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Oncolytic virotherapy (OVT) has been suggested to be effec-
tive. However, the suppressive effects of checkpoints and insuf-
ficient costimulatory signals limit OVT-induced antitumor
immune responses. In this study, we constructed a replicative
adenovirus, Ad5sPVR, that expresses the soluble extracellular
domain of poliovirus receptor (sPVR). We showed that sPVR
can bind to both T cell immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domain (TIGIT) and CD226,
and the binding affinity of sPVR to TIGIT is stronger than
that of PVR to CD226. In the H22 hepatocellular carcinoma
(HCC) ascites model, Ad5sPVR treatment increased the infil-
tration of CD8+ T cells and the release of interferon (IFN)-g,
exhibiting an antitumor effect with long-term tumor-specific
immune surveillance. In line with this, Ad5sPVR also effec-
tively improved antitumor outcomes in solid tumors. In
conclusion, while Ad5sPVR plays a role in oncolysis and trans-
forms cold tumors into hot tumors, sPVR expressed by
Ad5sPVR can block the PVR/TIGIT checkpoint and activate
CD226, thereby greatly improving the efficacy of OVT. This
study provides a new way to develop potential oncolytic viral
drugs.

INTRODUCTION
Since the approval of talimogene laherparepvec (T-VEC, Imlygic) by
the US Food and Drug Administration (FDA) in 2015, oncolytic vi-
rus-mediated antitumor immunotherapy has received increasing
attention.1 As a foreign invader, an oncolytic virus can rapidly induce
type I interferon (IFN)-mediated immune activation and upregulate
local lymphocyte chemokines to enhance the recruitment and infiltra-
tion of immune cells into the tumor microenvironment (TME),1–3

ultimately transforming “cold” tumors into “hot” tumors.4 Oncolytic
adenovirus, a double-stranded DNA virus, is an important member of
the oncolytic virus family. Oncolytic adenovirus with deletion of E1B-
55kDa possesses the ability to selectively replicate in tumors. The on-
colytic adenovirus H101 with E1B-55kDa deleted was approved for
the treatment of head and neck squamous cell carcinoma in 2005.5

There are currently multiple oncolytic adenoviruses being studied
in clinical6–10 and preclinical research,11–14 and these oncolytic ade-
noviruses have shown some application prospects and have charac-
teristics of oncolytic adenovirus-mediated immunotherapy. First, an
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oncolytic adenovirus can cause immunogenic cell death (ICD) of
tumor cells, leading to the release of damage-associated molecular
patterns (DAMPs) and the activation of innate immunity.2,15 Second,
an oncolytic adenovirus can recruit lymphocytes and activate the
adaptive immune response mediated by CD8+ T cells.16 Third, an
oncolytic adenovirus is easy to modify and is an ideal foreign gene
expression vector because it can express foreign genes in infecting
tumor cells.15,17 Finally, oncolytic adenoviruses can selectively infect
tumor cells with high safety, thus restricting the encoded immune
checkpoints or cytokines to local expression in tumors and
reducing autoimmune-like damage caused by off-target effects.16,18,19

However, while oncolytic adenoviruses are used in tumor immuno-
therapy, the tumor immune microenvironment can accordingly
induce immunosuppression through the activation of immune check-
point pathways and restriction of immune costimulatory pathways,
thereby greatly limiting the antitumor immune response of these
oncolytic adenoviruses.20,21

TIGIT was recently discovered as an immune checkpoint molecule
expressed on lymphocytes.20,22,23 TIGIT has been found to be
involved in the negative regulation of activated T cells and natural
killer (NK) cells.20,22,23 As an immune checkpoint molecule, TIGIT
regulates T cells mainly in the following ways. First, TIGIT on the sur-
face of T cells can bind to PVR (CD155) on tumor cell or antigen-pre-
senting cell (APC) surfaces. After binding, signaling is transduced
into tumor cells or APCs to achieve immune suppression by upregu-
lating interleukin (IL)-10 expression and downregulating IL-12
expression.20 Second, TIGIT on T cells can also directly bind to the
immune costimulatory molecule CD226, blocking the formation of
ors.
//creativecommons.org/licenses/by-nc-nd/4.0/).
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the CD226 homodimer and thereby inhibiting the immune costimu-
latory signals transduced by CD226. In this way, TIGIT plays another
type of immunosuppressive role.23 Third, PVR is a ligand of both
TIGIT and CD226.24 PVR can be used as a ligand to activate the im-
mune costimulatory pathway mediated by CD226. The affinity of
PVR and TIGIT has been found to be much greater than that of
PVR and CD226. Therefore, TIGIT can be used to reduce the binding
of PVR and CD226, thereby reducing the immune costimulatory
signaling pathway mediated by PVR/CD226 and playing a novel
immunosuppressive role.22,23,25

Clinical studies have shown that TIGIT is related to the poor clinical
prognosis of acute myeloid leukemia. Blocking TIGIT can restore
T cell function and antitumor immunity and is a novel and effective
treatment for leukemia.26,27 It was reported that blocking TIGIT can
prevent the exhaustion of NK cells and induce a strong antitumor im-
mune response.28 TIGIT is highly expressed on the surface of CD8+

T cells, and blocking TIGIT can enhance the antitumor immune
response mediated by CD8+ T cells.23 Blocking TIGIT or PVR can
enhance the lysis of breast cancer cells mediated by immune cells.
Targeting the TIGIT/PVR immune checkpoint pathway is therefore
a novel treatment for breast cancer.29 These results indicate that the
PVR/TIGIT pathway is an effective target for tumor immunotherapy.
If the soluble extracellular domain of PVR (sPVR) is used for tumor
immunotherapy, then sPVR can block the immunosuppressive effect
mediated by the immune checkpoint PVR/TIGIT pathway by binding
to TIGIT and also directly and indirectly activate the immunostimu-
latory pathway mediated by CD226, thus inducing an antitumor im-
mune response via multiple routes.

In this study, we successfully constructed a recombinant oncolytic
adenovirus expressing sPVR with E1B-55kDa, called Ad5sPVR, us-
ing the ViraPower pAd/PL-DEST adenovirus expression system.
We speculate that Ad5sPVR, as a replication-type oncolytic adeno-
virus, has a direct oncolytic effect and also increases lymphocyte
infiltration, thereby transforming cold tumors into hot tumors.
Simultaneously, sPVR directly blocks the PVR/TIGIT immune
checkpoint pathway and activates the CD226-mediated immune
costimulatory pathway. In the present study, we determined
whether Ad5sPVR could promote the infiltration and activation of
immune cells in the TME and whether the expressed sPVR could
enhance antitumor immune responses by blocking the PVR/TIGIT
inhibitory pathway and activating the PVR/CD226 pathway to
achieve potent antitumor effects.

RESULTS
Generation of a novel recombinant adenovirus that expresses

sPVR

To elicit a therapeutic antitumor immune response, a novel recombi-
nant adenovirus, Ad5sPVR, was designed to express sPVR, which
blocks PVR/TIGIT immune checkpoint signaling and provides a cos-
timulatory signal to effector immune cells. Fragments for expression
were inserted into the genome of a replicative adenovirus (Figure 1A).
First, we confirmed that sPVR could be secreted into and accumulate
in the supernatants of virus-infected tumor cells (Figure 1B). To
further confirm whether sPVR bound to TIGIT and CD226, we
used the Octet RED96 protein interaction analysis system to deter-
mine the affinity.30,31 The affinity between free sPVR and TIGIT or
CD226, as indicated by the equilibrium dissociation constant (Kd),
was 33 nM and 6.13 mM, respectively (Figure 1C). The results demon-
strated that the affinity between sPVR and TIGIT was stronger than
that between sPVR and CD226, a result that is consistent with
previous research.22 Therefore, we constructed the recombinant
adenovirus Ad5sPVR.

The replication capacity and oncolytic activities of the

recombinant adenovirus are not impaired by recombination of

the sPVR gene

Next, we explored whether recombination of the sPVR gene affected
the replication capacity and oncolytic activities of the recombinant
adenovirus. Compared with the replication and oncolysis of the con-
trol virus (Ad5con), Ad5sPVR replication (Figure 2A; Figure S1)
and oncolysis (Figure 2B) did not change significantly. In conclu-
sion, in vitro analysis demonstrated that recombination of the
sPVR gene did not alter the replication capacity or oncolytic activ-
ities of the recombinant adenovirus in various cell lines. These data
suggest that the recombinant adenovirus retained its replication and
oncolysis capabilities while expressing and secreting the sPVR
protein.

Recombinant Ad5sPVR significantly increases IFN-g and

lymphocyte infiltration within the TME

We further investigated whether the amount of IFN-g in the TME
could be modulated by Ad5sPVR. In immune-competent C57BL/6
mice, we established an intraperitoneal (i.p.) murine H22 model
and monitored tumor growth during the intervention. The tumor
model and the therapeutic regimen are depicted in Figure 3A. On
days 12 and 16, before i.p. injection of saline or virus, ascites were
collected for the follow-up study.Wemonitored viral load (Figure 3B)
and soluble protein levels (Figure 3C) in the ascites during treatment
at earlier stages by an enzyme-linked immunosorbent assay (ELISA)
on day 16.

Compared with saline and Ad5con, there were no significant changes
in the level of CD4+ T cells in the ascites of mice infected with
Ad5sPVR; however, increased levels of CD8+ T cell and NK cell infil-
tration were observed in the ascites of mice infected with virus, and
the proportion of NK cells was highest in the ascites of mice infected
with Ad5sPVR (Figure 3D). Then, using an enzyme-linked immuno-
sorbent spot (ELISpot) assay, we found that the amount of IFN-g was
robustly upregulated within the TME in mice treated with Ad5sPVR
compared with Ad5con (Figure 3E). Using IFN-g as the index of im-
mune activation,32 the results indicated that, compared with Ad5con,
Ad5sPVR possessed significantly enhanced immune activation ability
against tumors in the TME. In the H22 ascites mouse model, we
investigated lymphocyte infiltration. Therefore, Ad5sPVR robustly
induced lymphocyte infiltration and an activated immune response
to eradicate tumor cells.
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Figure 1. Generation of a novel recombinant adenovirus, Ad5sPVR, expressing the soluble extracellular domain of PVR (sPVR)

(A) Recombinant adenovirus constructs. EXO, extracellular domain; Ad5sPVR, recombinant adenovirus encoding sPVR. (B) H22 cells and B16/F10 cells were infected

with the recombinant adenovirus (multiplicity of infection [MOI] of 20 and 10, respectively) for 72 h, and the levels of sPVR in the supernatant were determined by western

blotting. The molecular weights were estimated using a molecular weight marker. (C) 293T cells were infected with Ad5sPVR, and soluble PVR in the cell culture

supernatant was harvested and purified by a nickel column. The affinity of sPVR/TIGIT and sPVR/CD226 was detected using an Octet RED96 protein interaction analysis

system.
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Ad5sPVR induces an antitumor immune response and results in

a durable cure rate in the H22 ascites model

The H22 mouse ascites model and the therapeutic regimen are de-
picted in Figure 4A. On days 12 and 16, before i.p. injection of sa-
line or virus, ascites were collected for the upcoming study. We
monitored viral load (Figure 4B) and sPVR levels (Figure 4C) in
the ascites during treatment at earlier stages on day 16. In vivo anal-
ysis further demonstrated that there were no differences in viral
load between the two groups. The survival of mice treated with
Ad5con was similar to that of mice that received saline. However,
Ad5sPVR treatment significantly prolonged mouse survival, result-
ing in a 20% cure rate (Figure 4D). To elucidate whether Ad5sPVR-
mediated tumor clearance was tumor-specific, cured H22-bearing
mice were challenged twice with i.p. injections of H22 cells, but
no tumor burden (ascites) was observed; all naive mice were suscep-
tible to H22 cells (Figure 4E). These results indicate that Ad5sPVR
elicits long-term immune memory. In summary, recombinant
14 Molecular Therapy: Oncolytics Vol. 20 March 2021
Ad5sPVR induces a robust antitumor immune response and results
in a durable cure rate.

Recombinant Ad5sPVR induces an antitumor immune response

in B16/F10 solid tumor models

To prove that Ad5sPVR possesses a significant antitumor effect in both
the ascites and solid tumor models, we used the B16/F10 solid tumor
model. The tumor models and therapeutic regimens are provided in
Figures 5A and 5C. Then, using an ELISpot assay, we found that the
number of IFN-g-producing cells was robustly increased within the
TME of mice treated with Ad5sPVR compared with Ad5con on day
13 (Figure 5B). The results indicated that, compared with Ad5con,
Ad5sPVR possesses significantly enhanced immune activation ability
against tumors in the TME in B16/F10 solid tumor models. Treatment
with Ad5sPVR significantly inhibited solid tumor growth (Figures 4E
and 4F). In solid tumor models, Ad5sPVR had no clear influence on
body weight (Figure 4D), which reflects the safety of Ad5sPVR.



Figure 2. Replication and oncolytic activities of the recombinant adenovirus Ad5sPVR

(A) Hepa1-6, H22, LM3, B16/F10, 4T1, and LLC1 cells were infected with recombinant adenoviruses at an MOI of 5, 20, 2, 10, 5, and 10 and were harvested at various time

points. DNA was extracted and the viral copy number was determined by RT-PCR. (B) Hepa1-6, H22, LM3, B16/F10, 4T1, and LLC1 cells were infected with recombinant

adenovirus at the indicated MOIs for 72 h, and cell viability was determined by the MTT assay. Virus replication and oncolysis are presented using one-way ANOVA with

repeated measures (SPSS). The data are shown as the means ± SD. ns, not significant.
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DISCUSSION
Oncolytic viruses have unique advantages in activating immune re-
sponses, such as inducing ICD, recruiting lymphocytes, and encoding
genes that regulate the immune microenvironment.10 Nevertheless,
oncolytic virus immunotherapy also faces challenges. The application
of oncolytic viruses will induce immunosuppressive negative feed-
back signaling pathways.14,33,34 Moreover, in most cases, oncolytic vi-
rus therapy lacks sufficient immune costimulatory activation.35,36

These pathways may disable infiltrating lymphocytes, including
T cells. In this study, we constructed a novel replicative oncolytic
adenovirus, Ad5sPVR, expressing the soluble protein sPVR. As ex-
pected, Ad5sPVR significantly induced lymphocyte infiltration and
turned cold tumors into hot tumors, with a significantly enhanced
antitumor immune response and antitumor effect. This effect was
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Figure 3. Effect of recombinant adenovirus Ad5sPVR on antitumor immune activation and lymphocyte infiltration

(A) Schematic diagram of the experimental setup for adenovirus therapy in H22-challenged mice. On day 0, male C57BL/6 mice were injected intraperitoneally with

5 � 106 H22 cells, and the mice were randomly divided into three groups: saline group, Ad5con group, and Ad5sPVR group. On days 8, 12, and 16, mice in the saline

group, Ad5con group, and Ad5sPVR group were injected intraperitoneally with saline, the control virus Ad5con (5 � 108 PFU), and Ad5sPVR (5 � 108 PFU), respectively.

On days 12 and 16, before intraperitoneal injection of saline or virus, ascites were collected. (B) Virus replication was measured in the ascites of mice infected with

recombinant adenovirus. On day 16, before intraperitoneal injection of saline or virus, ascites were collected and the viral copy number was determined by RT-PCR. (C)

On day 16, before intraperitoneal injection of saline or virus, ascites were collected and the concentration of sPVR in ascites was determined by ELISA. (D) On day 16,

before intraperitoneal injection of saline or virus, ascites were collected, and CD4+ T cell, CD8+ T cell, and NK cell frequencies in ascites were determined by flow

cytometry. (E) On day 16, before intraperitoneal injection of saline or virus, ascites were collected, and immune activity in the TME was detected using a mouse IFN-g

ELISpot assay, and the number of IFN-g spots in each group was calculated. The data are shown as the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. i.p.,

intraperitoneal; s.c., subcutaneous; i.t., intratumoral.
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confirmed in both ascites and solid tumors. We also observed that the
antitumor immune response induced by Ad5sPVR has immune
memory. The present study provides a new, highly effective, and
16 Molecular Therapy: Oncolytics Vol. 20 March 2021
safe weapon for cancer treatment; it provides a theoretical and tech-
nical basis for the development of a new generation of antitumor
drugs and methods; and it has strong clinical translation prospects.



Figure 4. Effect of recombinant adenovirus Ad5sPVR on the antitumor immune response and cure rate in the H22 ascites model

(A) Schematic diagram of the experimental setup for adenovirus therapy. On day 0, male C57BL/6 mice were injected intraperitoneally with 5 � 106 H22 cells, and the mice

were randomly divided into three groups: saline group, Ad5con group, and Ad5sPVR group. On days 8, 12, and 16, mice in the saline group, Ad5con group, and Ad5sPVR

groupwere injected intraperitoneally with saline, the control virus Ad5con (5� 108 PFU), and Ad5sPVR (5� 108 PFU), respectively. On days 12 and 16, before intraperitoneal

injection of saline or virus, ascites were collected for further study. (B) Virus replication in the ascites of mice infected with recombinant adenovirus. On day 16, before

intraperitoneal injection of saline or virus, ascites were collected and the viral copy number was determined by RT-PCR. (C) On day 16, before intraperitoneal injection of saline

or virus, ascites were collected and the concentration of sPVR in ascites was determined by ELISA. (D) Survival curves for mice treated with recombinant adenovirus. (E) Mice

that had been cured were challenged with 5� 106 H22 cells on day 90 and day 150 post-inoculation. Naive mice were used as a control. The day of challenge was regarded

as day 0 in survival curves. The data are shown as the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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In the present study, in the H22 hepatocellular carcinoma (HCC) as-
cites tumor model, we confirmed that Ad5con significantly induced
the infiltration of CD8+ T cells and NK cells and robustly upregulated
the amount of IFN-g in the TME, indicating that the oncolytic adeno-
virus itself can induce lymphocyte infiltration. These results are
consistent with the studies by Kanaya et al.12 and Zhang et al.14 How-
ever, in the present study, the massive infiltration of lymphocytes did
not induce a significant antitumor immune response, and the survival
of mice was not prolonged, which suggested that there are potential
factors that suppress antitumor immunity and hinder the antitumor
effect of the oncolytic virus Ad5con; there may also be insufficient
activation of immune costimulatory signals, which may disable infil-
trating lymphocytes, including T cells.

To solve the problem of possibly inducing an immunosuppressive
negative feedback pathway, researchers combined oncolytic virother-
apy with PD-1/PD-L1 immune checkpoint blockade therapy and
showed a significantly improved therapeutic effect compared with
oncolytic virus therapy alone.8,33 These studies indicate that the onco-
lytic adenovirus can induce negative immune feedback signaling, and
blocking these negative immune feedback signaling pathways can
significantly enhance the therapeutic effect of the immunotherapy.
In this study, we also adopted the strategy of combining immune
checkpoint blockade with oncolytic adenovirus treatment, but we
cleverly used an oncolytic adenovirus to express sPVR, which can
block the PVR/TIGIT immune negative regulatory pathway. The
combination of oncolytic virotherapy and PVR/TIGIT blocking ther-
apy has been proven to be feasible in many studies.21,37 The difference
among these studies and ours is that we used an oncolytic virus to ex-
press the blocking agent, while other studies have used additional
PVR/TIGIT pathway blockers.

To solve the problem of insufficient activation of immune costimu-
latory signals upon oncolytic virus treatment, researchers con-
structed viruses expressing activating proteins of the immune
costimulatory signaling pathway, and these recombinant oncolytic
viruses exhibited significantly improved therapeutic effects.35,38,39

The activated immune costimulatory signaling pathway is mainly
mediated by OX4035 and CD137.38,39 Our previous study found
that the lack of costimulatory immune activation instead of immune
checkpoint, such as PD-L1/PD-1, seriously affected the activation of
cytotoxic T lymphocyte (CTLs). Indeed, by encoding the secretory
protein CD137L, the recombinant Ad5sCD137L had a significantly
enhanced effect of CD8+ T cell infiltration and IFN-g release
compared with the control Ad5con and Ad5sPD1 virus, signifi-
cantly prolonging the survival of tumor-burdened mice.14 In this
study, we also adopted a similar strategy. The sPVR encoded and ex-
pressed by Ad5sPVR also activated the immune costimulatory
Molecular Therapy: Oncolytics Vol. 20 March 2021 17
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Figure 5. Effect of recombinant adenovirus Ad5sPVR on the antitumor immune response in B16/F10 solid tumor models

(A) Schematic diagram of the experimental setup for adenovirus therapy in B16/F10-challenged mice. On day 0, male C57BL/6 mice were injected subcutaneously with

2� 106 B16/F10 cells in the right flank, and the mice were randomly divided into three groups: saline group, Ad5con group, and Ad5sPVR group. On days 8, 9, and 10, mice

in the saline group, Ad5con group, and Ad5sPVR group were injected intratumorally with saline, the control virus Ad5con (5 � 108 PFU), and Ad5sPVR (5 � 108 PFU),

respectively. On day 13, tumors were dissected. Single-cell suspensions were obtained from the tumor tissue, and cells were counted after trypan blue staining using

CountStar. (B) Immune activity in the TME was detected using a mouse IFN-g ELISpot assay, and the number of IFN-g spots in each group was calculated. (C) Schematic

diagram of the experimental setup for adenovirus therapy. Male C57BL/6 mice received a subcutaneous injection of 2� 106 B16/F10 cells in the right flank. When the tumor

size reached approximately 4–6 mm in diameter, the mice were randomly divided into three groups. On days 8, 9, 10, and 11, mice in the saline group, Ad5con group, and

Ad5sPVR group were injected intratumorally with saline, the control virus Ad5con (5 � 108 PFU), and Ad5sPVR (5 � 108 PFU), respectively. (D and E) Tumor volumes were

measured using a caliper, and body weight was monitored every day during treatment. (F) Volume of each tumor in the group of mice treated with saline, Ad5con, and

Ad5sPVR. The data are shown as the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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pathway, but the CD226-mediated immune costimulatory pathway
was activated.

Many clinical studies have indicated that systemic administration of
immune checkpoint blockers can cause off-target effects and lead to
autoimmune-like damage.40–42 Oncolytic viruses are easy to geneti-
cally modify and can selectively replicate in tumor cells. Oncolytic
viruses encoding immune checkpoint blockers express and secrete
molecules that block immune checkpoints in the tumor to avoid
side effects caused by off-target effects, and the shortcomings (off-
target effects) of immune checkpoint blockade therapy can be over-
come to some extent by this strategy.15,18,37,43,44 Consistently, in
our study, the Ad5sPVR we constructed allows Ad5sPVR to selec-
tively infect tumor cells, replicate in tumor cells, and express sPVR,
which can reduce the possibility of systemic damage by sPVR due
to off-target effects. In the B16/F10 melanoma subcutaneous tumor
model, intratumoral (i.t.) injection of Ad5sPVR significantly in-
hibited tumor growth and prolonged the survival of mice, and there
were no significant changes in the body weight of mice, which proved
its safety.

In terms of the antitumor immune mechanism, compared with the
saline group, the control Ad5con virus significantly increased the
ratio of CD8+ T cells. Blocking TIGIT can enhance the antitumor
immunity of CD8+ T cells.23 Therefore, we speculate that the sPVR
expressed by Ad5sPVR in our study has a stronger activation effect
on CD8+ T cells than on NK cells. This claim is supported by evidence
that the Ad5sPVR-cured mice were resistant to rechallenge with the
same tumor cell line because only memory T cells exert long-term
tumor-specific immune surveillance. Since the proportion of NK cells
in the Ad5sPVR group was significantly higher than that in the
Ad5con group, we cannot exclude the possibility that Ad5sPVR
may also promote the activation and proliferation of NK cells by
blocking PVR/TIGIT. Indeed, a recent study showed that oncolytic
adenovirus combined with anti-TIGIT antibody significantly
increased the antitumor effect of NK cells.21 Nevertheless, in this
study, we observed a significant increase in NK and CD8+ T cell
numbers in the Ad5sPVR group. The same results have been observed
in other oncolytic virus studies, but these studies have shown
that, among these two kinds of cells, CD8+ T cells play a crucial
role in antitumor responses.14,33,44,45 NK cells may play a role in
the antitumor immune response, but this effect may be limited, and
NK cells do not play a major role.46–48 Therefore, we postulate that
CD8+ T cells play a crucial role in the Ad5sPVR-induced antitumor
effect.

To the best of our knowledge, few studies have examined the combi-
nation of oncolytic virus therapy using oncolytic viruses to express
proteins that simultaneously block immune checkpoints and activate
immune costimulatory pathways. Zhang et al.14 constructed the on-
colytic adenovirus Ad5sPD1CD137L, which expresses sPD1CD137L,
and the expressed sPD1CD137L can simultaneously block the PD-1/
PD-L1 immune checkpoint pathway and activate the CD137-medi-
ated immune costimulatory pathway. Compared with sPD1CD137L,
in the present study, sPVR simultaneously blocked the PVR/TIGIT
immune checkpoint pathway and activated the CD226-mediated im-
mune costimulatory pathway, but the pathways that were blocked and
activated by sPVR were different. Therefore, sPVR is a single protein
that can perform multiple functions.

In summary, the recombinant oncolytic adenovirus Ad5sPVR blocks
the negative immune checkpoints and also provides sufficient costi-
mulatory signals through the introduction of sPVR. By local admin-
istration, Ad5sPVR overcomes the shortcomings of low universality
and off-target effects concerning immune checkpoint therapy. This
strategy deserves further study in more tumor models by using
Ad5sPVR alone or in combination.

MATERIALS AND METHODS
Cell culture

The human HCC cell line HCC-LM3 and the mouse HCC cell line
H22 were obtained from the China Center for Type Culture Collec-
tion. The mouse HCC cell line Hepa1-6 was obtained from the Cell
Bank of the Type Culture Collection of the Chinese Academy of Sci-
ences. A549 human lung adenocarcinoma cells (CCL-185), B16-F10
mouse melanoma cells, LLC1 mouse Lewis lung carcinoma cells,
and 293T human embryonic kidney cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
These cell lines were authenticated by short tandem repeat (STR)
analysis and tested for mycoplasma contamination. H22 cells were
cultured in Roswell Park Memorial Institute 1640 (RPMI 1640) me-
dium supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 mg/mL streptomycin (all from Thermo Fisher Sci-
entific, Gibco, Grand Island, NY, USA). All other cell types were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (all from Thermo Fisher Scientific, Gibco, Grand Island, NY,
USA). All cells were kept at 37�C in a humidified atmosphere in a
5% CO2 incubator.

Recombinant adenovirus construction

The recombinant adenovirus was generated as previously
described.49 E1A cDNA was obtained from 293T cells. The cDNAs
encoding the extracellular domains of PVR were purchased from
Sino Biological. The gene sequences were generated by PCR
amplification using the following specific primer pairs. E1A, for-
ward, 50-ATCCCGGCCCTACCGGAATGAGACATATTATCTGC
CAC-30, reverse, 50-AGCTTATCGATAGGTGTTATGGCCTGGG
GCGTTTACAG-30; PVR, forward, 50-GGCGGTGGCGGATCGGA
TATACGTGTGCTG-30, reverse, 50-GTGGTGGTGGTGGTGGT
GTAATCTTGTATTTTGCTG-30. For the secretion of sPVR, the
CD33 signal peptide (MPLLLLLPLLWAGALAM) was designed
upstream of the PVR sequence. The prepared sequences were
cloned into the adenovirus shuttle plasmid pENTR using the
AgeI and XhoI restriction sites. The recombinant adenoviral vec-
tors expressing soluble proteins were obtained via homologous
recombination between the shuttle plasmid and the adenovirus
backbone pAD/PL-DEST (Thermo Fisher Scientific, Invitrogen,
Molecular Therapy: Oncolytics Vol. 20 March 2021 19
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Carlsbad, CA, USA). After digestion with the restriction enzyme
PacI, the recombinant adenovirus was generated by transfecting
293T cells. The virus was then amplified in 293T cells and purified
using iodixanol gradient ultracentrifugation. Virus titration was
then performed (10,000 cells/well). Cells were cultured for
4 days, and fluorescence was evaluated via microscopy. The viral
titer was calculated according to the following formula:
TCID50 = 102+(S/N�0.5)/mL, PFU/mL = 0.7 � TCID50/mL, where
TCID50 is the 50% tissue culture infective dose, S is the total num-
ber of fluorescence-positive wells, N is the number of replicates,
and PFU indicates plaque-forming units.

Mice and tumor inoculation

Male C57BL/6 mice were obtained from Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, China). All mice
were acclimatized for at least 1 week prior to the initiation of each
experiment. Mice were 6–8 weeks of age in the experiments. To study
the therapeutic efficacy of our virus constructs, male C57BL/6 mice
were injected i.p. with 5 � 106 H22 ascites cells (diluted in 100 mL
of saline). On days 8, 12, and 16, mice were injected i.p. with recom-
binant adenovirus (5 � 108 PFU/mouse), and saline was used as a
control. The ascites were collected on day 16, and subsequent analyses
were performed immediately. The mice that had been cured were
challenged with 5 � 106 H22 cells on days 90 and 150, and naive
mice were used as a negative control.

To establish B16/F10 xenograft models, male C57BL/6 mice were in-
jected subcutaneously with 2 � 106 B16/F10 melanoma cells (diluted
in 100 mL of saline) in the right flank. Eight days post-challenge, mice
were injected i.t. with 5� 108 PFU of virus in 200 mL of saline or with
saline alone. Following vaccination, tumor growth was measured with
calipers every day, and the tumor volume was calculated as tumor
length � tumor width2 � 0.5. Mice bearing a tumor with a volume
R2 cm3 were sacrificed as required by national experimental animal
care regulations.

All animal experimental procedures were approved by the Animal
Care Committee of Nanjing University in accordance with the Insti-
tutional Animal Care and Use Committee guidelines.

Western blot analysis

Proteins in the supernatant were separated by SDS-PAGE and elec-
trophoretically transferred to a polyvinylidene fluoride membrane
(03010040001, Roche). After blocking in 5% nonfat milk in Tris-buff-
ered saline, the membrane was incubated with specific primary anti-
bodies, followed by incubation in appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies. Signals were detected using
enhanced chemiluminescence reagent (WBKLS0500, Millipore, Bill-
erica, MA, USA) and imaged using a chemiluminescent imaging sys-
tem (ChampChemi 610, Sage Creation Science, Beijing, China). The
following antibodies were used: anti-His antibody (A00186-100,
GenScript, Nanjing, China) and HRP-conjugated rabbit anti-mouse
immunoglobulin G (IgG) secondary antibody (31430, Thermo Fisher
Scientific, Pierce; 1:2,000 diluted).
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Quantitative RT-PCR analysis of virus copies

Hepa1-6, H22, LM3, B16/F10, 4T1, and LLC1 cells were infected with
recombinant adenoviruses at multiplicities of infection (MOIs) of 5,
20, 2, 10, 5, and 10 and were harvested at various time points in a
24-well plate. DNA was extracted, and the viral copy number was
determined by RT-PCR. Total adenovirus genomic DNA was ex-
tracted with a TIANamp genomic DNA kit (DP304-03, TIANGEN).
Then, SYBR Green PCR master mix (04913914001, Roche,
Switzerland) was used according to the manufacturer’s protocol,
and PCR was performed using a real-time PCR system (Viia7,
Thermo Fisher Scientific, USA). Virus copies were calculated using
the comparative threshold cycle (CT) method and normalized to
the endogenous levels of GAPDH. The following specific primer
pairs were used: E1A, forward, 50-CCTTCTAACACACCTCCTGA
GATACA-30, reverse, 50-CAGGCTCGTTAAGCAAGTCCTC-30;
GAPDH, forward, 50-CGCTGAGTACGTCGTGGAGTC-30, reverse,
50-CCTTTGCAGGGCTGAGTCAG-30.

MTT assay

Cells were seeded into a 96-well plate, and adenovirus was added at
the indicated MOI. Then, 72 h later, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, M5655, Sigma, USA)
(5 mg/mL, 100 mL) was added to each well of a 96-well plate and incu-
bated for 3 h at 37�C. Then, the supernatant was discarded. Isopropyl
alcohol (100 mL; 12090611516, Nanjing Chemical Reagent, China)
was then added, and the plates were agitated for 20 min to dissolve
the formed crystals. The absorbance wasmeasured using amultimode
reader (SMP500-13497-JWYK, Molecular Devices, USA) at 570 nm.
The cell viability was calculated as the ratio of the absorbance of
treated cells to the absorbance of control cells.

Flow cytometry analysis

Ascites and blood were collected at predefined time points, and cells
were obtained by centrifugation. After washing or red blood cell lysis,
the harvested cells were stained with anti-CD3-allophycocyanin
(APC) (17-0032082, eBioscience, USA), anti-CD4-fluorescein iso-
thiocyanate (FITC) (557307, BD Biosciences, USA), anti-CD8a-peri-
dinin chlorophyll protein (PerCP)-Cy5.5 (45-0081-82, eBioscience,
USA), or anti-NK1.1-FITC (553164, BD Biosciences, USA). The fluo-
rescence intensity of the cells was then detected using a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA).

IFN-g ELISpot assay

Immune activity in the TME was measured with a mouse IFN-g ELI-
Spot assay kit (3321-2A, Mabtech, Sweden), according to the kit
protocol. In brief, the plate was coated with mouse IFN-g capture
antibodies and kept overnight at 4�C in the dark. Cells isolated
from tumor masses were seeded at a density of 1.5 � 105 cells/well.
After 24 h of incubation at 37�C in a humidified atmosphere in a
5% CO2 incubator, cells were removed, and the wells were rinsed
with PBS. Biotinylated anti-IFN-g antibodies were then added, and
the plate was incubated for 2 h at room temperature (RT). Then,
the wells were rinsed with PBS and then incubated with streptavi-
din-alkaline phosphatase (ALP) for 1 h. The reaction was stopped
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by washing the wells with tap water when spots emerged. Spot num-
ber and activity were determined using an ELISpot reader system
(Autoimmune Diagnostika, Germany). Spot activity was character-
ized as the average spot size and intensity per well.

ELISA

For the quantification of soluble proteins, a polystyrene microplate
was precoated with a His-tag antibody (A00186-100, GenScript
Biotech, Nanjing, China). One hundred microliters of supernatant
or ascites was added and incubated for 2 h at 37�C. After washing,
the anti-CD155 antibody (50259-R001, Sino Biological, Beijing,
China) and HRP-conjugated streptavidin were added, and the plate
was incubated for another 2 h at 37�C. Tetramethyl benzidine
(TMB) was used as the substrate, and the absorbance was read
at 450 nm. The concentration of IFN-g in the plasma or ascites
was quantified using a mouse IFN-g ELISA kit according to the
manufacturer’s instructions (BD Biosciences, Franklin Lakes, NJ,
USA).

Expression, purification, and affinity analysis of free PVR

293T cells were infected with Ad5sPVR, and the cell culture superna-
tant was passed through a nickel column (Beyotime Biotechnology).
Washing solution was added to wash away unbound protein, elution
solution was added, and the protein was then collected. The collected
protein was identified by SDS-PAGE and Coomassie brilliant blue
staining, and its purity was greater than 85%. The purified sPVR pro-
tein was used in the Octet RED96 protein interaction analysis system
(ForteBio) for affinity analysis. Purchased mouse TIGIT and CD226
proteins (200 nM) were prepared with PBS. The receptor used by
Octet RED96 has activity against other proteins and can therefore
bind to the purified sPVR protein. The Octet RED96 receptor un-
dergoes a process of self-equilibration for 5 min, binding to the
sPVR protein for 10 min, equilibration for 3 min, binding to TIGIT
or CD226 for 5 min, and dissociation for 3 min. The affinity between
proteins was calculated by dynamically monitoring the binding pro-
cess between PVR and TIGIT or between PVR and CD226.

Statistical analysis

The results are presented as the means ± SD. Statistical analyses were
performed using a Student’s t test. Virus replication and oncolysis are
presented using one-way ANOVA with repeated measures (SPSS).
Animal survival is presented using Kaplan-Meier survival curves
and was statistically analyzed using the log-rank test (GraphPad
Prism version 6). p <0.05 was considered to be statistically significant.
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Figure S1. Replication activities of the recombinant adenovirus Ad5sPVR. 

Hepa1-6, H22, LM3, B16/F10, 4T1, and LLC1 cells were infected with recombinant 

adenovirus at an MOI of 5, 20, 2, 10, 5, and 10, respectively, and harvested at various 

time points. DNA was extracted, and the viral copy number was determined by RT-

PCR. The replication capacity of Ad5sPVR is illustrated as pfu/ml. Statistical analyses 

were performed using Student’s t test. Virus replication is presented using one-way 

ANOVA with repeated measures (SPSS). The data are shown as the means ± SDs; ns, 

nonsignificant. 

 

Figure S2. The replication capacity of the recombinant adenovirus Ad5sPVR in 

vivo.  
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(A) On day 0, male C57BL/6 mice were injected intraperitoneally with 5×106 H22 cells. 

On days 8, 12 and 16, mice in the Ad5sPVR group were injected intraperitoneally with 

Ad5sPVR (5×108 pfu). On days 12, before intraperitoneal injection of saline or virus, 

ascites were collected for further study. (B) On day 0, male Balb/c mice were injected 

subcutaneously with 5×106 H22 cells. On day 8, mice were injected intratumorally with 

the recombinant adenoviruses Ad5-luc (5×108 pfu). The recombinant adenovirus was 

generated as follows. The prepared luciferase sequences were cloned into the 

adenovirus shuttle plasmid pENTRTM using the AgeI and XhoI restriction sites. The 

recombinant adenoviral vectors expressing soluble proteins were obtained via 

homologous recombination between the shuttle plasmid and the adenovirus backbone 

pAD/PL-DEST. Twenty-four, 48 or 96 hours after Ad5-luc vaccination, viral replication 

was measured by fluorescence, which indicated the expression of luciferase. Briefly, 

mice were injected with 10 μl/g body weight of D-luciferin firefly (Biovision, Milpitas, 

CA). Then, mice were anesthetized by placement into a gas anesthesia chamber (2% 

isoflurane gas in O2). Mice were imaged using the LB 983 NightOWL II system. 
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