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Adenoviruses harboring the herpes simplex virus thymi-
dine kinase (HSVtk) gene under the regulation of a trans-
splicing ribozyme targeting human telomerase reverse 
transcriptase (hTERT-TR) show marked and specific anti-
tumor activity. In addition to inducing tumor cell death 
by direct cytotoxicity, it is becoming clear that HSVtk also 
induces antitumor immunity. Programmed death ligand 1 
(PD-L1) expressed on tumor cell surfaces mediates tumor-
induced immunoresistance by inhibiting PD1-expressing 
tumor-infiltrating T cells. Here, we explored whether a 
soluble form of PD1 (sPD1-Ig), which blocks PD-L1, could 
synergize with TERT-TR-regulated HSVtk to enhance the 
adenoviral therapeutic efficacy by boosting antitumor 
immunity. Tumor antigen released by HSVtk-transduced 
tumors successfully primed tumor antigen–specific CD8 T 
cells via dendritic cells (DC). Regression of murine tumors 
was markedly enhanced when sPD1-Ig was incorporated 
into the adenovirus as compared with a single-module 
adenovirus expressing only HSVtk. This effect was abol-
ished by CD8 T-cell depletion. Consistent with this, fol-
lowing adoptive transfer of tumor antigen–specific CD8 
T cells into tumor-bearing Rag1−/− mice, dual-module 
adenovirus significantly enhanced CD8 T cell–mediated 
tumor rejection. In addition, secondary tumor challenge 
at a distal site was completely suppressed in mice treated 
with a dual-module adenovirus. These results suggest 
that a dual-targeting strategy to elicit both tumor antigen 
priming and tumor-induced immunoresistance enhances 
CD8 T cell–mediated antitumor immunity.
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Introduction
Adenoviruses harboring herpes simplex virus thymidine kinase 
(HSVtk) have been proposed as a therapeutic approach to the 
treatment of various cancers. Using a human telomerase reverse 

transcriptase (hTERT)-targeting ribozyme (hTERT-TR) to control 
tumor-specific expression of HSVtk, we successfully achieved HSVtk 
expression in primary liver and colorectal cancer cells.1,2 When 
HSVtk-expressing cells are exposed to ganciclovir (GCV), a prod-
rug, HSVtk phosphorylates GCV at a single site. This monophos-
phorylated form of GCV is trapped inside the cell and converted 
into tri-phosphorylated GCV by cellular kinases. The tri-phos-
phorylated GCV in turn inhibits DNA polymerase, causing single-
strand DNA breaks, eventually leading to apoptosis.3–6 Although 
this direct cytotoxic effect is thought to be the main mechanism of 
HSVtk antitumor activity, it has become clear from recent reports 
that HSVtk-mediated tumor cell lysis elicits antitumor immunity.7–9 
New strategies to potentiate this antitumor immunity by combin-
ing various immune modulators such as FMS-like tyrosine kinase 3 
ligand and granulocyte-macrophage-colony stimulating factor with 
adenoviruses harboring HSVtk have shown great promise as immu-
notherapeutic vaccines.10–12 Most of these studies focused on tumor 
antigen priming and enhancing the recruitment or activation of 
antigen presenting cells such as dendritic cells (DCs). However, to 
maximize HSVtk-based antitumor immunity, tumor immunore-
sistance mechanisms such as immunosuppressive cytokines, major 
histocompatibility complex downregulation, and immunosuppres-
sive cell-surface molecules expressed on the cancer cell surface must 
be overcome.13–16 To date, these issues have not been addressed in 
the context of HSVtk-based gene therapy.

Programmed death ligand 1 (PD-L1) is a cell-surface glycoprotein 
and a member of the B7 family of T-cell costimulatory molecules.17 
Although PD-L1 mRNA is ubiquitously expressed in humans, cell-
surface expression of PD-L1 is restricted to cells of the macrophage 
lineage.17 Of note, PD-L1 is also expressed on the surface of many 
human tumor cells.18,19 The PD-L1 receptor (programmed death-1, 
PD-1) is expressed on T cells.20 Binding of PD-L1 transduces negative 
regulatory signals via the PD-1 inhibitory cytoplasmic domain.21,22 
PD-L1 expressed on the surface of tumor cells abrogates cell-medi-
ated antitumor immunity by inducing T-cell apoptosis and inhibiting 
cytokine production and tumor-killing effect of activated T cells.23,24 
Therefore, PD-L1 expression on the tumor cell surface appears to 
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mediate tumor-induced immunoresistance. Consistent with this, 
neutralizing antibodies against either PD-1 or PD-L1 overcome this 
resistance and enhance antitumor immunity in preclinical mouse 
models.25–27 Therapeutic antibodies targeting both molecules are 
currently being tested in phase I clinical trials.23,28 However, systemic 
downregulation of the PD-L1/PD-1 axis can also trigger systemic 
autoimmunity via uncontrolled activation of autoreactive T cells, 
as was shown for antibodies to cytotoxic T lymphocyte–associated 
antigen 4, another negative regulator of T cells.29,30 Thus, localized 
inhibition of the PD-L1/PD-1 axis in the tumor microenvironment 
may be a more preferable and safer strategy for overcoming tumor-
induced T-cell tolerance.

In the current study, as a strategy for blocking PD-L1 in the 
tumor microenvironment, we generated recombinant soluble PD-1 
in which the extracellular domain of PD-1 was fused to the Fc por-
tion of mouse IgG2a (sPD1-Ig). The sPD1-Ig cDNA was integrated 
into a replication-deficient adenovirus harboring HSVtk under the 
regulation of mouse TERT-TR to achieve the dual goal of enhanc-
ing tumor antigen priming and blocking local immune resistance. 
In addition to the direct cytotoxic effects of HSVtk, the dual-module 
adenovirus was designed to enhance antitumor vaccine efficiency by 
maximizing antitumor immunity. Our experimental evidence sug-
gests that the dual-module adenovirus enhances antitumor immu-
nity by amplifying the CD8 T-cell response.

Results
Construction of an adenovirus harboring mouse 
TERT-TR- HSVtk
We previously developed a novel strategy for tumor-specific adeno-
viral expression of HSVtk using a well-known tumor marker, TERT. 
In this strategy, a ribozyme that recognizes and digests mRNA 
sequence of hTERT is delivered to tumor cells using a recombinant 
adenovirus. In addition, this ribozyme is designed to ligate HSVtk 
mRNA to the digested 3′ end of hTERT mRNA, which leads to new 
translation of HSVtk mRNA in the tumor cells. This kind of ribozyme 
is called trans-splicing ribozyme.1,2 (see also Supplementary Figure 
S1). In theory, trans-splicing ribozyme–controlled HSVtk expres-
sion is restricted to cells that express high levels of hTERT mRNA, 
which include tumor cells. Thus, this system represents an efficient 
way to deliver HSVtk into tumor cells without affecting cells in the 

surrounding normal tissues, which express low levels of hTERT. In 
fact, this strategy was highly effective in human colorectal cancer 
cells in xenograft mouse models. One drawback of this system in 
immunological analysis is that experiments with human cancer 
cells have to be performed in immune-deficient mice to prevent 
xenograft rejection. Hence, this system is not appropriate for evalu-
ating the effect of HSVtk on antitumor immunity.

To overcome this limitation, we designed a similar system 
using a trans-splicing ribozyme that targets mouse TERT mRNA 
(mTERT-TR) to evaluate the immunological effects of TERT-TR-
regulated HSVtk using syngeneic mouse tumor models. The TERT 
recognition sequence was placed proximal to the HSVtk coding 
sequence such that HSVtk expression was dependent on the pres-
ence of mTERT transcripts (Supplementary Figure S1).31 This 
entire expression cassette, under the control of the cytomegalovi-
rus (CMV) promoter, was integrated into an E1/E3-deficient ade-
novirus genome to generate an adenovirus (Ad5mTR) harboring 
mTERT-TR-regulated HSVtk (mTERT-TR-HSVtk) (Figure 1a). An 
adenovirus (Ad5MOCK) lacking the expression cassette was also 
generated as a control.

To determine whether HSVtk expression mediated by Ad5mTR 
was cytotoxic to murine tumor cells, we used CT26 cells, a colon 
cancer cell line derived from a BALB/c mouse, because this cell line 
expresses high levels of mTERT mRNA (data not shown). CT26 cells 
were exposed to Ad5mTR at varying multiplicity of infection (MOIs) 
in the presence or absence of GCV. An MOI of 2.5 in the presence 
of GCV was sufficient to kill most of the cells, whereas Ad5MOCK 
exhibited no cytotoxicity up to an MOI of 50 (Figure 1b). Consistent 
with this in vitro cytotoxicity, tumor growth was significantly inhib-
ited when Ad5mTR was injected intratumorally into subcutaneous 
CT26 tumors in BALB/c mice (Figure 1c). Thus, Ad5mTR showed 
similar antitumor effects to those of adenoviruses harboring human 
TERT-TR-HSVtk, which indicated that it would be appropriate for 
studies of antitumor immunity in mice.

Enhanced DC-mediated tumor antigen presentation 
by HSVtk
Some reports suggest that HSVtk expression in tumor cells, either 
by DNA transfection or adenovirus infection, enhances antigen 
priming of cytotoxic CD8 T cells.9,32 Because HSVtk expression in 
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Figure 1 R egulation of adenoviral HSVtk gene expression by mouse telomerase reverse transcriptase–targeting ribozyme (TERT-TR). 
(a) Ad5mTR, an E1/E3-deficient adenovirus, expressing HSVtk under the regulation of mouse TERT-TR. Ad5MOCK is a control E1/E3-deficient adeno-
virus. (b) CT26 cells (3 × 103) were seeded in 96-well plates and then exposed to Ad5MOCK (closed circles) or Ad5mTR adenovirus at the indicated 
multiplicity of infections in the presence (closed squares) or absence of 100 µmol/l ganciclovir (GCV) (closed triangles). On day 3 postinfection, 
cytotoxicity was measured using a cell proliferation assay kit. Data represent the mean ± SD of triplicate assays. (c) BALB/c mice were inoculated 
subcutaneously in both flanks with CT26 cells (1 × 106) followed by intratumoral injection of 5 × 108 plaque forming units of either Ad5MOCK (closed 
squares) or Ad5mTR (closed circles), and GCV (75 mg/kg) was administered intraperitoneally twice per day. Data represent the mean ±SEM (n = 5). 
ITR, inverted terminal repeats; CMV, cytomegalovirus promoter; HSVtk, herpes simplex virus thymidine kinase; pA, poly A; Rz, mouse TERT targeting 
trans-splicing ribozyme; ΔE1 and ΔE3, deletion of E1 and E3; Ψ, packaging signal.
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the presence of GCV elicits cell death in a significant proportion, if 
not all, of the tumor mass in vivo, tumor antigens derived from dead 
cells may be captured by APCs such as DCs, and these cells would 
then migrate to draining lymph nodes to prime tumor antigen–spe-
cific T cells. Although this model was suggested in the literature,33 
we decided to test this possibility using a defined antigen-specific T 
cells. For this experiment, we used the murine tumor cell line E.G7 
(a derivative of EL4 cells that stably expresses ovalbumin; OVA) as a 
model tumor antigen, and T cells purified from OVA-specific T-cell 
receptor transgenic mice (OT-I mice) as the model tumor-antigen 
(OVA)-specific CD8 T-cell population. Most of CD8 T cells purified 
from OT-1 mice are OVA-specific naive cytotoxic T cells.

We first tested the ability of Ad5mTR to induce cell death in 
subcutaneous E.G7 tumors in syngeneic B6 mice. When tumors 
were isolated and examined histologically following intratumoral 
injection of Ad5mTR, there was a significant degree of cell death, 
which suggested that tumor antigen release was likely follow-
ing viral infection (Figure  2a). Next, we purified DCs from the 
tumor-draining lymph nodes and examined whether these cells 
were loaded with OVA using a DC/CD8 T-cell coculture assay for 
interferon-γ (IFN-γ) production. Purified OT-I T cells cultured 
with DCs from Ad5mTR-treated tumor-bearing mice produced 
much more IFN-γ than OT-I T cells cultured with DCs from con-
trol virus–treated tumor-bearing mice. These results indicated that 
DCs from Ad5mTR-treated mice presented a sufficient level of OVA 
antigen to stimulate OVA-specific T cells (Figure 2b). Thus, expres-
sion of HSVtk in tumors and subsequent GCV-induced cell death 

resulted in the release of tumor antigens, and these antigens were 
efficiently captured by DCs capable of stimulating tumor antigen–
specific cytotoxic T cells. Thus, tumor-specific expression of HSVtk 
can effectively stimulate antitumor T-cell activity via DCs, in addi-
tion to inducing direct tumor cell cytotoxicity.

Construction of an adenovirus harboring both 
mTERT-TR-HSVtk and sPD1-Ig
Ad5mTR stimulated antitumor CD8 T-cell reactivity, raising the 
intriguing possibility that combining this approach with another 
strategy for inactivating tumor-induced immune resistance could 
further enhance antitumor T-cell reactivity. PD-L1 is a well-known 
immune suppressor expressed on tumor cell surfaces. We gener-
ated a soluble form of the PD-L1 receptor, sPD1, which neutralizes 
PD-L1 and abrogates PD-L1-mediated T-cell inhibition. To increase 
the stability of sPD1 in vivo, sPD1 was fused to the Fc portion of 
IgG2a to generate sPD1-Ig. We constructed a dual-module adeno-
virus (Ad5mTR.sPD1) containing HSVtk under the regulation of 
mTERT-TR in the E1 region and sPD1-Ig in the E3 region of the 
adenoviral genome (Figure 3a).
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Figure 2 E nhanced dendritic cells (DC)-mediated antigen presenta-
tion elicited by HSVtk. (a) E.G7 tumors in C57/BL6 mice were injected 
intratumorally with either Ad5MOCK or Ad5mTR. Tumors were harvested 
4 days later for histological analysis by hematoxylin and eosin staining. 
(b) Two days after the injection of adenoviruses, DCs (5 × 104) were har-
vested from draining lymph nodes around E.G7 tumors by MACS chro-
matography using anti-CD11c microbeads and then cocultured with 
ovalbumin-specific CD8 T cells (1 × 106) from OT-1 transgenic mice. 
After 72 hours, culture supernatants were collected and the amount 
of interferon-γ was measured. DC-Ad5MOCK, DCs from Ad5MOCK-
injected mice; CD-Ad5mTR, DCs from Ad5mTR-injected mice were also 
measured. Data represent the mean ±SD. P, unpaired t-test.
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Figure 3 C onstruction of a dual-module adenovirus expressing 
mouse telomerase reverse transcriptase-targeting ribozyme (mTERT-
TR)-regulated HSVtk and sPD1-Ig. (a) Ad5mTR.sPD1 encodes mTERT-
TR-HSVtk under the control of the CMV promoter in the E1 region and 
sPD1-Ig under control of the EF1α promoter in the E3 region. Details 
of the construction are described in Material and Methods section. (b) 
HEK293 cells (4 × 105) were infected with the indicated adenovirus as an 
multiplicity of infection of 10 for 24 hours, followed by lysis in RIPA buf-
fer and immunoblot analysis. sPD1-Ig expression by Ad5mTR.sPD1 (total 
of 80 µg protein per lane) was confirmed using an anti-PD1 antibody. 
(c) The enzymatic activity of HSVtk in phosphorylating ganciclovir was 
evaluated in CT26 cells by measuring the accumulation of radio-labeled 
[H3]PCV (1 µCi/ml) as described in Materials and Methods section. Data 
represent the mean ± SD of triplicate assays. (d) Culture supernatant 
harvested from cells infected with adenovirus (5 or 10 MOI) was mixed 
with cocultures of ovalbumin (OVA)-specific CD8 T cells (1 × 106) puri-
fied from OT-1 mice and MC38/OVA cells (1 × 104) in 6-well plates. After 
72 hours, culture supernatants were collected and interferon-γ levels 
were measured. Data represent the mean ± SD. P, unpaired t-test. Ψ, 
packaging signal; ΔE1 and ΔE3, deletion of E1 and E3; CMV, cytomega-
lovirus promoter; EF1α, elongation factor 1α promoter; HSVtk, herpes 
simplex virus thymidine kinase; ITR, inverted terminal repeats; MOI, mul-
tiplicity of infection; Rz, mouse TERT targeting trans-splicing ribozyme; 
pA, poly A; PCV, penciclovir.
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HEK293 cells infected with Ad5mTR.sPD1 expressed and 
secreted sPD1-Ig into the extracellular milieu, as confirmed by 
immunoblot analysis (Figure 3b). The expression level of HSVtk in 
Ad5mTR.sPD1-infected cells was comparable with that of Ad5mTR-
infected cells as measured by enzymatic activity (Figure 3c).34 We 
also tested whether secreted sPD1-Ig could enhance antitumor T-cell 
reactivity by neutralizing PD-L1 on the tumor cell surface in vitro. 
Culture supernatant from Ad5EF1α.sPD1-infected 293HEK cells 
was added to cocultures of OVA-expressing tumor cells and OVA-
specific OT-I T cells, and T-cell reactivity was measured according to 
the amount of IFN-γ secretion. As expected, IFN-γ secretion by anti-
gen-specific T cells in response to cancer cell challenge was enhanced 
by sPD1-Ig-containing supernatant (Figure 3d). The expression of 
PD-L1 on the cell surface of cancer cells and the binding of sPD1-Ig 
in the culture supernatant to the cancer cell surface were confirmed 
by flow cytometry (Supplementary Figure S2). These results sug-
gest that the dual-module adenovirus may enhance antitumor T-cell 
reactivity within the tumor microenvironment in vivo.

Effective suppression of tumor growth by  
Ad5mTR.sPD1
To examine whether sPD1-Ig enhanced the antitumor activity of 
HSVtk in vivo, we used a CT26 colon cancer model (see Figure 1c). 

This model was chosen in part because CT26 cells express high 
levels of PD-L1 on their cell surface (Supplementary Figure S2). 
CT26 cells infected with Ad5mTR.sPD1 showed a similar degree 
of in vitro cytotoxicity to those infected with Ad5mTR in the pres-
ence of GCV, which suggested that sPD1-Ig does not contribute to 
direct cytotoxicity by HSVtk (Figure 4a). By contrast, Ad5mTR.
sPD1 significantly enhanced tumor regression as compared with 
Ad5mTR following intratumoral injection into CT26 tumors 
in BALB/c mice; indeed, near-complete tumor regression was 
observed (Figure  4b). A control adenovirus harboring sPD1-Ig 
alone (Ad5EF1.sPD1) did not show any antitumor effects in this 
model, which suggests that sPD1-Ig expression in the tumor tis-
sue is not sufficient to induce tumor regression, and that antigen 
priming by HSVtk in vivo is required for the effects of sPD1-Ig.

Enhanced suppression of tumor growth by sPD1-Ig is 
mediated by CD8 T cells
HSVtk enhanced antigen-specific CD8 T-cell priming by DCs 
(Figure 2b) and sPD1-Ig enhanced antitumor CD8 T cell reactiv-
ity in vitro (Figure 3d). These observations suggest that enhanced 
CD8 T-cell reactivity is responsible for the enhanced antitumor 
effects of Ad5mTR.sPD1 in vivo. To test this possibility, CT26 
tumor–bearing mice were treated with anti-CD8 antibody to 
deplete the CD8 T-cell population. Enhanced tumor growth sup-
pression by dual-module Ad5mTR.sPD1 was nearly abolished 
in CD8 T cell–depleted mice (Figure  5a). Of note, the antitu-
mor activity of Ad5mTR was also decreased, suggesting that the 
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effect of Ad5mTR is partially dependent on an antitumor immune 
responses mediated by CD8 T cells in the CT26 mouse tumor 
model. However, the extent to which CD8 depletion affected anti-
tumor activity was far greater for Ad5mTR.sPD1 than for Ad5mTR 
(4.76-fold versus 1.9-fold), underscoring the importance of CD8 
T cells in antitumor activity induced by the former versus the lat-
ter (Figure 5b).

To examine the role of “tumor-specific” CD8 T cells more 
directly, we used the E.G7 tumor model and OVA-specific OT-I 
T cells. Intratumoral injection of subcutaneous E.G7 tumors in 
syngeneic B6 mice with Ad5mTR.sPD1 resulted in enhanced 
tumor regression, similar to that observed in the CT26 model. By 
contrast, when the same experiment was performed in syngeneic 
lymphocyte-deficient Rag1−/− mice, the antitumor effect of both 
viruses was markedly reduced (Figure 6a). The degree of reduc-
tion was again far stronger for Ad5mTR.sPD1 than for Ad5mTR 
(6.58-fold versus 1.61-fold), consistent with the effects of CD8 
T-cell depletion in the CT26 model (Figure 6b). When antigen-
specific T-cell response was reconstituted by introducing OT-I T 
cells intravenously into E.G7-bearing Rag1−/− mice, the antitumor 
effect of intratumoral injection of adenovirus was restored, and 
the effect was more prominent following injection of Ad5mTR.
sPD1 than following injection of Ad5mTR (Figure 6c). Notably, 
the number of OT-I T cells in the blood was greatly increased 
in mice treated with Ad5mTR.sPD1 as compared with Ad5mTR 
(Figure 6d). These results suggest that Ad5mTR.sPD1 enhances 

tumor regression by directly enhancing tumor-specific CD8 T-cell 
function.

Systemic antitumor effects of localized Ad5mTR.sPD1 
treatment
There was a systemic increase in tumor-specific T cells in the blood 
of Ad5mTR.sPD1-treated mice, which raised the possibility that 
localized injection of virus at the primary tumor site may inhibit 
secondary tumor growth at a distal site in the same mouse. CT26 
tumors in BALB/c mice were treated with Ad5mTR.sPD1 three 
times at 3-day intervals. Fourteen days after the initial treatment, 
secondary CT26 tumor challenge was performed in the opposite 
flank of the same mouse. At this time, there was minimal growth 
of the primary tumor in Ad5mTR.sPD1-treated mice, whereas 
Ad5MOCK-treated mice had developed large primary tumors 
(>600 mm3), which hampered secondary tumor injection in these 
mice. Therefore, a new cohort of normal BALB/c mice was used as 
a control group for secondary tumor challenge. Secondary tumors 
grew well in the control group, but did not grow at all in Ad5mTR.
sPD1-treated mice (Figure 7a,c). The same result was observed 
in the E.G7 tumor model in B6 mice (Figure 7b,c). For the more 
rigorous comparison, when the secondary tumor was challenged 
to the mice bearing a small primary tumor for the control group, 
similar results were obtained (Supplementary Figure S3). Thus, 
localized injection of a dual-module adenovirus elicits systemic 
antitumor effects by enhancing antitumor immunity.
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Discussion
As a favored strategy for delivering transgenes into cells in situ, 
adenoviruses are generally considered both efficient and safe. 
However, there has been limited success in transferring suicide 
genes, such as HSVtk, into tumor cells via replication-incompe-
tent adenoviruses due to low rates of infection and the consequent 
low potency in terms of clinical application.35 Nonetheless, it is 
now clear that, in addition to direct cytotoxicity, partial tumor 
cell death induced by adenoviral HSVtk in the infected area can 
efficiently potentiate antitumor immunity and achieve indirect 
killing of tumors. Therefore, HSVtk-based adenoviruses could be 
considered for use as tumor vaccines as well as cytotoxic thera-
peutics. In addition, adenoviral vectors have the advantage of 
being able to accommodate multiple genes within a single vehicle, 
which enables delivery of combination therapeutics as a single 
agent. The efficacy of HSVtk-based adenoviruses as tumor vac-
cines could be greatly improved by incorporating other immune 
modulators within the same vector.

Tumor vaccines aimed at boosting antitumor immunity gener-
ally face one major barrier to maximum efficacy; namely, immu-
noresistance, aimed at avoiding recognition and attack by the 
immune system. This is most likely one of the main reasons why 
numerous attempts to develop efficient therapeutic vaccines have 
failed. The role of the PD-L1/PD1 signaling axis in tumor protec-
tion has been well demonstrated in several studies, making it a 
good target for disrupting tumor immunoresistance. PD1 knockout 
mice exhibit spontaneous autoimmune responses due to enhanced 
T-cell reactivity.36,37 Consistent with this, implanted tumors are effi-
ciently rejected by PD1 knockout mice.25 Likewise, anti-PD-L1 anti-
body treatment of tumor-bearing mice efficiently abrogates tumor 
grafts.25,27 However, data from PD1 knockout mice also indicate that 
systemic blockade of the PD1/PD-L1 axis may induce adverse auto-
immune side effects. In this sense, localized disruption of PD-L1 
may be more advantageous in terms of safety.

The concept of soluble PD1 as a neutralizing agent for PD-L1 
has been demonstrated by several groups.38,39 However, these 
studies used primarily plasmid DNA to express sPD1 systemi-
cally in an effort to augment other therapeutic DNA or adeno-
viral antigenic vaccines. Here, we demonstrated an alternative 

method which delivered sPD1 directly into the tumor microen-
vironment using an adenoviral vector containing HSVtk. In this 
system, tumor cells infected with the virus release tumor antigens 
on HSVtk-mediated cell death. These antigens are then processed 
by local DCs, which then efficiently prime tumor antigen–specific 
cytotoxic T cells. Once primed, antitumor cytotoxic T cells infil-
trate the tumor tissue and encounter virus-infected tumor cells 
expressing sPD1. Within the tumor microenvironment, sPD1 can 
enhance the T-cell antitumor reactivity with minimal side effects.

In the current study, this type of dual-module adenovirus 
harboring HSVtk and sPD1-Ig efficiently suppressed established 
tumor growth in two different murine tumor models. This effect 
was mediated by tumor-specific CD8 T cells, as demonstrated by 
both CD8 T-cell depletion experiments (loss-of-function experi-
ments) and tumor-specific T-cell reconstitution experiments (gain-
of-function experiments). Although previous studies reported the 
systemic T-cell activation during HSVtk/GCV treatment,40,41 to 
our knowledge, this is the first demonstration that CD8 T cells 
specific to “a defined tumor antigen” can directly mediate the anti-
tumor effects of HSVtk-based adenoviral therapy.

Upon CD8 T-cell depletion, or in Rag1−/− mice, the observa-
tion that treatment with Ad5mTR.sPD1 still resulted in mildly 
enhanced antitumor activity was intriguing. This suggests that 
although CD8 T cells play a major role in the antitumor activity 
of sPD1, other immune mechanisms may also be involved. sPD1 
may have a direct effect on other immune cells, such as natural 
killer cells,42 or, alternatively, antibody-dependent cell cytotoxic-
ity mediated by the Fc portion of immunoglobulin fused to sPD1 
may play a role in this phenomenon.43

A number of previous studies demonstrate the synergistic effect 
of adenovirus-mediated expression of HSVtk and other cancer 
therapies such as radiation, surgery, and some chemotherapeutic 
agents.44 Such synergistic effects resulted from an increased level 
of phosphorylated GCV incorporated into the DNA during DNA-
repair processes, leading to enhanced cell death. This raises the pos-
sibility that Ad5mTR.sPD1 could also be combined with standard 
therapy, because it is likely to potentiate tumor-infiltrating immune 
cells, which are primed by surgery or radiation-induced antigen 
release and inflammation. Alternatively, AdmTR.sPD1 could be 

ba c

T
um

or
 v

ol
um

e 
(m

m
3 )

No 
tre

at
m

en
t

Ad5
m

TR.sP
D1

No 
tre

at
m

en
t

Ad5
m

TR.sP
D1

0

100

200

300

400

Avg = 115.04 ± 19.79

Avg = 0Avg = 0

CT-26 E.G7

Avg = 168.08 ± 57.71

0 5 10 15 20 25 30 35 40

0
250
500
750

1,000
1,250
1,500

Ad5MOCK (1st tumor challenge)
Ad5mTR.sPD1 (1st tumor challenge)

Ad5mTR.sPD1 (2nd tumor challenge)
No treatemnt (2nd tumor challenge)

Time (days)

T
um

or
 v

ol
um

e 
(m

m
3 )

0 10 20 30 40

0

500

1000

1500

2000

Ad5MOCK (1st tumor challenge)
Ad5mTR.sPD1 (1st tumor challenge)
Ad5mTR.sPD1 (2nd tumor challenge)
No treatment (2nd tumor challenge)

Time (days)

T
um

or
 v

ol
um

e 
(m

m
3 )

Figure 7  Inhibition of secondary tumors by Ad5mTR.sPD1 treatment. (a) CT26 tumors were implanted subcutaneously in BALB/c mice and then 
injected intratumorally with 5 × 108 plaque forming units of Ad5mTR.sPD1 three times at 3-day intervals. Two weeks after the initial treatment, the 
opposite flank was challenged with 1 × 106 tumor cells. Ganciclovir (75 mg/kg) was administered intraperitoneally during virus treatment starting 1 
day after the first virus injection and continuing for 12 days. Tumor size was calculated every 3 days. (b) E.G7 tumors were implanted subcutaneously 
in C57/BL6 mice and then treated as described for (a). (c) On day 7 after the second secondary challenge, tumor size at the challenge site in mice 
previously treated with Ad5mTR.sPD1 or in untreated mice was measured. Data represent the mean ± SD. Avg, average.
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modified to attract or activate antigen presenting cells via incorpora-
tion of a third immune modulator, such as FMS-like tyrosine kinase 
3 ligand or granulocyte-macrophage-colony stimulating factor. This 
approach may provide an additional DC “boost” in our immune 
activation axis of Ad5mTR.sPD1 including tumor cell lysis, dendritic 
cell priming, and T-cell activation. In fact, a treatment based on an 
HSVtk adenoviral vector in conjugation with a FMS-like tyrosine 
kinase 3 ligand-expressing adenovirus is very close to entering phase 
I clinical trials.10 Thus, adenoviral vectors harboring HSVtk, FMS-
like tyrosine kinase 3 ligand, and sPD1 within a single vector may 
soon be realized as the next-generation of adenoviral tumor vac-
cines. This avenue is currently under active investigation.

For clinical applications, although adenoviral gene therapy has 
generally been considered a localized therapeutic, our results sug-
gest that Ad5mTR.sPD1 could be used to treat tumors with multiple 
metastatic foci. As suggested by Figure 7, treatment of a primary 
tumor, even a sizeable one, with Ad5mTR.sPD1 may elicit a sys-
temic antitumor response to other small metastatic foci. We pro-
pose that the dual-module adenovirus described herein can both 
enhance antigen priming and overcome tumor immune resistance. 
It, therefore, represents a promising strategy for strengthening the 
clinical applications of HSVtk-based gene therapy.

Materials and Methods
Cells and mice. All cells were cultured in RPMI supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin. Six-week-old female 
BALB/c and C57/BL6 mice were purchased from SLC (Japan). OT-1 (B6 
background) and Rag1−/− mice (B6 background) were from the Jackson 
laboratory (Bar Harbor, ME). All animal experiments were performed 
in accordance with the Guidelines for the Care and Use of Laboratory 
Animals of the National Cancer Center (Korea).

Adenovirus construction. The AdenoZAPTM and Adeno QuickTM sys-
tems (OD260; Boise, ID) were used to generate Ad5mTR harboring mouse 
TERT-TR-HSVtk under the control of the CMV promoter (CMV.mTR.
HSVtk). A DNA fragment containing CMV.mTR.HSVtk was obtained by 
digesting pAVQ-CMV-mTERT AS100 Rib (+67) TK31 with SpeI/SacII and 
then inserted the resulting fragment into the SpeI/EcoRV sites of pZAP1.1 
(OD260) to generate pZAP1.1.CMV.mTR.HSVtk. pZAP1.1.CMV.mTR.
HSVtk was digested with PacI/DraIII, ligated with RightZAP1.2, and 
then transfected into HEK293 cells. To generate sPD1-Ig, the extracel-
lular domain of PD-1 was amplified by PCR using the primers: 5′-CCG 
CTC GAG CTC ACC ATG TGG GTC CGG CAG GTA CCC TGG-3′ 
and 5′-AGA TCT TCC TCC TCC TCC TTG AAA CCG GCC TTC TGG 
TTT GGG-3′. The amplified product was inserted into the XhoI/BglII sites 
of pFUSE-mIgG2A.Fc1 (Invitrogen, San Diego, CA) to generate pFUSE-
mIgG2A.Fc1.EF1α.sPD-1. EF1.sPD1-Ig from pFUSE-mIgG2A.Fc1.
EF1.sPD1-Ig was subcloned into the EcoRI/SwaI sites of pE3.1 (OD260) 
to generate pE3.1.EF1.sPD1-Ig. The CMV.mTR.HSVtk fragment of 
pZAP1.1.CMV.mTR.HSVtk was ligated into the BamHI/SpeI sites of pE1.2 
(OD260) to generate pE1.2.CMV.mTR.HSVtk. To generate Ad5mTR.sPD1, 
pE1.2.CMV.mTR.HSVtk and pE3.1.EF1.sPD1-Ig were digested with DraIII/
PflMI, ligated with AdenoQuick13.1, and then transfected into HEK293 
cells. For Ad5EF1.sPD1, pE3.1.EF1.sPD1-Ig and pE1.2 empty vector were 
digested with DraIII/PflMI and then ligated with AdenoQuick13.1, fol-
lowed by transfection into HEK293 cells as described for Ad5mTR.sPD1. 
Construction of Ad5MOCK was performed as previously described.1,2

In vitro GCV uptake and cell cytotoxicity assay. HSVtk enzyme activ-
ity was determined by measuring accumulated phosphorylated GCV in 
cells.1 A cell proliferation assay (Dojindo Laboratories, Rockville, MD) was 

performed to evaluate adenovirus cytotoxicity using the standard proto-
col, with some modifications. Briefly, cells (3 × 103) were seeded in 96-well 
plates and incubated overnight at 37 °C. Cells were exposed to adenovirus 
at the indicated MOI. One day later, GCV was added to a final concentra-
tion of 100 µmol/l and then cell proliferation was measured on day 3. All 
experiments were performed in triplicate.

Antibodies and reagents. To confirm sPD1-Ig protein expression from 
Ad5CMV.mTR.sPD1, HEK293 cells (4 × 105) were infected with adenovi-
rus at an MOI of 10. Twenty-four hour postinfection, culture supernatants 
and cell lysates (80 µg) were analyzed by immunoblot using an anti-Pdcd-1 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The concentration 
of sPD1-Ig in the culture supernatant was at least 580 ng/ml, which was cal-
culated from the purified sPD1-Ig using protein G affinity purification. The 
yield was 5.23 μg out of 9 ml of culture supernatant. For CD8 T-cell deple-
tion, 500 µg of 2.43 anti-CD8 antibody was injected intraperitoneally 2 days 
before adenovirus treatment and then every 5 days thereafter for 15 days.

CD8 T cell/DC coculture assay for IFN-γ production. Draining lymph 
node–derived DCs were enriched using a 17.5% Nycodenze gradient 
and then further purified on a MACS column using anti-CD11c micro-
beads (Miltenyi Biotec, Auburn, CA). Naive CD8 T cells from OT-1 
mice were isolated using anti-CD8 microbeads. Lymph node–derived 
DCs (5 × 104) were cultured together with naive CD8 T cells (1 × 105) in 
96 well-plates for 72 hours. Culture supernatants were collected after 72 
hours and the amount of IFN-γ was measured by ELISA (eBioscience, 
San Diego, CA).

In vitro OT-1 T-cell activation assay. MC38/OVA cells, which are murine 
colorectal cancer cells (MC38, B6 background) stably expressing OVA, 
were prepared on 6-well plates. sPD1-Ig was obtained from culture super-
natants of HEK293 cells infected with adenovirus at an MOI of 10 for 24 
hours and then incubated with MC38/OVA cells (1 × 104) plus OT-1 CD8 
T lymphocytes (1 × 106) for 72 hours. Naive CD8+ T lymphocytes from 
OT-1 mice were isolated using a MACS column as described above. IFN-γ 
produced by CD8 T lymphocytes was measured using a mouse IFN-γ CBA 
assay (BD bioscience, San Jose, CA).

In vivo animal studies and ex vivo analysis. Female BALB/c mice (6-weeks-
old) were inoculated subcutaneously with 1 × 106 CT26 cells. When tumors 
were palpable (around day 7), 5 × 108 plaque forming units of adenovirus 
were injected intratumorally and GCV (75 mg/kg) was administered intra-
venously twice a day for 14 days. The adenovirus was administered twice 
7 days apart, unless indicated otherwise. Tumor volume was determined 
using the following formula: length × width2 × 0.5236. Similar procedures 
for subcutaneous tumor formation and virus injection were performed in 
the CD8 T cell–depletion experiment. E.G7 cells (C57/BL6 background; 1 × 
106) were injected into Rag1−/− or C57/BL6 mice, and adenovirus and GCV 
treatment was performed as described for CT26 cells. For ex vivo analysis, 
E.G7 tumors in Rag1−/− mice were treated with Ad5mTR.sPD1 along with 
intravenous infusion of CD8 T cells isolated from an OT-1 mouse. Eight-
day postinfection, peripheral blood mononuclear cells were harvested from 
the blood and analyzed by flow cytometry.

SUPPLEMENTARY MATERIAL
Figure  S1.  Schematic diagram of the mouse TERT-targeting trans-
splicing ribozyme (mTERT-TR)-HSVtk construct.
Figure  S2.  PD-L1 expression on the surface of mouse cancer cells.
Figure  S3.  Inhibition of secondary tumors by Ad5mTR.sPD1 
treatment.
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