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Recombinant Adenovirus Expressing a Soluble
Fusion Protein PD-1/CD137L Subverts the
Suppression of CD8+ T Cells in HCC
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Oncolytic viruses are an excellent platform for developing
effective strategies in cancer immunotherapy. Several chal-
lenges remain in the use of viro-immunotherapy for cancer,
such as the lack of costimulatory signals and negative regula-
tion of immune checkpoints. In this study, we designed a novel
adenovirus expressing a soluble fusion protein, programmed
cell death protein 1 (PD-1)/CD137L, which contains the extra-
cellular domains of PD-1 and CD137L at each terminus (Ad5-
PC). Ad5-PC preserved the costimulatory activity of CD137L
and facilitated the persistence of activated CD8+ T cells. Ad5-
PC induced strikingly increased antitumor activity in both as-
citic and subcutaneous hepatocellular carcinoma (HCC) tumor
models, with 70% and 60% long-term cure rates, respectively.
The improved antitumor effect of Ad5-PC was attributed to
the sustained high-level lymphocyte activation and interferon
(IFN)-g production in the tumor microenvironment, and was
essentially dependent on CD8+ T cells rather than natural killer
(NK) cells. Moreover, Ad5-huPC-expressing human soluble
PD-1/CD137L fusion protein was effective in suppressing tu-
mor growth and improving survival in a humanized mouse
model. We confirmed that Ad5-PC induced tumor-specific
and systematic protection against tumor rechallenges at both
in situ and distant sites. Thus, Ad5-PC harnesses several
distinct functions to efficiently overcome several major hurdles
of viro-immunotherapy.
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INTRODUCTION
Cancer remains one of the major health problems worldwide.
Exploiting the immune system’s capacity to identify and eradicate
tumors has reached an important turning point in the history of can-
cer therapy, and remarkable progress has been made in clinical appli-
cations. A major hurdle for this strategy is the suppressive tumor
microenvironment (TME) due to its complex structures and multiple
components,1 e.g., lack of lymphocytic infiltrates, insufficient costi-
mulatory factors, or the immune negative feedback loop (immune
checkpoints).

Oncolytic viruses (OVs) are a class of self-replicating viruses that
selectively replicate in malignant cells, leading to cell lysis. Accumu-
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lated evidence from the last decade shows that OVs provide an excel-
lent platform to develop next-generation immunotherapy drugs for
cancer therapy.2 Adenovirus is a double-stranded DNA virus with
approximately 52 human serum types. The E1B 55-kDa-mutated
type V adenovirus has been approved by the Chinese Food and
Drug Administration (CFDA) for head and neck tumor therapy.
Adenovirus type V with an E1B 55-kDa deletion cannot inactivate
p53 and thereby is unable to replicate efficiently in normal cells.3,4

However, in cancer cells with a p53 mutation, the virus with a E1B
55-kDa deletion can replicate efficiently and induce oncolysis. OVs
possess distinct advantages in activating immune responses, such as
recruitment of lymphocytes, capacity to turn cold tumors hot, induc-
tion of immunogenic cell death, and expression of modified genes
that regulate the otherwise suppressive immune microenvironment.
Nevertheless, the use of OVs also has challenges, such as the induction
of an immunosuppressive feedback loop, e.g., programmed cell death
protein 1 (PD-1)/ programmed death ligand-1 (PD-L1), or lack of im-
mune costimulators, e.g., CD137L. Recently, it has become increas-
ingly popular to combine various strategies to improve the efficacy
of OV therapy.5

PD-1, one of the checkpoint inhibitors expressed by T cells, is a cen-
tral regulator of T cell exhaustion and has been recently been shown
to be effective in the treatment of different cancers.6 However, the
objective clinical response rates are still too low for the majority of pa-
tients, despite the impressive outcomes with PD-1 signal blockade.7–9

Further studies showed that the expression of PD-L1 in the TME, im-
mune cell infiltration, interferon (IFN)-g production, and the extent
erican Society of Gene and Cell Therapy.
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of tumor necrosis were correlated with objective response rates to
anti-PD-1 agents.10,11 There is still an unmet need to develop com-
bined or alternative treatments for patients with cancer that is refrac-
tory to PD-1 blockade antibodies.

CD137, a surface glycoprotein of the tumor necrosis factor receptor
(TNFR) family, can be induced on a variety of leukocyte subsets.
CD137L is the only known intercellular ligand for CD137. CD137
is upregulated on activated T cells, and the subsequent ligation of
CD137 with its cognate ligand provides costimulatory signals
for T lymphocytes,12 leading to enhanced proliferation,
reduced apoptosis, and increased IL-2 production and effector
functions.13–15 CD137 signaling promotes cytotoxic T lymphocyte
(CTL) infiltration into the malignant tissue and enhances the cyto-
toxic functions against the tumor.16 These functional properties of
CD137 have spurred fruitful research on its use in cancer immuno-
therapy. Recently, genetically engineered T cells with a CD137
signaling domain have become a prominent strategy in cancer
therapy.17 In vivo administration of agonistic CD137 antibodies
led to regression of some tumors.18 However, systemic immune
toxicity limited its clinical application.19

Here, we introduce a novel replication-competent adenovirus ex-
pressing a bispecific fusion protein, which contains the extracellular
domain of PD-1 on one end and the extracellular domain of
CD137L on another (PD1/CD137L). Our study suggests that this
genetically engineered adenovirus promotes immune cell infiltration
into the tumor sites. Moreover, PD1/CD137L activates tumor-
specific CTLs by signaling through the CD137 pathway and
blocks the PD-L1/PD-1 pathway in CTLs to diminish T cell exhaus-
tion. Ultimately, the recombinant adenovirus mediates a markedly
enhanced antitumor immune response and durable tumor
regression.

RESULTS
Replicative Adenovirus Improves the Immune Responses in

TME but Fails to Prolong Survival in an HCC Ascites Mouse

Model

To investigate whether the oncolytic adenovirus has a therapeutic
effect on malignant tumors, we constructed a replication-competent
type V adenovirus (Ad5con) with an additional early region 1A
(E1A) replication element (Figure 1A). The replication and onco-
lytic capabilities of Ad5con were confirmed in several types of tu-
mor cells (Figure S1). The H22-based hepatocellular carcinoma
(HCC) ascites mouse model was also employed to evaluate the anti-
tumor activity of Ad5con and its influence on the TME (Figure 1B).
We further monitored the dynamic changes in ascites associated
with the therapeutic outcome in each mouse. As a result, both the
concentration of IFN-g and the number of IFN-g–producing cells
in ascites were significantly increased when H22-bearing mice
were treated with oncolytic adenovirus (Figures 1C and 1D). In
addition, CD8+ T cells and NK1.1 cells were recruited into ascites
after Ad5con treatment (Figure 1E). However, survival did not
improve in the Ad5con group compared with the untreated group
(Figure 1G). Interestingly, PD-L1, an immunosuppressive molecule,
was dramatically upregulated on the surfaces of ascitic cells in mice
treated with Ad5con (Figure 1H).

These data suggest that the oncolytic Ad5con induces a moderate
immune response at the tumor sites, which may transform the tu-
mor from “cold” into “hot.” Unfortunately, Ad5con treatment was
insufficient to produce an effective antitumor effect, which
may be substantially due to the elevated expression of PD-L1 on
tumor cells.

Generation of a Novel Recombinant Adenovirus Regulating

PD-L1/PD-1 Negative Feedback Signaling and CD137L/CD137

Costimulatory Signaling

To elicit a therapeutic antitumor immune response, we aimed to
generate a novel recombinant adenovirus that blocks PD-L1/PD-1
negative feedback and provides a costimulatory signal to immune
effector cells. To this end, a soluble fusion protein, PD-1/CD137L,
was designed that contains the extracellular domain of PD-1 in
the N terminus and the extracellular domain of CD137L in the C
terminus (Figure 2A). The soluble fusion protein readily conjugates
PD-L1 on tumor cells; hence the PD-1 signal in immune effector
cells is blocked, and their antitumor activity can be sustained. Solu-
ble CD137L (sCD137L) was employed to enhance T cell prolifera-
tion and cytolytic activity. The expression fragments were inserted
into the genome of a replicative adenovirus. First, we confirmed
that the soluble PD-1 (sPD-1), CD137L, or PD-1/CD137L fusion
protein could be secreted into and accumulated in the supernatants
of the virus-infected HCC cell lines (Figures 2B–2E). Of note, the
replicating and oncolytic activities of the recombinant adenovirus
were not impaired in the presence of any one of the soluble proteins
(Figures 2F–2K). These data suggested that the recombinant adeno-
virus expressing the fusion protein retained its capabilities for repli-
cation and oncolysis while producing and secreting soluble fusion
protein.

Recombinant Ad5-PD-1/CD137L (Ad5-PC) Markedly Induces

Immune Responses and Increases the Durable Cure Rate

In an HCC ascites mouse model, we investigated the antitumor ef-
ficacy of recombinant AD5-PC. The tumor model and the therapeu-
tic regimen are depicted in Figure 3A. Survival of the mice treated
with control virus (Ad5con) or with virus encoding a sPD-1 (extra-
cellular domain of PD-1, Ad5-P) was comparable with that of the
mice that received saline. Furthermore, the sCD137L-producing
adenovirus (Ad5-C) significantly prolonged mouse survival and
led to an approximately 30% cure rate. Surprisingly, there was a
70% cure rate in mice treated with Ad5-PC, which was even better
than the cure rate in mice treated with the Ad5-P and Ad5-C com-
bination (Figure 3B). We also monitored the respective soluble pro-
tein levels and viral replication in ascites during treatment at earlier
stages and found no significant differences (Figure 3C). Moreover,
the IFN-g-producing immune cells in ascites were characterized
on days 14 and 19. All viruses effectively activated immune re-
sponses, and a relatively higher level was achieved by both Ad5-C
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Figure 1. Replication-Competent Adenovirus Improves Immune Responses in TME but Fails to Prolong Survival in an Ascitic HCC Murine Model

Male C57BL/6 mice were injected peritoneally with 5� 106 H22 cells. On days 7, 12, and 17, mice were treated i.p. with Ad5con (5� 108 PFUs), with saline used as a control

(n = 10 for each group). (A) Construction of the replication-competent adenovirus. (B) Schematic diagram of the experimental setup for adenovirus therapy. (C) Mouse ascites

were collected on day 14, and the IFN-g-producing lymphocytes were determined by ELISpot. The representative results for ELISpot are shown in the left panel, and the

associated plot counts are shown in the right panel. (D) IFN-g concentrations in the ascites were determined by ELISA. (E and F) Frequencies of (E) CD8+ T cells and (F)

NK cells were determined by flow cytometry. (G) Survival curves of mice with or without Ad5con treatment. (H) PD-L1-positive cells in ascites were detected by flow cy-

tometry. Data shown are the means ± SD. Data are representative of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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and Ad5-PC on day 14. Interestingly, on day 19, immune activation
was markedly decreased in ascites treated with Ad5-C, whereas
immune activation was sustained in ascites treated with Ad5-PC
(Figure 3D). Consistent with these findings, increased CD8+ T cell
infiltration levels were found in ascites treated with both viruses,
and again, the number of CD8+ T cells was markedly reduced in as-
cites treated with Ad5-C, whereas it was sustained in ascites treated
with Ad5-PC over time (Figure 3E). These data suggest that
sCD137L (a costimulatory molecule) could induce an intense im-
mune activation, and that sPD-1 is required to maintain a high-level
immune activation.
1908 Molecular Therapy Vol. 27 No 11 November 2019
Taken together, these results showed that Ad5-PC not only robustly
activated immune responses but also successfully sustained immune
activation at a relatively high level, which was sufficient to eradicate
tumor cells.

CD8+ T Cells Mediate the Antitumor Effect of Ad5-PC

Next, we depleted CD8+ T or natural killer (NK) cells in HCC
ascites mice using anti-NK1.1 or anti-CD8a antibodies, respec-
tively (Figure 4A). NK1.1 and CD8+ T cells were rarely found in
the peripheral blood from mice after injection with anti-NK1.1
or anti-CD8 antibodies, respectively (Figure 4B). The antitumor
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Figure 2. Generation of Recombinant Adenoviruses Regulating PD-L1/PD-1 Negative Feedback Signaling and CD137L/CD137 Costimulatory Signaling

Recombinant adenoviruses were generated to secrete soluble PD-1 (sPD-1), soluble CD137L (sCD137L), or a fusion PD-1/CD137L (sPD-1CD137L). (A) Recombinant

adenovirus constructs. (B) H22 cells were infectedwith recombinant adenovirus (MOI = 20) for 72 h, and the levels of sPD-1, sCD137L, and sPD-1CD137L in the supernatant

were detected bywestern blot. Themolecular weights were as expected. H22 (C), Hepa1-6 (D), and HCC-LM3 cells (E) were infectedwith recombinant adenoviruses atMOIs

of 20 or 5. The supernatants were collected at the indicated time points, and the concentrations of soluble proteins were determined by ELISA. H22 cells (F), Hepa1-6 cells

(G), and HCC-LM3 cells (H) were infected with recombinant adenoviruses at anMOI of 10 and harvested at varying time points. DNAwas extracted, and the viral copy number

was determined by qPCR. The fold changes were calculated by dividing the copy number at 6 h. H22 cells (I), Hepa1-6 cells (J), and HCC-LM3 cells (K) were infected with

recombinant adenoviruses at the indicated MOI for 72 h, and cell viability was determined by MTT. Data shown are the means ± SD. Ad5-C, recombinant adenovirus

encoding sCD137L; Ad5-P, recombinant adenovirus encoding sPD-1; Ad5-PC, recombinant adenovirus encoding sPD-1CD137L; ENDO, endocellular domain; EXO,

extracellular domain; TM, transmembrane region.
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efficacy of Ad5-PC was completely abrogated in mice lacking
CD8+ T cells, whereas it was not impaired by the anti-NK1.1
antibody (Figure 4C). A comparable level of sPD-1/CD137L (Fig-
ure 4D) and a similar viral copy number (Figure 4E) were found
in the murine ascites, which ruled out the possible impact of
the blocking antibodies on viral expression and/or viral replica-
tion. Interestingly, the concentration of IFN-g was significantly
reduced in ascites in the presence of the anti-CD8a antibody
(Figure 4F), suggesting that CD8+ T cells were a critical source
of IFN-g, which was indispensable for Ad5-PC-induced antitumor
immunity.
These results indicate that CD8+ T cells, rather than NK1.1 cells,
mediate the antitumor effect.

Ad5-PC Suppresses Tumor Growth in a Solid Tumor Model

We then studied the antitumor efficacy of Ad5-PC in a solid HCC
mouse model (Figure 5A). Compared with the group treated
with saline or Ad5con, intratumoral injection of Ad5-PC significantly
reduced the tumor burden (Figure 5B) andmarkedly prolonged the life-
span (Figure 5C). In fact, 6 out of 10mice were cured by treatment with
Ad5-PC (Figures 5C–5F). We also determined the level of the soluble
fusion protein PD-1/CD137L and the level of serum IFN-g in the
Molecular Therapy Vol. 27 No 11 November 2019 1909
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Figure 4. CD8+ T Cells Mediate the Antitumor Activity of Ad5-PC

Male C57BL/6mice were injected peritoneally with 5� 106 H22 cells. Mice were treated i.p. with recombinant adenoviruses (5� 108 PFUs/mouse), combinedwith or without

anti-CD8a or anti-NK1.1. (A) Schematic diagram of the experimental setup for CD8+ T cell or NK cell depletion. (B) Mouse blood was collected 5 days after the administration

of blocking antibody, and the depletion effects of anti-CD8a and anti-NK1.1 were confirmed via flow cytometry. (C) Survival curves of mice treated with recombinant ad-

enoviruses in the presence or absence of anti-CD8a or anti-NK1.1 antibodies. The concentrations of soluble proteins (D) and IFN-g (F) in ascites were determined by ELISA.

(E) Viral copies in ascites were detected by qPCR. Data shown are the means ± SD. #Not significant; *p < 0.05, ***p < 0.001.
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peripheral blood.The fusionproteinPD-1/CD137Lwashardly found in
blood (data not shown), andAd5-PCdidnot cause a significant increase
in serum IFN-g, indicating that local administration of Ad5-PC may
decrease the chanceof systemic immune-related side effects (Figure5G).
In addition, OV treatment had no influence on mouse weight (Fig-
Figure 3. Recombinant Ad5-PD-1/CD137L Activates Immune Responses and I

Male C57BL/6 mice were injected peritoneally with 5 � 106 H22 cells. On days 7, 12,

ascites were collected on days 14 and 19 (n = 10 for each group). (A) Schematic diagram

with recombinant adenoviruses. (C) On day 14, the concentrations of soluble proteins in

shown are the means ± SD. (D) On days 14 and 19, the IFN-g-producing lymphocytes in

panel, and the associated plot counts are shown in the right panel. (E) CD8+ T cell frequen
#p value was not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
ure 5H). To evaluate the effect of fusion protein PD-1/CD137L on
immune moderation, we purified the secreted proteins from the super-
natant. As shown in Figure 5I, the splenic cells displayed a dramatically
increased capacity for tumor killing in the presence of the PD-1/
CD137L protein compared with PD1 or CD137L treatment.
ncreases Durable Cure Rate

and 17, mice were treated i.p. with recombinant adenoviruses (5 � 108 PFUs), and

of the experimental setup for adenovirus therapy. (B) Survival curves of mice treated

ascites were detected by ELISA, and viral copies were determined by qPCR. Data

ascites were determined by ELISpot. The representative results are shown in the left

cies in ascites were determined by flow cytometry. Data shown are themeans ± SD.
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Figure 5. Ad5-PC Attenuates Tumor Growth in a

Subcutaneous HCC Murine Model

Male C57BL/6 mice were subcutaneously inoculated with

5� 106 Hepa1-6. Recombinant adenovirus (5� 108 PFUs/

mouse) was locally injected when the tumor volume

reached 0.4 cm3. The tumor volume and mouse weights

were monitored, and the mice were considered to have

died when the tumor volume reached 2 cm3. (A) Schematic

diagram of the experimental setup for adenovirus therapy in

solid tumors. Tumor volumes (B) and survival curves (C) of

mice with or without treatment of recombinant adenovirus

were determined. (D–F) Volume for each tumor in the group

of mice treated with (D) saline, (E) Ad5con, or (F) Ad5-PC.

(G) On day 14, the concentrations of sPD-1CD137 and

IFN-g in plasma were determined by ELISA. (H) Mouse

weights were determined at the indicated time points. (I)

Splenocytes and Hepa1-6 were mixed at a ratio of 5:1, in

the presence of purified PD1, CD137L, or fusion protein

PD1/CD137L, respectively. The number of Hepa1-6 cells

was reflected by the bioluminescence intensity. Data

shown are the means ± SD. #Not significant; *p < 0.05,

**p < 0.01, ***p < 0.001.
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These findings show that Ad5-PC induces a sufficient antitumor
effect in solid tumors with limited spread of the fusion protein
in blood. The tumor killing promoted by the fusion protein may
be a partial explanation for the Ad5-PC-mediated antitumor
responses.

Ad5-PC Induces Tumor-Specific and Long-Term Immune

Memory in Mice

To elucidate whether the Ad5-PC-mediated tumor clearance was tu-
mor specific, the cured H22-bearing mice were rechallenged with
two rounds of peritoneal injections with H22 cells, and no tumor
burden (ascites) was observed, whereas all naive mice were suscep-
1912 Molecular Therapy Vol. 27 No 11 November 2019
tible to the challenge with H22 cells (Figure 6A).
This finding indicated that Ad5-PC elicits long-
term antigen-specific immune memory.

Furthermore, cured mice from both H22 and
Hepa1-6 models were subcutaneously injected
with H22 cells. As shown in Figure 6B, H22
cells rapidly developed into solid tumors in
mice that had survived a Hepa1-6 challenge,
whereas mice that had survived a H22 chal-
lenge were resistant to the subsequent rechal-
lenge with H22 cells. These data suggest that
the antitumor effect induced by Ad5-PC was
tumor specific.

Ad5-huPC Has a Therapeutic Effect in a

Humanized Mouse Model

Finally, we aimed to elucidate whether Ad5-PC
also effectively activates the antitumor immune
responses in human immune cells. To this end, adenovirus
encoding a fusion protein with human PD1 and CD137L extracel-
lular domain (Ad5-huPC) was generated (Figure 7A) and trans-
planted with human HCC-LM3 cells in non-obese diabetic
(NOD)-SCID IL-2 receptor gamma null (NSG) mice transfused
with human peripheral blood mononuclear cells (PBMCs) (Fig-
ure 7B). Consistent with previous results, tumor growth was
inhibited in mice that had received Ad5-huPC (Figure 7C). Ad5-
huPC administration led to significantly improved survival in
LM3-bearing mice (Figure 7D). These results indicate that Ad5-
huPC is sufficient to activate human immune cells and induce
antitumor responses.
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Figure 6. Ad5-PC-Cured Mice Exhibit a Tumor-Specific and Long-Term Immune Memory

(A) Mice that had been cured were re-challenged with 5� 106 H22 cells on days 90 and 150 post-inoculation. Naive mice were used as a control. The day that mice received

the re-challenge was regarded as day 0 in the survival curves. (B) Cured mice from H22 ascetic tumor or hepa1-6 solid HCC were subcutaneously injected with 5� 106 H22

cells. Mice were sacrificed for tumor measure 16 days after re-challenge with H22 cells. i.p., injected peritoneally; s.c., injected subcutaneously. ***p < 0.001.
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A Model Depicting How Ad5-PC Overcomes the Hurdles of

Immune Activation

The presence of coinhibitory checkpoints and the absence of costimu-
latory signals compromise virus-induced immune activation (Fig-
ure 8, left). Adenovirus infection induces lymphocyte infiltration in
TME, after which the soluble fusion protein PD-1/CD137L provides
an indispensable activation signal to CTLs by the CD137L/CD137
interaction and further sustains the immune activity of CTLs by
blocking the PD-1/PD-L1 interaction. In addition, sPD-1/CD137L
may bridge the gap between effector T cells and malignant cells to
enhance cytotoxicity (Figure 8, right).

DISCUSSION
Oncolytic viro-immunotherapy has made remarkable progress in clin-
ical cancer therapy.20 In this study, we generated a novel replication-
competent adenovirus that produces a bispecific fusion protein contain-
ing the extracellular domain of PD-1 and the extracellular domain
of CD137L (Ad5-PC). The oncolytic Ad5-PC harnesses multiple
antitumor activities to overcome several major hurdles in viro-immu-
notherapy. In ascitic and solid HHC tumor models, Ad5-PC adminis-
tration achieved 70% and 60% cure rates, respectively. Furthermore,
CD8+ T cells mediated the antitumor activity induced by Ad5-PC.

Although the replication-competent adenovirus alone induced im-
mune responses in tumor sites, it was not sufficient to improve the
outcomes in a murine HCC ascites model. We hypothesized that
the virally mediated upregulation of PD-L1 expression might have
contributed to immune inhibition because some reports have shown
that OV infection upregulated PD-L1.21–23 Indeed, some studies have
shown that OVs combined with systemic immune checkpoint
blockade improved antitumor efficacy.24–26 The oncolytic measles vi-
rus (MV) armed with a PD-L1 antagonist showed an equal antitumor
efficacy as MV in combination with systemic administration of
PD-L1 in melanoma treatment.27 Surprisingly, Ad5-P did not
improve the antitumor effect in HCC ascites compared with control
adenoviruses. It is likely that blocking the immune negative feedback
alone, such as with PD-1/PD-L1 in the TME, is not sufficient to elicit
effective antitumor responses. Another explanation is the lack of cos-
timulatory signals for CTL activation.

CD137L is a costimulatory molecule and provides the second activa-
tion signal for T lymphocytes through binding to its receptor,
CD137.12 CD137+ tumor infiltrated lymphocytes (TILs) displayed a
stronger response to tumor antigens. The cytoplasmic tail of CD137
has been integrated into CAR T cells to transmit activation sig-
nals.28,29 In fact, OVs armed with a costimulatory molecule, e.g.,
CD137L and OX40L, shaped the immune response in the TME and
facilitated the induction of tumor-specific and long-lasting antitumor
responses.30,31 In the current study, adenovirus expressing the costi-
mulatory molecule CD137L (Ad5-C) strongly activated immune
Molecular Therapy Vol. 27 No 11 November 2019 1913
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Figure 7. Ad5-huPC Significantly Inhibits HCC Growth

and Prolongs Survival in a Humanized Mouse Model

(A) The recombinant adenovirus coding for human PD1/

CD137L. (B) Schematic diagram of the experimental setup

for Ad5-PC therapy in the NCG mouse model. Male NCG

mice were injected subcutaneously with 5 � 106 LM3 cells.

Human PBMC was administrated on day 7, followed by the

Ad5-huPC treatment. Tumor volumes (C) and mice survival

(D) were monitored. *p < 0.05.
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responses in HCC ascites compared with Ad5-P and resulted in a pro-
found antitumor response in the HCC ascites. Our data suggest that
the lack of costimulatory signals plays a pivotal role in tumor
immunosuppression.

We observed that the immune activity upregulated by Ad5-C was
rapidly weakened over time, indicating that the presence of costi-
mulatory signals alone is not sufficient to elicit long-term effective
immune activation. Ad5-PC induced a similar activation of the
antitumor immune response as Ad5-C, suggesting that the fusion
protein does not interfere with the stimulatory activity of CD137L.
Importantly, Ad5-PC successfully sustained IFN-g production and
continuously increased the number of CD8+ T cells in the TME,
achieving the highest cure rate in the present study. Similarly, in-
tratumoral injection of Ad5-PC achieved excellent therapeutic ef-
ficacy in a solid HCC tumor model. These data indicate that the
PD-1/CD137L fusion protein is potent in activating the otherwise
silent immunity and is efficient in boosting the activation of infil-
trated immune cells by CD137L signaling, while prolonging the
persistence of CD137L-boosted CD8+ T cells by PD-1 signaling
in the TME. Consistent with these results, sustained immune activ-
ity was also achieved by the combination of Ad5-P and Ad5-C in
the TME, which led to an approximately 50% cure rate. Thus, to
achieve an effective antitumor immune response, signals for both
immune boosting and preventing immune exhaustion are
indispensable.

Interestingly, Ad5-PC exhibited superior antitumor efficacy over the
combination of Ad5-P and Ad5-C. The fusion protein caused a signif-
icantly increased efficacy of tumor killing in splenic cells, even stron-
ger than that induced by PD1 and CD137L together. It has been
suggested that both the perforin and Fas/FasL pathways, two primary
1914 Molecular Therapy Vol. 27 No 11 November 2019
antitumor mechanisms of CTLs, require a direct
interaction between the CTL and the target
cell.32 Therefore, like other bispecific T cell engag-
ers,33 the PD-1/CD137L fusion protein may func-
tion as a bidirectional conjugator, which connects
the CTLs and the tumor cells, leading to improved
oncolysis. Moreover, PD-1/CD137L as a connec-
tion between PD-L1 and CD137 may convert the
PD-1 suppressing signal to an activating signal
in CTLs. Further investigations are still required
to address this issue. The antitumor effect of
Ad5-PC was mediated by CD8+ T cells, whereas NK cells did not
contribute to the antitumor immunity. Because NK cells are also
important in antitumor immunity, it will be interesting to develop
a combination strategy involving Ad5-PC and reagents for NK cell
activation.

Until now, most OVs have been administered locoregionally either
alone or in combination. Several studies showed that regional tumor
administration of OVs inhibited distant tumors.34,35 Combination
therapy with intratumoral OVs and systemic checkpoint blockade
promoted distant tumor infiltration of activated T cells and led to
an increase in therapeutic efficacy.26,27,36 In the current study, our
goal was to identify the antitumor efficacy of the novel recombinant
Ad5-PC. As a proof of principle, we performed the experiments in
an ascitic and a subcutaneous HCC mouse model. Whether this
strategy is relevant to the therapy of patients with metastatic disease
is worthy of further thorough investigation in an appropriate animal
model.

Ad5-PC displayed a distinctive capacity for tumor control in both the
HCC ascites and the solid tumor models, with no side effects
observed, suggesting that this method could be a promising and
safe strategy for cancer immunotherapy. Given that the systemic
administration of checkpoint blockade effectors frequently induces
immune-related adverse events (IRAEs), the local administration of
Ad5-PC, which produces a high level of sPD-1/CD137L in situ and
limited or negligible levels of fusion protein in plasma, can reduce
the chance of developing IRAEs during the course of treatment.
Furthermore, the recombinant adenovirus Ad5-huPC expressing
the human sPD-1/CD137L fusion protein was effective in suppressing
tumor growth and prolonging the lifespan, providing more informa-
tion to warrant further clinical applications.8,37



Figure 8. Ad5-PC Harnesses Multiple Distinct

Functions to Improve Antitumor Immune

Responses

Recombinant adenovirus producing the soluble fusion

protein PD1/CD137L harnesses multiple distinct func-

tions to promote antitumor immune responses. The in-

filtrated T cells induced by adenovirus are suppressed

because of the inhibitory molecule PD-L1 and the paucity

of costimulatory molecules (left panel). The soluble fusion

protein PD1/CD137L provides a costimulatory signal to

the virus-recruited CD8+ T cells and sustains the immune

activity of CD8+ T cells by blocking PD-L1. Furthermore,

sPD1/CD137L may bridge the gap of effecter T cells and

malignant cells to enhance cytotoxicity and convert

PD-L1-mediated suppressive signal to activating signal

(right panel).
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Long-term specific antitumor immune surveillance is critical for pre-
venting tumor reoccurrence. H22-bearing mice cured by Ad5-PC
were resistant to rechallenges with H22 cells both in situ and at distant
sites, indicating that Ad5-PC induced durable and systematic im-
mune surveillance. Interestingly, the Hepa1-6-bearing mice cured
by Ad5-PC were sensitive to H22 rechallenge, indicating that the im-
mune protection induced by Ad5-PC was tumor specific.

In summary, the Ad5-PC harnesses multiple functions to efficiently
overcome the therapeutic flaws of each, i.e., insufficient immune
boosting and rapid exhaustion of CTLs, and would be a promising
agent for tumor immunotherapy.

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, authenticated by short tandem repeat (STR) analysis, and tested
for mycoplasma contamination. The mouse HCC cell line Hepa1-6,
human embryonic kidney cells 293T, human alveolar adenocarci-
noma cell line A549, mouse melanoma cell line B16-F10, and Lewis
lung carcinoma cell line LLC1 were obtained from the American
Type Culture Collection (Manassas, VA, USA). H22 cells were
cultured in RPMI 1640 medium (Life Technologies), and the other
cell lines were cultured in DMEM supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and
0.1 mg/mL streptomycin (Thermo Fisher Scientific, GIBCO, Grand
Island, NY, USA). All cells were maintained in a humidified incubator
with an atmosphere containing 5% CO2 at 37�C.

Recombinant Adenovirus Construction

Recombinant adenovirus was generated as previously described.38

E1A cDNA was obtained from 293T cells. The cDNA encoding the
extracellular domains of PD-1 and CD137L were purchased from
Sino Biological. The gene fragments used in our study were generated
by PCR amplification using specific primer pairs (Table S1) and were
connected by ligation PCR. For the secretion of sCD137L, the CD33
signal peptide (MPLLLLLPLLWAGALAM) was designed upstream
of the CD137L sequence. The prepared sequences were cloned into
adenovirus shuttle plasmid pENTR Vector using the AgeI and XhoI
restriction sites. The recombinant adenoviral vectors expressing sol-
uble proteins were obtained via homologous recombination between
the shuttle plasmid and the adenovirus backbone pAd/PL-DEST
(Thermo Fisher Scientific, Invitrogen, Carlsbad, CA, USA). After
digestion with the restriction enzyme PacI, the recombinant adeno-
virus was generated by transfecting 293T cells. The virus was then
amplified in 293T cells and purified using double cesium chloride
gradient ultracentrifugation. Virus titration was determined by add-
ing serially diluted virus into a 96-well plate seeded with 293T cells
(10,000 cells/well). Cells were cultured for 4 days, and fluorescence
was evaluated via microscopy. The virus titer was calculated accord-
ing to the following formula:

TCID50 = 102+ ðS=N-0:5Þ�mL;

PFU=mL= 0:7� TCID50=mL;

where S is the total number of fluorescence-positive wells, and N is the
number of replicates.
Viral Oncolysis

Cells were seeded on a 96-well plate, and adenovirus was added at the
indicated MOI. Seventy-two hours later, the cells were supplemented
with 100 mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide, thiazolyl blue tetrazolium bromide (MTT) reagent
and incubated for another 4 h. The supernatant was discarded, and
150 mL of isopropanol was added. The absorbance for each well
was tested by filtering at a wavelength of 570 nm.
Viral Replication

Cells were plated on a 24-well plate and infected with adenovirus at an
MOI of 2. Cells were harvested at 6, 24, 36, 48, 60, and 72 h. Then the
DNA was isolated, and the viral copy number was quantified using
the ViiA 7 Real-Time PCR System (Applied Biosystems, Foster,
Molecular Therapy Vol. 27 No 11 November 2019 1915
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CA, USA). The shuttle plasmid containing E1A was used to prepare
the standard curve, and the primer pairs Q-E1A F and Q-EIA R
(Table S1) were used for the qPCR. The fold changes were calculated
from the titers at 6 h.

Mouse Tumor Models

For the HCC ascites murine model, specific pathogen-free (SPF)
grade 8-week-old C57BL/6 male mice were purchased from Nanjing
University Model Animal Institute. A total of 5 � 106 H22 cells were
injected peritoneally to develop an ascites tumor model. On days 7,
12, and 17, mice were injected peritoneally (i.p.) with recombinant
adenovirus (5� 108 plaque-forming units [PFUs]/mouse), and saline
was used as a control. The ascites were collected on days 14 and 19,
and subsequent analyses were performed immediately. The mice
that had been cured were rechallenged with 5 � 106 H22 cells on
days 90 and 150, and naive mice were used as a negative control.
To deplete the CD8+ T cells and NK cells, mice were injected perito-
neally with 500 mg of anti-CD8a (Bioxcell, West Lebanon, NH, USA)
or anti-NK1.1 (Bioxcell, West Lebanon, NH, USA) on day 10 and
received a second injection 1 week later. For survival monitoring,
the mice were left untreated after the adenovirus administration,
and the survival time for each mouse was recorded.

For the solid tumor model, C57BL/6 mice were subcutaneously inoc-
ulated with 5 � 106 Hepa1-6 cells. On days 9, 12, and 15, Ad5-PC or
Ad5con (5 � 108 PFUs/mouse) was intratumorally injected, and sa-
line was used as a control. Tumor volume and body weight were
measured every other day. On day 14, mice were anaesthetized with
Nembutal, and blood was collected from the retrobulbar vein for sub-
sequent analysis. Mouse survival was continuously monitored. Mice
were sacrificed when the tumor volume reached 2.0 cm3. Tumor vol-
ume was calculated by V = (length � width2)/2.

For the humanized mouse model, NOD-Prkdcscid Il2rgnull (NCG)
mice (Nanjing University Model Animal Institute) were subcutane-
ously inoculated with 5 � 106 human HCC cell line LM3 cells. On
day 7, human PBMCs were collected from healthy donors, isolated
with Ficoll, and then intravenously injected into LM3-bearing mice
(2 � 106 PBMCs/mouse). On days 8, 10, 12, and 15, Ad5-huPC or
Ad5con (2� 108 PFUs/mouse) was administered by intratumoral in-
jection. Tumor volume and mouse survival were monitored.

All animal care and handling procedures were performed in accor-
dance with the NIH Guide for the Care and Use of Laboratory Ani-
mals and were approved by the Institutional Review Board of Nanjing
University (Nanjing, China). We strictly obeyed the Declaration of
Helsinki for Medical Research involving Human Subjects during
the project and obtained written consent from all subjects. This study
was approved by the Ethics Committee of The Affiliated Drum Tower
Hospital, Medical School of Nanjing University.

Tumoricidal Activity Measurement

293T cells were infected with Ad5-PC, Ad5-P, or Ad5-C. Soluble pro-
teins sPD1/CD137L, sPD1, or sCD137L were purified from superna-
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tants by nickel-affinity chromatography. The purity of proteins was
confirmed by SDS-PAGE and Coomassie blue staining. Splenocytes
were isolated from C57BL/6 mice and cocultured with Hepa1-6 cells
containing a luciferase coding gene at a ratio of 5:1 (effector:target
[E:T]). Subsequently, 200 ng/mL of purified proteins was added
into the coculture system. Twenty-four hours later, the cells were
lysed, and substrate (Promega, WI, USA) was added for biolumines-
cence determination. The number of living Hepa1-6 cells was re-
flected by the bioluminescence intensity. Tumor-killing efficacy was
calculated by comparing the bioluminescence intensity between the
protein-treated and untreated control groups.

Western Blot Analysis

Supernatants from infected cells were collected and mixed with
loading buffer in the presence of 2-mercaptoethanol (2-ME) and
heated at 95�C for 5 min before separation on a 10% SDS-PAGE
gel. The proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (Merck Millipore, MA, USA) and incubated
with mouse anti-His antibody (GenScript Biotech, Nanjing, China).
After washing, the membrane was probed with horseradish peroxi-
dase (HRP)-conjugated rabbit anti-mouse IgG (GenScript Biotech,
Nanjing, China) and visualized with western blot chemiluminescence
reagent (Millipore, Billerica, MA, USA) using an imaging system
(Sage Creation Science, Beijing, China).

ELISA

For the quantification of soluble proteins, a polystyrene microplate
was precoated with His tag antibody (GenScript Biotech, Nanjing,
China). One hundred microliters of supernatant or ascites was added
and incubated for 2 h at 37�C. After washing, anti-PD-1 or anti-
CD137L antibodies (Sino Biological, Beijing, China) and HRP-conju-
gated streptavidin were added, and the plate was incubated for
another 2 h at 37�C. TMB was used as a substrate, and the absorbance
was read at 450 nm.

The concentration of IFN-g in the ascites or plasma was quantified
using a mouse IFN-g ELISA kit according to the manufacturer’s in-
structions (BD Biosciences, Franklin Lakes, NJ, USA).

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 antibodies to CD3 allophycocya-
nin (APC), CD8a PerCP-Cy5.5, CD4 fluorescein isothiocyanate
(FITC), and CD274 phycoerythrin (PE; BD Biosciences, Franklin
Lakes, NJ, USA). NK1.1 FITC was purchased from BD Biosciences
or Bioss (Woburn, MA, USA). The fluorescence intensity of cells
was then detected using a FACSCalibur flow cytometer (BD Biosci-
ences, San Jose, CA, USA).

IFN-g Enzyme-Linked Immunosorbent Spot (ELISpot) Assay

Peritoneal cells were harvested from the murine ascites at the indi-
cated time points. The IFN-g-expressing cells were quantified using
the Mouse IFN-g ELISpot PLUS kit (3321-2AW-Plus; Mabtech,
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Nacka Strand, Sweden) according to the manufacturer’s instructions.
In brief, 2 � 105 cells/well were incubated in a 96-well plate at 37�C
for 20 h in the presence of precoated anti-IFN-g antibody. Cells were
washed away, and biotinylated secondary antibody was added. The
captured IFN-g was visualized by adding HRP-conjugated streptavi-
din and TMB substrate. An ELISpot reader (Autoimmun Diagnos-
tika, Strasberg, Germany) was used to count the positive spots in
each well.
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