denghongx@scu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2021.11.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

A
48h
72h
B
ctrl oV £
E1A §
*
carH QD
D E 404
-e— Ctrl
_.35{ = OV
D8 (i.p) OV 5x108 pfu per mouse )
l ;S, 30+ *%
I 1 1 0]
/f > 225
0 35 38 41 §
Days after inoculation 20
15 U 1 1 ) 1
34 39 44 49 54 59
Days after inoculation
F G
Ctrl oV 20- * ok * 100
° -e—-Ctrl
P * % %
E15{ _e 801 oV
e | 2
£ <60~
g104 °° 2
@ %02 2 40
Q >
S 54 % @
< 204
o-+—19— 0 ™ T A T 1
O\«\ OA 0 10 50 55 60 65 70

Days after inoculation

(legend on next page)

Molecular Therapy: Oncolytics Vol. 23 December 2021 489


http://www.moleculartherapy.org

deficient mice, which restricted immunological exploration of onco-
Iytic viruses in ascites.

In the present study, we established a mouse ovarian cancer model
that mimicked advanced ovarian cancer with ascites formation®*
and investigated the effects of oncolytic adenovirus (OV) on malig-
nant ascites. From our data, we provide an insight into the capacity
of OV to control ascites and potential immune mechanisms, which
might be helpful for the clinical treatment of patients with advanced
ovarian cancer.

RESULTS

OV lysed the mouse ovarian cancer cells and suppressed ascites
formation in vivo

We first tested the oncolytic effects of OV on mouse ID8 ovarian can-
cer cells, as shown in Figure 1A. Compared with the control group,
OV lysed the ID8 cells and significantly decreased their cell numbers
after infection. We also detected the expression of virus-specific gene
E1A and progeny virus post infection (Figures 1B and 1C). We then
evaluated the effects of OV in vivo on the ascites whereby the mice
were treated according to the scheme shown in Figure 1D and ascites
development was indicated by body weight, with the results showing
that OV treatment remarkably arrested the increase of body weight in
mice (Figure 1E). Further measurement of ascites volume also sug-
gested that a smaller volume was present in the treated group than
in the untreated group (Figure 1F). Moreover, OV treatment pro-
longed the OS of the mice (Figure 1G). Therefore, these results re-
vealed that OV greatly reduced ascites formation.

OV reshaped the immune cell profile of ascites

Given the above results that reduced ascites volume was observed after
OV treatment, we analyzed the infiltrating immune cell profiles within
the ascites using flow cytometry and found that OV treatment
increased the total number of T cells (Figure 2A). The T cell subset anal-
ysis suggested that only CD8" T cells, but not CD4" T cells, increased
(Figure 2B), which led to an increase in the ratio of CD8" T cells to
CD4" T cells (Figure 2C). Previous studies indicated that effector
T cells in ascites were positively correlated with ovarian cancer progres-
sion.'”'* We next determined the percentage of naive and effector
T cells after treatment, which was defined as CD44 "°"CD62L"* and
CD44"8"CD62L", respectively (Figure 2D). We found that the per-
centage of effector T cells was relatively low in the control group,
and most CD4" T cells were naive. However, OV treatment reversed
this effect, resulting in remarkable enhancement of CD4" effector
T cells and decrease of CD4" naive T cells (Figures 2E and 2F); similar
results were also found in the CD8" T cell subsets (Figures 2G and 2H).
We then investigated whether these T cells could target tumor antigens,
and the results showed that OV therapy increased the percentage of tu-
mor-specific CD8" T cells in ascites (Figure 21).
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The role of macrophages in maintaining the immunosuppressive
microenvironment and promoting cancer progression has been
well studied,”™”® and CSF-1/CSF-1R signaling is important for
macrophage recruitment and polarization.””** We also detected
constitutive secretion of CSF-1 by ID8 cells (data not shown) and
high expression of CSF-1R on macrophages (Figure 2J). The results
showed that OV treatment reduced the proportion of macrophages
in ascites (Figure 2K) and upregulated the percentage of proinflam-
matory M1-like macrophages (Figure 2L), as indicated by major his-
tocompatibility complex II (MHC II) expression. Conversely, the
number of M2-like macrophages (CD11b*F4/80" MHC I17) was
decreased (Figure 2M). CD206 expression, another marker for M2
macrophages, was also downregulated after treatment (Figure 2M),
leading to upregulated ratios of M1 to M2 macrophages (Figure 2N).
As a result of these positive changes, the proportion of tumor cells in
the ascites was remarkably reduced (Figure 20). Consistent with the
change of immune cell profiles, we also found an increase of proin-
flammatory cytokines (interferon-y [IFN-y], CXCL9, and inter-
leukin-2 [IL-2]) and downregulation of immunosuppressive cyto-
kine IL-6 (Figure 2P).

Taken together, OV treatment changed the immune balance by pro-
moting T cell infiltration and differentiation into effector T cells and
polarized macrophages toward the M1-like phenotype, which was
beneficial for antitumor immunity and disease control.

OV activated T cell function and increased IFN-y secretion

Based on the key role of T cells in immune-mediated tumor control
and the finding that OV enhanced T cell numbers and the percentage
of effector T cells in ascites (Figures 2A-2I), we investigated whether
the functional level of T cells was also improved. By detecting the
expression of the co-stimulatory molecule ICOS on T cells, we found
that OV treatment significantly augmented ICOS expression on both
the CD4" and CD8" T cells of ascites (Figures 3A and 3B), suggesting
a stronger activation of T cells after treatment. Proliferation rates are
also considered essential indicator of T cell function; here, we found
that OV treatment upregulated Ki-67 expression in ascitic CD4" and
CD8" T cells (Figures 3C and 3D). Notably, despite the fact that the
CD4" T cell number in ascites was not extended after treatment (Fig-
ure 2B), both ICOS and Ki-67 expression increased substantially.

To further understand T cell functions, we determined the IFN-y
expression in the T cells from ascites and the spleen and found that, after
stimulation with phorbol myristate acetate and ionomycin, the amount
of IFN-y-expressing CD4" and CD8" T cells in untreated ascites was
low (Figure 3E), suggesting that these T cells were not activated or sup-
pressed by inhibitory signaling; this was consistent with previous results
that the IFN-y in untreated ascites was not detectable (Figure 2P).
However, OV treatment largely expanded IFN-y-expressing T cells,

Figure 1. The oncolytic effects of OV in vitro and therapeutic ability in vivo

(A) ID8 cell morphology after infection. Scale bar, 200 um. (B) Expression of adenovirus gene E1A in ID8 cells after infection. (C) Detection of progeny OV in tumor cells after
infection. Scale bar, 100 um. (D) Treatment scheme. (E) Body weights of mice, n = 10 mice per group. (F) Representative mice with ascites and statistics of ascites volume, n =
8 mice per group. (G) Overall survival, n = 10 mice per group. Mean + SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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especially CD8" T cells (Figures 3E and 3F). We also detected IFN-y
expression in splenic T cells in response to stimulation; although no sig-
nificant variation was observed, they did demonstrate a growing trend
(Figure 3G).

Therefore, these data provide strong evidence that OV alters ascitic
T cell function by enhancing T cell activation, proliferation, and
IFN-vy release, which resulted in immune activation and reduced
ascites.

OV treatment upregulated the co-inhibitory molecules and
increased Treg infiltration

To investigate the immunosuppressive status of ascites after treat-
ment, we initially performed an analysis of co-inhibitory molecules
in the ascitic microenvironment, including PD-1/PD-L1 signaling
and LAG-3. The results indicated that OV treatment largely
augmented PD-1 expression on both ascitic CD4" and CD8" T cells
(Figures 4A and 4B), suggesting that not only functional activation
but also suppressive signaling was enhanced after treatment. OV treat-
ment significantly increased LAG-3 expression on CD4" T cells (Fig-
ure 4C). It was noteworthy that the overall percentage of LAG-3 on
CD4" T cells was low (<15%); however, the increased amount of
LAG-3 was more significant in CD8" T cells than in CD4" T cells
(Figure 4D). As a consequence, the number of PD-1"LAG-3" dou-
ble-positive CD4" T cells and CD8" T cells, which indicated a severely
exhausted status,”’ was increased (Figure 4E). We then determined
PD-L1 expression on ascitic tumor cells, total immune cells, and mac-
rophages. The results showed that OV treatment led to a tremendous
increase of PD-L1 abundance on ascitic tumor cells (Figure 4F).
Although the percentage of PD-L1 expression on total immune cells
was not altered after treatment (Figure 4G), PD-L1 expression on mac-
rophages was significantly upregulated, with an average of nearly
100% (Figure 4H), which was in line with the fact that inhibitory sig-
nals constitutively existed or were induced in ascites.” Finally, we eval-
uated the proportion of regulatory T cells (Tregs), which are closely
associated with cancer development and immune suppression,”” and
found that OV treatment led to a remarkable increase in Tregs
(Figure 4I).

In brief, despite OV treatment boosting T cell infiltration and activa-
tion, it also induced immune-suppressive mechanisms by upregulat-
ing the expression of co-inhibitory molecules and enhancing
immune-suppressive cell infiltration.

Molecular Therapy: Oncolytics

Combination therapy with OV, PLX3397, and anti-PD-1
restrained ascites development

Inspired by the finding that OV treatment enhanced PD-1 expression
on T cells and due to the advantages of combination therapy in over-
coming multiple suppressive factors, we also found that CSF-1R was
mainly expressed on macrophages (Figure 2J), CSF-1/CSF-1R is a key
signal pathway for macrophage recruitment.’"** Therefore, we de-
signed a triple combination strategy that included OV, PD-1 anti-
bodies, and PLX3397 (a CSF-1R inhibitor) and tested its potential dis-
ease control abilities. The results suggested that, compared with
monotherapy and dual therapy, mice that received combination ther-
apy had greatly delayed increase of body weight (Figures 5A and 5B).
These data suggest that combination therapy can induce strong ther-
apeutic effects on ascites formation.

Combination therapy increased T cell infiltration and altered
macrophage polarization

We next wanted to uncover the possible mechanism behind combina-
tion therapy. Thus, an analysis of T cells and macrophages in ascites
was performed using flow cytometry. The ascites volume was
measured before immune cell analysis, and the results indicated
that the combined group had a smaller volume of ascites than the un-
treated group (Figure 5C). The data from analysis of immune cell pro-
files showed that combination treatment significantly expanded T cell
infiltration (Figure 5D) as well as the percentage of CD4" and CD8"
T cells (Figure 5E). Increased ratios of CD8" T cells to CD4" T cells
were also achieved after combination therapy (Figure 5F). Although
an enhancement of Tregs was observed, the immunosuppressive
microenvironment was reversed, as suggested by the increased ratios
of activated CD8" T cells (CD8'ICOS™) to Tregs after combination
therapy (Figure 5G). We then determined the percentage of macro-
phages. It was interesting that combination therapy did not affect
their proportion (Figure 5H); however, combination treatment
remarkably altered their phenotypes, which improved the percentage
of M1 phenotypes (Figures 5I and 5J) and reduced M2 macrophages
(Figures 5K and 5L), leading to an increased ratio of M1 to M2 mac-
rophages (Figure 5M). In summary, combination therapy resulted in
an extension of T cells and polarization of macrophages.

Combination treatment promoted T cell proliferation and
activation

Having confirmed increased T cell infiltration, we next tried to obtain
an overall understanding of the T cells in ascites after combination

Figure 2. OV changes the immune cell profiles in ascites

(A) Percentage of total T cells in ascites; representative flow data and statistics are shown, n = 7-8 mice per group. (B) Percentage of CD4* and CD8* T cellsin ascites, n = 7-8 mice
pergroup. (C) Ratios of CD8* T cells to CD4* T cells in ascites, n = 7-8 mice per group. (D) Gating strategy for effector T cell(CD44+*CD62L ") and naive T cell (CD44~/°"CD62L") in
ascites. (E and F) Proportion of CD4* effector T cells and naive T cells in ascites; representative flow data (E) and statistics (F) are shown, n = 7-8 mice per group. (G and H)
Percentage of CD8" effector T cells and naive T cells in ascites; representative flow data (G) and statistics (H) are shown, n = 7-8 mice per group. (I) Percentage of antigen-specific
CD8* T cells in ascites, n = 6 mice per group. (J) CSF-1R expression on macrophages, MDSCs, and lymphocytes in ascites, n = 3 mice. (K) Percentage of macrophages
(CD11b*F4/80") in ascites, gated on CD45" cells, n = 5 mice per group. (L) Proportion of M1 macrophages in ascites, identified as MHC Il expression, gated on CD11b*F4/80™,
n = 5 mice per group. (M) Ratio of M2 macrophages (CD11b*F4/80" MHC II7) and the CD206 expression on macrophages, n = 5 mice per group. (N) Ratios of M1 to M2
macrophages, n =5 mice per group. (O) Proportion of tumor cells (CD45™ cells) in ascites, n = 5 mice per group. (P) Concentration of inflammatory cytokines in ascites, n = 4 mice
per group. ND, not detectable. Mean + SEM is shown. *p < 0.05, **p < 0.01, **p < 0.001; ns, no statistical significance.
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Figure 3. T cell activation after OV treatment

(A and B) Expression of ICOS on CD4* T and CD8* T cells in ascites; representative flow data (A) and statistics (B) are shown, n = 7-8 mice per group. (C) Ki-67 expression in
CD4* T cells, n = 7-8 mice per group. (D) Ki-67 expression in ascitic CD8" T cells, n = 7-8 mice per group. (E) Percentage of IFN-y-expressing CD4* and CD8" T cells in
ascites. (F) Statistics for IFN-y-expressing CD4* and CD8™ T cells in ascites, n = 4 mice per group. (G) Statistics for IFN-y-expressing CD4* and CD8" T cells in spleen, n = 4
mice per group. Mean + SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no statistical significance.

therapy. We initially detected their differentiated status with treat-
ment and found that combination treatment promoted T cell differ-
entiation from naive T cell to effector T cells, which resulted in an in-
crease of effector T cells and reduction of naive T cells in CD4" T cells
(Figures 6A and 6B) and CD8" T cells (Figures 6C and 6D). We spec-
ulated that this differentiation was driven by OV, since previous
results from OV treatment showed the same effects (Figure 2). More-

over, as suggested by the upregulated expression of the co-stimulatory
molecule ICOS on the T cell surface, we also found enhanced activa-
tion of CD4" T cells (Figure 6E) and CD8" T cells (Figure 6F). Finally,
we evaluated the proliferation ability of T cells via the detection of Ki-
67 expression, which is a prerequisite for their augmentation and
function. In CD4" T cells, combination treatment dramatically upre-
gulated Ki-67 expression (Figure 6G), and similar results were also
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Figure 4. Detection of immunosuppressive factors in ascites
(A and B) PD-1 expression on ascitic CD4* and CD8* T cells; representative flow data and statistics are shown, n = 7-8 mice per group. (C and D) LAG-3 expression on CD4*
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L1 expression on ascitic tumor cells (CD45 cells), n = 5 mice per group. (G) Proportion of PD-L1 expression on immune cells, n = 5 mice per group. (H) Proportion of PD-L1
expression on macrophages, n =5 mice per group. (l) Percentage of Tregs in ascites; representative flow data and statistics are shown, n = 4 mice per group. Mean + SEM is
shown. *p < 0.05, *p < 0.01, **p < 0.001; ns, no statistical significance.
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Figure 5. Therapeutic effects and immune cell changes in ascites after combination therapy

(A) Combination treatment scheme and individual body growth of mice, n = 10 mice per group. (B) Body weight on days 53, n = 10 mice per group. (C) Ascites volume, n=5
mice per group. (D) Proportion of total T cells (CD3) in ascites, n = 4 mice per group. (E) Percentage of ascitic CD4* and CD8™ T cells, n = 4 mice per group. (F) Ratios of CD8*
T cells to CD4™ T cells, n = 4 mice per group. (G) Percentage of Tregs in ascites and the ratios of activated CD8" T cells to Tregs, n = 5 mice per group. (H) Percentage of

(legend continued on next page)
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achieved in CD8" T cells, with more than 80% of CD8* T cells
showing positive signals (Figure 6H). Consequently, combination
therapy significantly promoted T cell activation and proliferation in
ascites.

DISCUSSION

Recent studies have indicated that malignant ascites are important
indicators of poor prognosis and are promotive factors of ovarian
cancer.”® Therefore, the management of ascites is an essential part
of effective therapy for ovarian cancer. Unexpectedly, most efforts
are being made to explore treatments that target the tumor cells
themselves. To date, treatments or evaluations that focus on ascites
are less investigated. Catumaxomab, a trifunctional monoclonal
antibody, was approved for intraperitoneal therapy of malignant as-
cites in the European Union in 2009.”*% It can target CD3 on
T cells and epithelial cell-adhesion molecule expressed on most
epithelial cancers, and can induce antibody-dependent cell-medi-
ated cytotoxicity via the Fc-y receptor. Anti-angiogenic therapy is
another potential strategy for the treatment of malignant ascites,
considering that VEGF is consistently detected in ascites and en-
hances the permeability of the endothelium. Several studies have re-
ported the clinical benefits of targeting VEGF with bevacizumab in
ovarian cancer cases.’®?” However, the possible benefits of ascites
control have not yet been reported. In the present study, we found
that OV could remarkably control ascites development by reprog-
ramming the ascitic immune microenvironment toward proinflam-
matory status; in particular, OV treatment increased T cell infiltra-
tion, activation, and function, especially in CD8" T cells, while OV
also promoted T cell differentiation from naive T cells to effector
T cells.

Oncolytic viruses have shown great potential in the field of cancer
therapy,”®”” while the use of oncolytic viruses has led to tremendous
success in preclinical and clinical research and was approved by the
US Food and Drug Administration for the treatment of melanoma
in 2015.">* Despite the many attractive features of oncolytic viro-
therapy, it is generally believed that local or intratumoral administra-
tion is one of the major factors that limit the extensive application of
oncolytic viruses, due to their lack of tumor-targeting abilities and the
pre-existing antiviral immunity of patients. This makes local admin-
istration, which is a suboptimal delivery compared with systemic in-
jection, as a preferred choice in clinical treatment. Moreover, due to
their location, most tumors are difficult to treat locally. In view of
this, ascites provide a favorable platform from which oncolytic viro-
therapy can overcome this delivery deficiency and achieve several
benefits, one of these being that intraperitoneal injection makes met-
astatic tumor cells more accessible to oncolytic viruses and facilitates
direct tumor killing. Another benefit is the remodeling effects of on-
colytic viruses on the ascitic immune microenvironment, which can
further improve the therapeutic efficacy, as abundant tumor-promot-
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ing factors accumulate in ascites and can contribute to tumor cell
metastasis.”>*' The effects of oncolytic virus on a mouse ID8 ovarian
cancer model have been reported by several studies;**** however,
most of their efforts were focused on the direct effects of virus on can-
cer cells rather than ascites. The present study, although only one can-
cer model was used due to the lack of a mouse model of ovarian can-
cer, provided insights into ascitic immune cell profiles and rates of
disease control following OV treatment, whereby OV treatment
reversed the immune balance by promoting T cell activation and dif-
ferentiation from the naive phenotype into the effector phenotype. It
also reprogrammed anti-inflammatory M2 macrophages toward the
proinflammatory M1 phenotype, which significantly delayed the
development of ascites. These findings were in line with previous re-
ports that ascites with an immunoreactive phenotype and higher ratio
of CD8/CD4 predicted a good prognosis.'"'?

Multifactorial pathogenesis and resistance mechanisms induced af-
ter treatment are major factors that attenuate the effects of mono-
therapy.*>*” In the present study, PD-L1 was highly expressed on
both the tumor cells and immune cells in the ascitic microenviron-
ment, as well as on a high percentage of macrophages, most of
which were the tumor-promoting M2 phenotype. Notably, OV
treatment enhanced the expression of co-inhibitory molecules
PD-1 and LAG-3 on T cells, suggesting an exhausted status of the
T cells in ascites. Moreover, OV treatment significantly increased
Treg infiltration. These data indicate the emergence of immunosup-
pressive mechanisms triggered by OV treatment. In this context,
numerous preclinical and clinical studies have shown that combina-
tion therapy is an ideal approach to overcome one or more resistant
mechanisms and to improve outcomes.'®***’ Based on pre-existent
and inducible inhibitory molecules and cells, we tested a combina-
tion strategy that included OV, PLX3397, and anti-PD-1, which was
reported in our previous study to confer effective antitumor abilities
in mouse colon cancer.”® Combination therapy also remarkably
reduced the ascites burden. Furthermore, combination treatment
generated more effective ICOS and Ki-67 expression, suggesting
stronger T cell activation and function. Results from other studies
also showed that upregulation of co-inhibitory molecules such as
PD-1, LAG-3, and CTLA-4 could dampen antitumor immunity in
ovarian cancer, and dual blockade of LAG-3 and PD-1 restrained
tumor growth in mouse ovarian cancer.”">> The immune-regulato-
ry ability of oncolytic viruses may provide a rational basis for com-
bination therapy of metastatic ovarian cancer with peritoneal
metastasis.

In summary, our study demonstrates the potential therapeutic effects
of oncolytic viruses on ovarian cancer-associated malignant ascites by
reprogramming the ascitic immune microenvironment, as well as
making virotherapy a potential candidate for the treatment of
advanced ovarian cancer by targeting both cancer cells and ascites.

macrophages, n = 4 mice per group. () Gating strategy for M1 and M2 macrophages in ascites. (J) Proportion of M1 macrophages, n = 4 mice per group. (K) Proportion of M2
macrophages, n = 4 mice per group. (L) CD206 expression; the percentage and mean fluorescence intensity are shown, n = 4 mice per group. (M) Ratios of M1 to M2
macrophages, n = 4 mice per group. Mean + SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no statistical significance.
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Figure 6. Immune activation effects in ascites after combination therapy
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MATERIALS AND METHODS

Mice and cell line

Six-to eight-week-old C57BL/6 female mice were purchased from
Beijing Huafukang Bioscience (Beijing, China). The mouse ovarian
cancer line ID8** and ID8-OV A were kindly obtained from Professor
Xia Zhao (West China Second Hospital, Sichuan University,
Chengdu, China) and were supplemented in Dulbecco’s modified Ea-
gle’s medium (DMEM; Gibco) with 10% fetal bovine serum (FBS;
Gibco), and were maintained at 37°C and 5% CO, in an incubator.

Viruses and antibodies

Oncolytic adenovirus (OV) is a type 5 adenovirus with depleted E1b
and E3 genes and a retained Ela gene. The human telomerase reverse
transcriptase promoter was inserted upstream of the E1A gene to con-
trol virus replication. The OV was packaged and amplified in 293T
cells, and ultracentrifugation was used for purification. Therapeutic
anti-PD-1 antibodies were provided by Innovent Biologics (Suzhou,
Jiangsu, China). Fluorescence-labeling antibodies to CD3 (17A2),
CD4 (RM4-5), CD45 (30-F11), CD11b (M1/70), F4/80 (BMS),
CD206 (C068C2), LAG-3 (C9B7W), PD-1 (RMP1-30), ICOS
(7E.17G9), CD44 (IM7), CD62L (MEL-14), MHCII (M5/114.15.2),
and Ki67 (16A8) were purchased from BioLegend, and antibodies
to CD8 (53-6.7), FoxP3 (MF23), and IFN-y (XMG1.2) were pur-
chased from BD Bioscience. Antibody to adenovirus-5 E1A was
purchased from Santa Cruz Biotechnology. OVA Tetramer-SIIN-
FEKL-PE and fluorescein isothiocyanate-labeling anti-CD8 (KT15)
were purchased from MBL.

Detection of progeny adenovirus in tumor cells

ID8 cells were infected with OV (MOI: 100) for 2 h, and the superna-
tant was replaced with fresh DMEM (5% FBS). After incubation for
72 h, cells and supernatant were collected and freeze-thawed three
times, then the supernatant was collected after centrifugation and
diluted 1,000-fold. The OV titer was determined using the Adeno-
XTM Rapid Titer Kit (TaKaRa). In brief, HEK 293 cells (2.5 x 10°
cells per well) and 50 pL of diluted supernatant were seeded into a
24-well plate and cultured for 48 h. The cells were fixed and stained
according to the manufacturer’s instructions.

Tumor model and treatment

Tumor cells (5 x 10°) were intraperitoneally injected in 500 uL of
serum-free medium, and ascites development was monitored by
measuring body weight twice a week. OV (5 x 10® plaque-forming
units [PFU] per mouse) was administered intraperitoneally (i.p.) on
days 35, 38, and 41 after inoculation. For combination therapy,
PLX3397 treatment (40 mg/kg, Selleck) was administered daily
from day 30 to day 50 after inoculation by gavage. OV (i.p., 5 X
10® PFU per mouse) was injected on days 35, 38, and 41, and anti-
PD-1 (ip., 200 ug per mouse) was administered on days 38, 41,
and 44 after inoculation. Mice that succumbed to ascites and tumors
were recorded for OS statistics, and animal experiments were per-
formed in accordance with the Animal Care and Use Committee of
West China Hospital, Sichuan University, China.
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Flow cytometry

Mice were sacrificed on day 5 after last OV (monotherapy) or anti-
PD-1 (combination therapy) injection, ascites was collected for vol-
ume measurement, and the cells were collected for flow cytometry,
blocked with anti-mouse CD16/CD32 (Fc block, BD Bioscience)
and stained with fluorescence-labeling antibodies at 4°C for
30 min. For intracellular staining, cell surface markers were stained,
then cells were permeabilized with a FoxP3 fixation and permeabili-
zation kit (eBioscience) for Ki-67 staining or with a Fixation/Perme-
abilization Kit (BD Bioscience) for IFN-y staining. Cells used for
IFN-vy staining were pretreated with Leukocyte Activation Cocktail
containing Brefeldin A (BD Bioscience). In some analyses, fluores-
cence-minus-one was used to identify positive signals.

Statistical analysis

Data were analyzed using GraphPad Prism version 5. Statistical sig-
nificance was analyzed using an unpaired t test. OS was presented us-
ing Kaplan-Meier survival curves and analyzed using the log-rank
test. Differences were considered statistically significant at p < 0.05.
Asterisks were used to denote *p < 0.05, **p < 0.01, **p < 0.001;
“ns” denotes no statistical significance.
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