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In an effort to develop a new therapy for cancer and to improve antiprogrammed death inhibitor-1 (anti-
PD-1) and anticytotoxic T lymphocyte-associated protein (anti-CTLA-4) responses, we have created a
telomerase reverse transcriptase promoter-regulated oncolytic adenovirus rAd.sT containing a soluble
transforming growth factor receptor II fused with human IgG Fc fragment (sTGFbRIIFc) gene. Infection
of breast and renal tumor cells with rAd.sT produced sTGFbRIIFc protein with dose-dependent cyto-
toxicity. In immunocompetent mouse 4T1 breast tumor model, intratumoral delivery of rAd.sT inhibited
both tumor growth and lung metastases. rAd.sT downregulated the expression of several transforming
growth factor b (TGFb) target genes involved in tumor growth and metastases, inhibited Th2 cytokine
expression, and induced Th1 cytokines and chemokines, and granzyme B and perforin expression.
rAd.sT treatment also increased the percentage of CD8+ T lymphocytes, promoted the generation of
CD4+ T memory cells, reduced regulatory T lymphocytes (Tregs), and reduced bone marrow-derived
suppressor cells. Importantly, rAd.sT treatment increased the percentage of CD4+ T lymphocytes, and
promoted differentiation and maturation of antigen-presenting dendritic cells in the spleen. In the
immunocompetent mouse Renca renal tumor model, similar therapeutic effects and immune activation
results were observed. In the 4T1 mammary tumor model, rAd.sT improved the inhibition of tumor
growth and lung and liver metastases by anti-PD-1 and anti-CTLA-4 antibodies. Analysis of the human
breast and kidney tumors showed that a significant number of tumor tissues expressed high levels of
TGFb and TGFb-inducible genes. Therefore, rAd.sT could be a potential enhancer of anti-PD-1 and anti-
CTLA-4 therapy for treating breast and kidney cancers.
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INTRODUCTION
THE DEVELOPMENT OF NOVEL THERAPEUTICS for the
treatment of metastatic breast, kidney, and other
cancers is a major unmet need.1,2 Transforming
growth factor b (TGFb) is a potent growth inhibitor
under physiological conditions. However, during
cancer progression, TGFb can function as a pro-
tumorigenic factor.3,4 In recent years, TGFb sig-

naling has emerged as a potential target for the
treatment of advanced cancers.5,6 Our laboratory
has previously developed the oncolytic adenovirus
Ad.sT, expressing soluble transforming growth
factor receptor II fused with human IgG Fc frag-
ment (sTGFbRIIFc).7 sTGFbRIIFc can target
TGFb and therefore inhibit aberrant TGFb sig-
naling that is associated with many cancers.7–9
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Direct inoculation of Ad.sT into established sub-
cutaneous tumors in nude mouse inhibited tumor
growth. In bone metastasis models of breast
and prostate cancers in immunodeficient mice,
systemic delivery of Ad.sT inhibited skeletal me-
tastases.8,10 However, the mechanisms of Ad.sT-
mediated antitumor responses, particularly in
immunocompetent mouse models, have not been
examined.

In this study, we investigated the effect of
intratumoral delivery of rAd.sT, an oncolytic ad-
enovirus expressing sTGFbRIIFc, where E1 gene
expression and the viral replication are regu-
lated by human telomerase reverse transcriptase
promoter (TERTp) in immunocompetent mouse
tumor models of breast and renal cancers. Using a
4T1 mouse mammary tumor model in which the
local tumors spontaneously metastasize to lungs
and liver, we investigated rAd.sT-mediated in-
hibition of tumor growth and metastases. To
understand the mechanisms of antitumor effects of
rAd.sT, we examined the inhibition of TGFb signal-
ing pathways, and the systemic immune activation.
We specifically examined TGFb1 expression, TGFb-
inducible prometastatic factors, immunosuppressive
Th2 cytokines, and antitumorigenic Th1 cytokines,
granzymes, and perforin. In addition, we also in-
vestigated the activation of various immune cells in
tumors, peripheral blood, and the spleen.

In recent years, immune checkpoint inhibitors,
antibodies for antiprogrammed death inhibitor-1
(anti-PD-1) and anticytotoxic T lymphocyte-asso-
ciated protein (anti-CTLA-4), have emerged as
promising therapeutic agents for many cancers.11–14

The clinical trials using anti-PD-1 have shown ef-
fectiveness against some triple negative human
breast cancers.2,11,14–16 However, many breast tu-
mors are resistant to these treatments.2,11,14–16

This resistance could be due to weak immunoge-
nicity of the tumors, or poor inflammatory but
highly immunosuppressive tumor microenviron-
ment.17–21 TGFb is a strong immunosuppressor
that can negatively affect the activity of anti-PD-1
and anti-CTLA-4.22–26 To test this, we examined if
rAd.sT, which expresses soluble TGFbRIIFc and
targets TGFb, can improve the antitumor re-
sponses of anti-PD-1 and anti-CTLA-4 in a 4T1
tumor model. Finally, we investigated the expres-
sion of TGFb as well as selected TGFb-inducible
genes in the human breast and kidney cancer pa-
tients. Our findings show that rAd.sT could be de-
veloped for the treatment of breast and kidney
cancers, and to improve the antitumor responses of
anti-immune checkpoint inhibitors anti-PD-1 and
anti-CTLA-4.

MATERIALS AND METHODS
Cell lines and adenoviruses

Human breast tumor cell lines, MCF-7 (ATCC,
Manassas, VA) and MDA-MB-231 (kindly provided
by Dr. Theresa Guise), were maintained as de-
scribed earlier.8 The mouse mammary tumor cell
line, 4T1, and mouse renal tumor cell line, Renca,
were purchased from ATCC. 4T1 cells were cul-
tured in Eagle’s minimal essential medium plus
10% fetal calf serum (FCS). Renca and human re-
nal tumor cell lines, 786-O and 769-P (ATCC), were
cultured in RPMI 1640 plus 10% FCS. Human
embryonic kidney cells, HEK293 (ATCC), were
cultured in Dulbecco’s minimal essential medium
supplemented with 10% FCS. All media com-
ponents were purchased from Invitrogen (Grand
Island, NY).

rAd.sT, a recombinant oncolytic adenovirus ex-
pressing sTGFbRIIFc, was constructed by using a
simplified system27 in which E1A expression is
controlled by TERTp. rAd.Null, a control oncolytic
adenovirus devoid of any foreign transgene, was
also constructed. Nonreplicating adenoviruses,
Ad(E1-).sT and Ad(E1-).Null, were constructed by
the Ad-easy System as described earlier.28

Adenoviral-mediated replication
and cytotoxicity in tumor cells

Breast tumor cells (MDA-MB-231, MCF-7, and
4T1 cells) and renal tumor cells (786-O, 769-P, and
Renca cells) were plated into a 6-well plate (3 · 105

cells/well). The next day, cells were infected with
2.5 · 104 viral particles (VPs)/cell of adenoviruses.
Three hours after infection, cells were washed with
media, and crude viral lysates were either collected
immediately or 48 h after infection. The viral ti-
ters in 3- or 48-h crude viral lysates were deter-
mined using the Adeno-X Rapid Titer Kit (Clutch,
Mountain view, CA). Viral burst size (an increase
in hexon-expressing positive cells from 3 to 48 h)
was used as an indicator of viral replication as de-
scribed earlier.9

To conduct cytotoxicity assays, breast and renal
tumor cells were seeded into 96-well plates (1 · 103

cells/well). The next day, cells were infected with
various doses of adenoviruses (ranging from 2 to
1.25 · 105 VPs/cell) and continued to culture for
7 days. Cell survival was determined by sulforho-
damine B staining, using uninfected cells as con-
trol as previously published.29

Adenoviral-mediated sTGFbRIIFc expression
in tumor cells

Breast and renal tumor cells were plated into 6-
well plates (3 · 105/well). The next day, cells were
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infected with adenoviruses (2.5 · 104 VPs/cell).
Twenty-four hours after infection, cells were washed
with phosphate-buffered saline (PBS), the media
were changed to serum-free media, and the incuba-
tions continued for another 24 h. Cell lysates and
media were collected separately. The sTGFbRIIFc
protein in cell lysates and media was examined by
Western blotting using antibody against human
IgG, Fcc fragment (Jackson ImmunoResearch,
West Grove, PA), according to published proce-
dures.9 To quantify sTGFbRIIFc protein in media,
enzyme-linked immunosorbent assay was con-
ducted using the anti-human IgG, Fcc fragment
antibody and biotinylated anti-TGFbRII antibody
(BAF241; R&D system, Minneapolis, MN), as de-
scribed earlier.9

Animal studies
All procedures for animal experiments were ap-

proved by the Institutional Animal Care and Use
Committee (IACUC) at NorthShore University
HealthSystem and at Beijing Institute of Radiation
Medicine.

Evaluating rAd.sT efficacy in vivo in 4T1 and Re-
nca tumor models in BALB/c syngeneic mice. To
establish breast and renal tumor xenograft models,
4T1 or Renca cells were injected (day 0) into the
right flank of 4–6-week-old BALB/c mice (5 · 106

cells/mouse). On day 7 following tumor cell injec-
tions, tumor volumes were calculated by the fol-
lowing formula: tumor volume = width2 · length/2.
Tumor-bearing mice were divided into three groups,
rAd.sT, rAd.Null, and buffer groups, without sta-
tistical differences among each group. On the same
day (day 7), rAd.sT, rAd.Null (2.5 · 1010 VPs of each
virus in 100 lL), or PBS was administered directly
into the tumors. A second injection (2.5 · 1010 VPs of
each virus or PBS) was administered on day 10.

In 4T1 model, tumor volumes were monitored on
days 7, 10, 14, 18, 21, and 25. On day 12, four mice
from each group were euthanized to conduct gene
expression studies and histopathology. The re-
maining mice were euthanized on day 31. Tumors
were harvested and the tumor weights were mea-
sured. sTGFbRIIFc gene and protein expression in
the sera and tumor tissues were analyzed.

In the Renca tumor model, tumor growth was
monitored on days 12, 15, 19, 22, 25, and 29.
sTGFbRIIFc, TGFb, and various TGFb target gene
expressions were examined on day 29.

For immune activation assays in the 4T1 model,
four mice from each group were euthanized and
peripheral blood cells, spleens, and tumor samples
were evaluated on days 12, 18, and 31. In the Renca

model, various immune assays were evaluated on
days 12 and 29.

Immunophenotype analysis in the peripheral
blood. On day 12, blood samples were collected and
incubated with the following three different antibody
panels for 30 min. Antibody panel 1: PerCP-Cy�5.5
rat anti-mouse CD45, APC hamster anti-mouse
CD3e, FITC rat anti-mouse CD4 and PE rat anti-
mouse CD8a. Antibody panel 2: FITC rat anti-mouse
CD4, PE rat anti-mouse CD8a, PerCP-Cy�5.5 rat
anti-mouse CD44 and APC rat anti-mouse CD62L.
Antibody panel 3: FITC rat anti-mouse LY-6C and
APC rat anti-mouse CD11b. The red blood cells
were lysed by 1 · RBC lysis solution according to
the manufacturer’s instructions (BD Bioscience,
San Jose, CA). The immunophenotype of T lym-
phocytes, CD4+ T memory cells, and myeloid-
derived suppressor cells (MDSCs) was analyzed
by flow cytometry. Various antibodies and other
reagents for flow cytometry were purchased from
BD Bioscience.

mRNA expression of various genes. Total RNA
was isolated from tumor samples on day 12 and
cDNA was synthesized using the RevertAid H
Minus First Strand cDNA Synthesis Kit (Thermo
Scientific, Wilmington, DE) according to the man-
ufacturer’s instructions. The mRNA expression of
various genes listed in Supplementary Tables S1
and S2 was quantified by real-time reverse tran-
scription PCR (real-time RT-PCR). The mRNA ex-
pression was quantified by Power SYBR Green
PCR Master Mix on StepOnePlus real-time PCR
system (Applied Biosystems/Life Technologies,
Foster City, CA). The expression of the target genes
was normalized by mouse b-actin expression.

Histopathological analysis and immunohisto-
chemistry. On day 12, and at terminal time points,
tumor tissues were harvested, processed, and
stained with hematoxylin and eosin (H&E). Anti-
human IgG, Fcc fragment antibody was used to
detect sTGFbRIIFc expression.

Immune evaluation in the spleen. On day 12
and at terminal time points, spleens were isolated,
sliced into small pieces, and pressed through a 70-
lm cell strainer (BD Falcon, Franklin Lakes, NJ).
Single-cell suspensions were obtained and lysed
by the RBC lysis buffer. The immunophenotypes of
T lymphocytes were examined as described above
for blood analysis. Single-cell suspensions were
stained with Panel 1: FITC-conjugated anti-mouse
CD4 antibody, PE-conjugated anti-mouse CD25
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antibody, and APC-conjugated anti-mouse FoxP3
antibody; and Panel 2: FITC rat anti-mouse CD11c
antibody (FITC-CD11c) and PE rat anti-mouse
CD86 antibody (PE-CD86) (eBioscience, San Die-
go, CA). The percentage and number of antigen-
presenting dendritic cells (DCs) in the spleen were
analyzed by flow cytometry. The cytokine expres-
sions in the spleen were detected by quantitative
RT-PCR (qRT-PCR) as described above for the
tumors.

Zodiac analyses
Zodiac provides a comprehensive depiction of

cancer functional interactions by integrating and
analyzing multiomics cancer data from The Can-
cer Genome Atlas (TCGA).30,31 It studies the in-
teractions between multiple molecular entities of
each pair of genes using novel Bayesian graphical
models32 through Markov chain Monte Carlo al-
gorithms. Zodiac contains an interaction map for
each of *200 million genes and gene pairs. Sta-
tistical significance based on false discovery rate
£0.1 leads to visualizing significant interactions
between genomic entities. The data shown in
this study (Supplementary Fig. S2) were directly
obtained from the Zodiac website, which agrees
well with our in vitro gene expression experi-
mental data.

Evaluating rAd.sT, anti-PD-1, anti-CTLA-4
combination therapy in 4T1 tumor
metastasis model

4T1 cells were injected subcutaneously in female
mice. On day 6, when the tumors were palpable,
the tumor size was measured. On day 7, rAd.sT
(2.5 · 1010 VPs in 50 lL) was administered directly
into the tumors. A repeat viral dose was given on
day 9. On days 8, 10, 12, and 14, anti-PD-1 and
anti-CTLA-4 were administered intraperitoneally
(each antibody dose used was 10 mg/kg of mouse
weight). The tumor growth was monitored by cali-
per measurements. On day 25, mice were eutha-
nized and lungs and liver were excised. Tumor
lesions in the lungs and liver were counted. Tissues
slices were subjected to H&E staining to confirm
the metastatic lesions.

Analyses of tumor tissues from human breast
and renal cancer patients

Surgical specimens were obtained from 34
breast cancer patients and 19 renal cancer patients
for clinical and pathological examination. All the
samples were collected from 2010 to 2016 at the
Beijing Friendship Hospital (Capital Medical Uni-
versity) and at the General Hospital of People’s

Armed Police Forces China. Based on the patho-
logical examination, the surgical specimens were
divided into tumor tissues, paracancerous tissues,
and distal normal tissues. All the procedures were
approved by the Ethics Committee of Beijing
Friendship Hospital and General Hospital of
People’s Armed Police Forces China. The mRNA
expression of TGFb and its target genes listed in
Supplementary Table S2 were detected by real-
time RT-PCR.

Statistical analyses
Data are presented as mean – s.e.m. All statis-

tical analyses were performed using GraphPad
Prism software version 5 (GraphPad software, San
Diego, CA). Longitudinal data were analyzed using
a two-way repeated-measure analysis of variance
(ANOVA) followed by Bonferroni post hoc tests for
tumor growth data obtained over time. One-way
ANOVA followed by Bonferroni post hoc tests were
performed to analyze other data. Differences were
considered significant at two-sided p < 0.05.

RESULTS
Characterization of rAd.sT in vitro and in vivo

rAd.sT produces sTGFbRIIFc protein, viral repli-
cation, and cytotoxicity in breast and kidney tumor
cells in vitro. We first characterized rAd.sT in
breast and renal cancer cells in vitro. Infection of
the human and mouse breast and renal tumor cells
with rAd.sT produced high levels of sTGFbRIIFc
protein, which was also secreted into the extracel-
lular media (Supplementary Fig. S1A, B). rAd.sT
and rAd.Null infection produced high viral repli-
cation in the human tumor cells. However, only
weak replication could be detected in the murine
breast and renal tumor cells (Supplementary
Fig. S1C). Interestingly, both rAd.sT and rAd.Null
produced dose-dependent cytotoxicity in breast
and renal tumor cells, including mouse cells (Sup-
plementary Fig. S1D–E), suggesting that, in addi-
tion to viral replication, there might be additional
mechanisms that contribute toward viral-induced
cytotoxicity in the mouse cells.

Intratumoral inoculation of rAd.sT inhibits breast
and renal tumor xenografts in immunocompetent
mice. Next, we examined the rAd.sT-mediated
antitumor responses in vivo in mouse tumor mod-
els. 4T1 mouse mammary tumors were established
subcutaneously in immunocompetent BALB/c
mice. rAd.sT and rAd.Null were administered di-
rectly into tumors, and the tumor growth was
monitored over time. Results indicated that the
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intratumoral injection of both rAd.sT and rAd.Null
inhibited tumor growth. However, rAd.sT pro-
duced stronger inhibition ( p < 0.001) (Fig. 1A). On
day 25, mice were euthanized, and tumors were
harvested and weighed. Compared with the buffer
group, rAd.sT treatment significantly reduced tu-
mor weight ( p < 0.01) (Fig. 1B). Although the av-
erage metastatic area in the rAd.Null group is
higher than that in the buffer group, there is no
statistical difference between the buffer and rAd.-
Null groups. In this experiment, the higher aver-
age data are attributed to larger individual
differences in rAd.Null-treated mice.

Since 4T1 tumors are known to spontaneously
metastasize to lungs, we also examined for lung
metastasis on day 25. Significant lung metastasis
was detected in the buffer-treated group. While
rAd.Null did not inhibit the lung metastasis,
a strong inhibition of lung metastasis was ob-
served in rAd.sT-treated mice (Fig. 1C, D). rAd.sT-
treated 4T1 tumors produced necrosis and ex-
pressed sTGFbRIIFc protein (Fig. 1E). High levels
of sTGFbRIIFc were also secreted into the blood
(Fig. 1F).

In the immunocompetent mouse Renca tumor
model, rAd.sT and rAd.Null inhibited tumor
growth; however, only rAd.sT produced significant
inhibition of tumor weight (Fig. 1G, H). rAd.sT in-
oculation also produced high levels of sTGFbRIIFc
protein in the tumors, and sTGFbRIIFc was also
secreted into the blood (data not shown).

Mechanistic studies: examination
of tumor-promoting and metastasis-related
genes, immunomodulatory factors,
and immune cells

rAd.sT inhibits the expression of TGFb target
genes and alters the cytokine and chemokine ex-
pression in the tumors. We first investigated if
the intratumoral delivery of rAd.sT can inhibit the
expression of TGFb and its target genes. Two days
following vector delivery in the 4T1 tumors
(referred to here as day 12), TGFb and several an-
giogenesis- and metastasis-related genes (CTGF,
PTHrP, CXCR-4, IL-11, VEGFA, VEGFR1, E-
cadherin, N-cadherin, and vimentin) were analyzed
by qRT-PCR in the tumor tissues. We have found
that rAd.sT treatment downregulated the expression
of these genes; however, the expression of E-cadherin
was not altered (Fig. 2A). Reduced expression of se-
lected genes that were examined (CTGF, PTHrP,
and IL-11) was also observed in rAd.sT-treated Re-
nca tumors (Fig. 2B). In these studies, rAd.sT gen-
erally produced stronger inhibition of TGFb and
TGFb target genes compared with rAd.Null.

Since the intratumoral delivery of rAd.sT can
induce tumor cell lyses, we postulated that it will
augment antitumor responses due to the release of
tumor-associated antigens. Therefore, we exam-
ined the expression profile of several cytokines and
chemokines in tumor tissues on day 12 in 4T1 tu-
mors. rAd.sT treatment reduced the expression of
Th2 cytokines TGFb-1, IL-6, and IL-10 (Fig. 2C),
while it increased the expression of Th1 cytokines
TNF-a, IL-2, IL-12, and IFN-c (Fig. 2C). Moreover,
rAd.sT also increased granzyme B and perforin
levels (Fig. 2C), the indicators of granule-mediated
cytotoxicity. Taken together, these results suggest
that rAd.sT treatment can activate various signals
within the tumors that can potentially produce
antitumor immune responses against the tumor
tissues.

rAd.sT-regulated TGFb target genes are also up-
regulated in human tumors in TCGA database. We
have analyzed the connectivity of TGFb-1 with 11
TGFb target genes, which were shown to be
downregulated in rAd.sT-treated tumors as de-
scribed above in Fig. 2. We used the Zodiac web
query engine31 to obtain the putative associations
in Supplementary Fig. S2. Ten of 11 genes have
positive transcriptional connectivity with TGFb-1,
indicating a strong interaction of TGFb-1 with
these genes in human cancer (there is no edge
between gene expression (GE) of IL4* and GE of
TGFb1) (Supplementary Fig. S2). Therefore, based
on this analysis, it appears that the TGFb regula-
tory pathways in 4T1 tumor model are quite simi-
lar to those observed in human cancers.

rAd.sT treatment increases CD8+ T lymphocytes
and CD4+ T memory cells and reduces MDSCs in
peripheral blood. In recent years, oncolytic viru-
ses have attracted attention as vectors for im-
munogene therapy.33–37 Cytotoxic T lymphocytes
(CTLs) are the major immune effector cells that can
kill tumor cells directly and produce antitumor
responses. In the 4T1 xenograft model, the in-
tratumoral delivery of rAd.Null and rAd.sT re-
sulted in an increase of CD8+ T cell percentage from
CD3+ T cells, while the percentage of CD4+ cells
was reduced. However, rAd.sT had much stronger
effects on CD8+ and CD4+ T lymphocytes (Fig. 3A).
Similar results were observed in the RENCA xe-
nograft model (Fig. 3A). These results suggest that
rAd.sT activated CD8+ T lymphocytes, which can
be induced to produce CTLs against the tumor
cells. In future, it would be interesting to analyze if
the memory T lymphocytes produced are indeed
specific to 4T1 cells.
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Figure 1. Intratumoral inoculation of rAd.sT inhibits tumor growth and metastasis in mouse 4T1 and Renca tumor xenograft models. 4T1 cells were injected
subcutaneously into the right flank (5 · 106 cells/mouse) of 4–6-week-old female BALB/c mice (day 0). On day 7, tumor-bearing mice were divided into three
groups, buffer, rAd.Null, and rAd.sT groups (n = 10/group). rAd.sT, rAd.Null (2.5 · 1010 VPs/100 lL), or PBS was injected intratumorally. On day 10, a repeat
injection was administered. On days 7, 10, 14, 18, 21, and 25, the tumor sizes were measured (A). On day 25, six mice from each group were euthanized, and the
lungs and tumors were removed. Tumor weight was measured (B). The tumor metastasis lesions in lungs were detected by H&E staining. The representative
images are shown in (C), and the metastatic areas in the lung were calculated (D). The tumor tissues were stained with (H&E) and also subjected to
immunohistochemistry for detecting sTGFbRIIFc expression (E). On day 25, the sera were collected, and the sTGFbRIIFc protein was measured by ELISA (F).
Renca cells were injected under the right flank (5 · 106 cells/mouse) of 4–6-week-old female BALB/c mice (day 0) to establish the subcutaneous renal model
(n = 12/group). Tumors were treated with oncolytic adenoviruses as described above. The tumor sizes were measured at days 12, 15, 19, 22, 25, and 29 (G). On
day 29, mice from each group were euthanized, and tumor weights were measured (H). Data are shown as mean – s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001
versus buffer group; ##p < 0.01 versus rAd.Null group. ELISA, enzyme-linked immunosorbent assay; H&E, hematoxylin and eosin; PBS, phosphate-buffered
saline; sTGFbRIIFc, soluble transforming growth factor receptor II fused with human IgG Fc fragment; VP, viral particle.
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Figure 2. rAd.sT downregulates protumorigenic/metastasis, reduces Th2 cytokines, and increases Th1 cytokine and chemokine expression in the tumor
microenvironment. On day 12 (2 days following adenoviral treatments), tumors in 4T1 and Renca xenografts were removed, and total RNA was isolated. After
cDNA was synthesized, the expression of metastasis-related genes (CTGF, PTHrP, CXCR4, and IL-11), angiogenesis-associated genes (VEGFA and VEGFR), and
epithelial/mesenchymal transition markers (E-cadherin, N-cadherin, and vimentin) was analyzed by real-time RT-PCR, and normalized by b-actin (n = 4/group)
(A). In the murine Renca model, tumors were also collected 2 days following treatments with viruses. The expression of CTGF, PTHrP, and IL-11 was detected
by real-time RT-PCR (n = 4/group) (B). The expression of Th2 cytokines (TGFb1, IL-6, and IL-10), Th1 cytokines (TNF-a, IL-2, IL-12, and IFN-c), and chemokines
(perforin and granzyme B) was detected by real-time RT-PCR in day 12 tumor tissues (C). (n = 4/group). Data are presented as mean – s.e.m. *p < 0.05;
**p < 0.01; ***p < 0.001 versus buffer group. RT-PCR, reverse transcription PCR.

j 1123



Figure 3. rAd.sT increases CD8+ T lymphocytes and CD4+ T memory cells, and downregulates MDSCs in the peripheral blood. On day 12, anticoagulant
heparin-treated peripheral blood samples were collected from murine 4T1 and Renca tumor models. Blood cells were labeled with APC-conjugated anti-mouse
CD3e, FITC-conjugated anti-mouse CD4, and PE-conjugated anti-mouse CD8 antibodies. The percentage of CD8+ T lymphocytes and CD4+ T lymphocytes was
analyzed by flow cytometry (A). Blood cells were also labeled with FITC-conjugated anti-mouse CD4, PerCP-Cy�5.5-conjugated anti-mouse CD44, and APC-
conjugated anti-mouse CD62L antibodies. The percentage of T memory cells (CD44HighCD62LHigh) among CD4+ T lymphocytes was detected by flow cytometry.
The representative images are shown (B), and the statistical results are presented in (D). Blood samples were labeled with FITC-conjugated anti-mouse Ly-6G
and APC-conjugated anti-mouse CD11b, and analyzed by flow cytometry. The representative images are shown (C), and the statistical analysis of the data is
presented in (D). Data are shown as mean – s.e.m. *p < 0.05; ***p < 0.001 versus buffer group; #p < 0.05; ##p < 0.01 versus rAd.Null group. n = 4 per
group. MDSCs, myeloid-derived suppressor cells.
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Interestingly, as shown above, rAd.sT has a
completely opposite effect on CD4+ T lymphocyte
percentage in CD3+ T lymphocytes in 4T1 and
RENCA xenograft models, respectively (Fig. 3A).
Although the results appear puzzling, following
the delivery of oncolytic adenoviral vectors, as ex-
pected, CD8+ T lymphocytes increased in the 4T1
as well as in the RENCA xenograft models. This is
likely due to an anticipated antiviral response. In
addition, our results suggested that Renca cells
could promote a much stronger T cell proliferation
than 4T1 cells and could also increase the number
of T lymphocytes (CD4-CD8-T and CD4+CD 8+ T).
Therefore, the CD4+ cells in the buffer group of
Renca model are lower. Furthermore, the different
responses seen in 4T1 and RENCA xenograft
models are likely due to different immunogenicity
of these cells.

Next, we analyzed the generation of CD44high

CD62Lhigh T memory cells, which have recall re-
sponses against the tumors. We found that both
rAd.Null and rAd.sT increased the percentage of
CD44highCD62Lhigh T memory cells among CD4+ T
lymphocytes, however, rAd.sT treatment resulted
in a significant increase ( p < 0.05) (Fig. 3B, D).
Moreover, in rAd.sT-treated mice, the percentage
of MDSCs and the total number of MDSCs in
peripheral blood were significantly reduced
(Fig. 3C, D). Therefore, we conclude that rAd.sT
activated the CD4+ T lymphocytes possibly via
generating T memory cells, and downregulating
the MDSCs in the peripheral blood. It is important
to note that in the 4T1 xenograft model treated
with rAd.sT, the CD4+ T lymphocyte percentage in
CD3+ T lymphocytes was reduced, but the
CD44highCD62Lhigh memory T lymphocyte per-
centage in CD4+ T lymphocytes was increased. As
one would expect, the CD4 T cell numbers go back
to baseline levels on mounting an effective immune
response; perhaps this return to baseline might
explain the reduced CD4 T cell. Interestingly, CD4+

T lymphocytes contain several subtypes, such as
CD44highCD62Lhigh memory T lymphocyte, an im-
portant subtype required for the activation of an-
titumor immune recall responses. Here, we showed
that rAd.sT could upregulate the percentage of
CD44highCD62Lhigh memory T lymphocyte in CD4+

T lymphocytes, suggesting an increase in the
memory CD4 T cell pool. However, we could not
determine if the increase of absolute number of
CD44highCD62Lhigh memory T lymphocytes was
statistically significant. We only conducted hemo-
gram analysis from five mice in each group, and the
corresponding samples were used for analyzing
MDSCs. Therefore, we have not analyzed the ab-

solute number of CD44highCD62Lhigh memory T
lymphocytes.

In addition to CD4+ central memory T lympho-
cytes, we did not analyze CD4+ effector memory T
lymphocytes and CD8+ memory T lymphocytes for
various memory phenotypes in this study. We will
certainly pursue such detailed studies in our
future efforts to clarify the immune activation
mechanisms.

rAd.sT treatment upregulates CD25+FoxP3+Tregs
and DCs in the spleen on day 18, while down-
regulates CD25+FoxP3+Tregs on day 31. The
spleen is the site of production of several immune
cells that play pivotal roles in immune activation.
While we analyzed various immune cells present in
the spleen, we also analyzed the immune sup-
pressor CD25+FoxP3+Tregs cells in the 4T1 tumor
model. On day 18, oncolytic viral treatments pro-
duced slight upregulation of regulatory T lym-
phocytes (Tregs), however, on day 31, significant
reductions in the number and percentage of Tregs
were observed (Fig. 4A, B). Interestingly, on day
31, the total number of spleen cells in the buffer
group increased six to eight times (7.07 · 108),
compared with that on day 10 (1.31 · 108). How-
ever, the Treg numbers increased disproportion-
ately, suggesting selective expansion of Tregs,
perhaps as a mechanism of immune evasion.

Another important observation is the reverse
changes of Tregs in the spleen of 4T1 xenograft
model on days 18 and 31. According to the re-
sults of hemogram analysis, the proliferation of
T lymphocytes was induced following 4T1 cell in-
cubation. Furthermore, we speculate that after
adenoviral treatments, Tregs were initially in-
duced to produce immune resistance to the viruses,
which attributed to the upregulation of Tregs at
early stage (day 18). However, at a later time point
(day 31), rAd.sT delivery will produce high levels of
target gene expression, thus blocking TGFb activ-
ity and concomitant tumor cell lysis. Thus, at this
time point, both the antitumor and antiviral im-
mune responses are potentially activated, which
could be associated with the reduction of Tregs.

The DCs play a central role in initiating, regu-
lating, and maintaining antitumor responses.
Therefore, we analyzed DCs in the spleen following
adenoviral vector treatments. In the 4T1 tumor
model, both rAd.Null and rAd.sT increased the to-
tal number and percentage of DCs in spleen on day
18 (Fig. 4C, D). However, on day 31, the elevated
levels of DC percentages were sustained only in the
rAd.sT-treated group (Fig. 4E). These results in-
dicate that oncolytic adenovirus treatments could
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Figure 4. Effects of rAd.sT treatment on Tregs and DCs in the mouse spleen. Following various treatments, 4T1-bearing mice were euthanized at days 18 and
31. The spleens were removed and single-cell suspensions were prepared. After treating with RBC lysis buffer, splenocytes were counted. Then, cells were
labeled with FITC-conjugated anti-mouse CD4 antibody, PE-conjugated anti-mouse CD25 antibody, and APC-conjugated anti-mouse FoxP3 antibody. The total
number of CD25+FoxP3+ Tregs in spleen (A) and the percentage of Tregs in CD4+ (B) were analyzed by flow cytometry. Moreover, cells were labeled with
FITC-conjugated anti-mouse CD11c and PE-conjugated anti-mouse CD86 antibodies. The percentage of DCs (CD11c+CD86+) was examined by flow cytometry.
The representative images on day 18 are shown in (C). Quantification of DCs in days 18 and 31 samples is shown in (D, E). Data are shown as mean – s.e.m.
*p < 0.05; **p < 0.01 versus buffer group. n = 4 per group. DCs, dendritic cells; Tregs, regulatory T lymphocytes.
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increase DCs, and rAd.sT could generate long-term
responses.

In the 4T1 tumor model, oncolytic adenoviral
treatment increased CD4+ T lymphocytes on day
18, and as expected was slightly downregulated on
day 31 (Supplementary Fig. S3A). Similarly, in the
RENCA xenograft model, upregulation of CD4+ T
lymphocytes could also be detected in the spleen on
day 12 (Supplementary Fig. S3B). We postulate
that in peripheral blood, increase in CD8+ T lym-
phocytes likely represented an antiadenovirus re-
sponse, while in the spleen, CD4+ T lymphocytes
were activated likely due to antigen presentation
by DCs in that organ where CD4T cells can in turn
help CD8+ T cells and other cells of the innate im-
mune system. Our future detailed work should
clarify this point.

Our in vitro experiments also showed that
rAd.sT-infected 4T1 cells promoted spleen-derived
T lymphocyte proliferation, induced Th1 cytokine
expression (IL-2 and TNF-a), and inhibited Th2
cytokine expression (IL-6 and IL-10). Some of these
effects however, were also observed in rAd.Null-
treated cells (Supplementary Fig. S4A–F).

rAd.sT improves the antitumor effects
of anti-PD-1 and anti-CTLA-4 in the 4T1
breast tumor model

We have observed significant rAd.sT-induced
tumor necrosis in 4T1 tumors (Fig. 1E). This find-
ing, along with the detection of high level of
sTGFbRIIFc production that can potentially in-
hibit TGFb pathways and thus alter the tumor
microenvironment (as described above), suggests
that the combination of rAd.sT and immune
checkpoint inhibitors anti-PD-1 and anti-CTLA-4
can potentially be more effective in inhibiting tu-
mor growth and metastases. To examine that, 4T1
tumors were established in BALB/c mice, and
treatments with rAd.sT and anti-PD-1/anti-CTLA-
4, either alone or in combination, were performed,
as described in the Materials and Methods sec-
tion. Tumor growth was followed over time till day
30. There was significant inhibition of tumor
growth on treatment with either rAd.sT or anti-
PD-1/anti-CTLA-4; however, the combination of
rAd.sT and anti-PD-1/anti-CTLA-4 was more ef-
fective (Fig. 5A). On day 30, mice were euthanized
and the lungs, liver, and spleen were collected, and
the visible tumor lesions were counted. rAd.sT as
well as anti-PD1/anti-CTLA-4 produced inhibition
of lung metastases, however, the combination of
rAd.sT and anti-PD-1/anti-CTLA-4 was the most
effective approach (Fig. 5B). We have conducted
histological examination of lung metastases. Large

metastatic tumor lesions were clearly visible in the
buffer-treated group. The tumors in the anti-PD-1/
anti-CTLA-4 combination therapeutic group were
smaller, but the smallest lesions were observed in
the rAd.sT and anti-PD-1/anti-CTLA-4 combina-
tion group (Fig. 5C). These results indicate that, in
the 4T1 tumor model, intratumoral inoculation of
rAd.sT can improve the antitumor responses of
anti-PD-1/anti-CTLA-4.

Breast and renal cancer patients express
high levels of TGFb and TGFb target genes
in the tumors

To examine if human breast and kidney tumors
express increased levels of TGFb and TGFb target
genes compared to the distal normal tissues, we
analyzed TGFb, CXCR4, PTHrP, and CTGF gene
expression in human breast (n = 34) and kidney
tumor (n = 16) tissues, and in the distal normal
tissues. Increased expression of TGFb-1 was de-
tected in 19 breast cancer patients (19/34) and 11
renal cancer patients (11/16) (Fig. 6A). In tumors
expressing higher TGFb, metastasis-associated
TGFb target genes, CXCR4, PTHrP, and CTGF,
were also upregulated in the majority of tumors
(Fig. 6B, C). Please note that in breast cancer pa-
tients, we were able to analyze CTGF expression
only in 14 tumor samples (Fig. 6B, D). Likewise,
one sample from renal cancer patients was not
enough to detect all of the genes. Therefore, only
10, but not 11, TGFb upregulated samples were
used to detect the expression of PTHrP, CXCR4,
and CTGF (Fig. 6E).

Among the tumors with high TGFb-1 levels, sig-
nificant upregulation of CXCR4 was detected both
in the tumor tissues of breast and renal cancers.
CXCR4 expression levels were increased in 17/19
and 8/10 samples of breast and renal cancer pa-
tients, respectively. However, a significant increase
of CTGF expression was detected only in breast
cancer (Fig. 6D–E). No significant upregulation of
PTHrP was detected in either breast or kidney
cancer patients. These results suggest that the in-
creased TGFb expression in breast and renal can-
cers could possibly promote tumor metastasis
through upregulation of metastasis-related genes.

DISCUSSION

In this study, we are reporting (1) the thera-
peutic effects of rAd.sT, an oncolytic adenovirus
expressing soluble TGFb receptor II Fc in 4T1
and Renca mouse tumor models, (2) the possible
mechanisms of rAd.sT-mediated inhibition of tu-
mor growth and metastases, (3) that rAd.sT can
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enhance the antitumor responses of anti-PD-1 and
anti-CTLA-4 antibody in the 4T1 tumor model, and
(4) significant numbers of breast and kidney pa-
tients’ tumors have increased TGFb and TGFb
target gene expression.

Based on our results presented here, we believe
that rAd.sT-mediated inhibition of tumor growth
and metastasis involves multiple mechanisms. In-
oculation of rAd.sT in the tumors will directly lead
to tumor cell death, with simultaneous production
of sTGFbRIIFc in the tumors, and sTGFbRIIFc will
be subsequently released into the blood. The pro-
duction of sTGFbRIIFc in situ as well as the sys-
temic presence in the blood will function as a TGFb
decoy, and thus inactivate TGFb and block TGFb
signaling. The inhibition of TGFb-regulated genes

CTGF, CXCR4, IL-11, PTHrP, N-cadherin, and
vimentin, as reported here, is expected to directly
affect tumor growth and metastases, as these pro-
teins are well-documented inducers/markers of tu-
mor growth, epithelial/mesenchymal transition,
and metastases.38–43 rAd.sT-mediated down-
regulation of VEGFA and VEGFR can also inhibit
angiogenesis, and thus can also directly affect
tumor growth.44

Our results also suggest that the intratumoral
administration of rAd.sT produces a strong im-
mune activation directed toward the tumors.
rAd.sT-mediated induction of antitumorigenic Th1
cytokines (IL-2, INF-c, IL-12) and the reduction of
protumorigenic Th2 cytokines (TGFb, IL-6, IL-10),
described here, will potentially have a direct effect

Figure 5. Combination therapy of rAd.sT with anti-PD-1 and anti-CTLA-4 antibodies in 4T1 xenograft. 4T1 cells were injected subcutaneously in female mice.
On day 6, when the tumors were palpable, the tumor size was measured. On day 7, rAd.sT (2.5 · 1010 VPs in 50 lL) was administered directly into the tumors. A
repeat viral dose was given on day 9. On days 8, 10, 12, and 14, anti-PD-1 and anti-CTLA-4 antibodies were administered intraperitoneally (10 mg/kg mouse
weight). The tumor growth was monitored (A), and mice were euthanized on day 30. The lungs were excised. Tumor lesions in the lungs were counted (B), and
the representative images are shown (C). Tissues slices were subjected to H&E staining to confirm the metastatic lesions (C). Data are shown as
mean – s.e.m. **p < 0.01, ***p < 0.001 versus corresponding groups in (A); *p < 0.05; ***p < 0.001 versus buffer group in (B). n = 8 per group. anti-CTLA-4,
anticytotoxic T lymphocyte-associated protein; anti-PD-1, antiprogrammed death inhibitor-1.
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on the production and activation of T lymphocytes.
In fact, rAd.sT treatment resulted in the upregu-
lation of the CD8+ T cells and CD4+ T memory cells
and enhanced the production and maturation of
DCs. On the contrary, rAd.sT reduced the MDSCs
and CD4+CD25+ Tregs. These results are consis-
tent with other studies conducted in preclinical
models, which showed that anti-TGFb antibodies
and small molecules targeting TGFb signaling

could restore the cytotoxicity of CD8+ T lympho-
cytes, antigen presentation by DCs, and reduced
CD4+CD25+ Tregs.45–47 The induction of rAd.sT-
mediated immunological cell death could also play
a significant role in the antitumor responses, pos-
sibly by releasing damage-associated molecular
patterns, further activating the immune cells via
specific sensing pathways.48,49 While many of
the important steps and the cell types have been

A B C

D

E

Figure 6. TGFb and TGFb regulatory genes are upregulated in breast and renal cancer patients. Surgical specimens were obtained from 34 breast cancer
patients and 16 renal cancer patients for clinical and pathological examination. (A) TGFb mRNA expression in the tumors. The TGFb expression was measured
by real-time RT-PCR in the tumor tissues and distal normal tissues. The relative expression of TGFb in tumor tissues was normalized by that in normal tissues of
the same patient. (B–E) Expression of TGFb target genes in tumor tissues expressing higher TGFb levels. The mRNA expression of CXCR4, PTHrP, and CTGF in
breast cancer (B, D) and renal cancer patients (C, E) was detected by real-time RT-PCR. Data are shown as mean – s.e.m. *p < 0.05; ***p < 0.001 versus
normal tissues. CTGF, connective tissue growth factor; PTHrP, parathyroid hormone-related protein; TGFb, transforming growth factor b.
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identified in this proposed model, clearly studies
into additional mechanisms, particularly the im-
mune cell depletion experiments of CD4+ T cells,
CD8+ T cells, Tregs, and MDSCs using appropriate
antibodies, as well as the documentation of the
rAd.sT-induced production of tumor-directed CTLs
are further warranted.

An important point worth discussing is that a
control replicating virus, rAd.Null, also produced
some antitumor responses, although weaker than
rAd.sT. This was particularly evident in the im-
mune activation experiments, and was most obvious
in the analyses of the immune cells in the spleen.
This is not surprising as adenoviral-induced tumor
cell death, as well as the immune activation directed
against the virally infected cells, is not unexpected.
While this antitumor effect could be beneficial, we
realize that this could have some negative effects,
for example, on the depletion of tumor-specific T
cells. Therefore, one of the challenges in the future
will be to identify strategies to minimize antiviral
immune responses, while preserving and improving
the tumor-specific immune responses.

The effect of rAd.sT-mediated enhancement of
anti-PD-1 and anti-CTLA-4 therapy is of high sig-
nificance. In recent years, there has been significant
interest in developing anti-immune checkpoint in-
hibitors for cancer therapy. These inhibitors are
already approved for several cancers, including
melanoma and small-cell lung carcinoma.11–14 In
breast cancer, about one-third of triple-negative
breast cancers also respond well to anti-PD-1.
However, a large percentage of cancer patients are
resistant to anti-PD-1/anti-CTLA-4 therapy.11,14–16

Therefore, there is an interest in understanding the
mechanism of anti-PD1-/anti-CTLA-4 resistance.
One obvious reason for anti-PD1/anti-CTLA-4 re-
sistance is the prevalence of the poor inflammatory
environment in the tumors.17–24,40,50,51 TGFb plays
a central role in inducing immune tolerance in the
tumor microenvironment.52,53 Furthermore, TGFb
has been shown to impair host immune responses
to evade immune surveillance against the tu-
mors.25,26,54 We believe that rAd.sT-dependent
immune activation as well as other nonimmune
mechanisms described here could collectively con-
tribute to the rAd.sT-mediated enhancement of
anti-PD-1/anti-CTLA-4 therapy. In fact, recent
studies have shown that the TGFb can drive im-
mune evasion in colon cancer metastasis,25 and at-
tenuate tumor response to PD-L1 blockade by
contributing to the exclusion of T cells.25,26 One
advantage of using rAd.sT is that intratumoral in-
oculation of rAd.sT is expected to induce the host
stimulator of interferon gene pathway of cytosolic

DNA sensing, which can induce type I IFN pro-
duction and DC activation, further augmenting
anti-PD-1 therapy.48,49,55 Regardless of the mecha-
nisms, it is quite interesting that vectors such as
rAd.sT can be easily applied in the clinical setting
for cancer therapy as well as for improving anti-PD-
1 and anti-CTLA-4 activity.

In this study, we have also shown that the tu-
mors from human breast and kidney cancer pa-
tients express high levels of TGFb and TGFb target
genes. Given the role of TGFb in promoting tumor
growth, invasion, and metastases, there is a sig-
nificant interest in developing therapies targeted
against TGFb. The patients expressing high levels
of TGFb and TGFb target genes will be potential
candidates for anti-TGFb therapy. Several TGFb
inhibitors, including receptor kinase inhibitors
antisense oligonucleotides and monoclonal anti-
bodies, have been developed and investigated in
preclinical animal models.5,6 In fact, many clinical
trials have also been conducted in cancer pa-
tients.5,56 However, till today no anti-TGFb inhib-
itor has been approved for cancer therapy. We have
previously reported that systemic delivery of on-
colytic adenovirus expressing sTGFbRIIFc can in-
hibit bone metastases in the mouse models of
breast and prostate cancers.8–10,28,57 It should be
noted that the intratumoral delivery of oncolytic
adenoviruses into multiple tumor types has been
found to be safe and effective in several preclinical
and clinical trials.7,58–65

In this study, we have used immunocompetent
4T1 and RENCA xenograft models. While human
adenoviruses are able to kill 4T1 cells, in general,
they replicate only weakly in mouse tumor cells.
Therefore, these models do not exhibit the full
therapeutic responses one might find in humans.
Animal models such as NSG mice transplanted
with human peripheral blood cells, which can
support human tumor cell growth, could most
likely produce much stronger antitumor responses
and improvements of immune therapy. Before ini-
tiating clinical trials, we plan to use such models to
conduct additional preclinical studies. Never-
theless, the studies described here, both direct
inhibition of tumor growth and metastases, as well
as the enhancement of anti-immune checkpoint
therapy, can be potentially evaluated in the clinical
setting and would find applications in the treat-
ment of many cancers.
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