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Glioblastoma multiforme (GBM) is the most aggressive form of primary brain tumor and is associated with poor
survival. Virotherapy is a promising candidate for the development of effective, novel treatments for GBM. Recent
studies have underscored the potential of virotherapy in enhancing antitumor immunity despite the fact that its
mechanisms remain largely unknown. Here, using a syngeneic GBM mouse model, we report that intratumoral
virotherapy significantly modulates the tumor microenvironment. We found that intratumoral administration of an
oncolytic adenovirus, AdCMVdelta24, decreased tumor-infiltrating CD4C Foxp3C regulatory T cells (Tregs) and increased
IFNg-producing CD8C T cells in treated tumors, even in late stage disease in which a highly immunosuppressive tumor
microenvironment is considered to be a significant barrier to immunotherapy. Importantly, intratumoral AdCMVdelta24
treatment augmented systemically transferred tumor-antigen-specific T cell therapy. Furthermore, mechanistic studies
showed (1) downregulation of Foxp3 in Tregs that were incubated with media conditioned by virus-infected tumor
cells, (2) downregulation of indoleamine 2,3 dioxygenase 1 (IDO) in glioma cells upon infection by AdCMVdelta24, and
(3) reprograming of Tregs from an immunosuppressive to a stimulatory state. Taken together, our findings demonstrate
the potency of intratumoral oncolytic adenoviral treatment in enhancing antitumor immunity through the regulation of
multiple aspects of immune suppression in the context of glioma, supporting further clinical development of oncolytic
adenovirus-based immune therapies for malignant brain cancer.

Introduction

GBM is among the most invasive and aggressive of cancers,
with a median survival of less than 15 months post-diagnosis.
This poor survival rate indicates that conventional treatments
including surgery, radiotherapy, and/or chemotherapy are not
effective, and novel therapies that can efficiently control disease
progression are required. Both virotherapy and immune therapy
have recently emerged as promising candidates for the treatment
of multiple types of cancer, including glioma.1-6

Remarkable progress has been achieved in oncolytic virother-
apy over the past decade with regard to developing novel vectors
and understanding the mechanisms by which viruses specifically
replicate in tumor cells.7-12 It was also reported that certain onco-
lytic viruses can target cancer stem cells that are resistant to con-
ventional cancer therapy, leading to efficient cell death.13,14

Several oncolytic viruses have entered into clinical studies as

anticancer agents for the treatment of multiple types of cancer
patients. However, the therapeutic efficacy in most of these stud-
ies has been limited.3,15 Recently, accumulated evidence has sug-
gested that virotherapy may have the potential to induce immune
responses against cancer, which will open opportunities to inte-
grate virotherapy into immunotherapeutic approaches to develop
novel oncolytic virus-based treatments for cancer.4,6

Immunotherapy has been proposed for decades as cancer
treatment. Very recent studies on the blockade of immune check-
points CTLA-4 or PD-1/PD-L1 for the treatment of melanoma
patients,16,17 and on the use of adoptively transferred chimeric
CD19 specific T cell therapy for leukemia,18 have shown prom-
ise. However, it is well known that immune suppression within
the tumor microenvironment is a significant barrier to cancer
immunotherapy, particularly within solid tumors.19-22 In glioma,
a highly immunosuppressive microenvironment has been charac-
terized by the presence of Tregs.23,24 Treg cells are the major
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source of TGF-b and IL-10, which are documented as mediators
of immune suppression within glioma.25,26 Moreover, our most
recent work identifies the role of indoleamine 2,3 dioxygenase 1
(IDO) as one of the key regulators of intracranial Tregs and dem-
onstrates that combining an IDO inhibitor with the immune
checkpoints antibodies against CTLA-4 and PD-L1 results in a
decrease of Treg cells in glioma and a durable survival advan-
tage.27,28 Having shown the presence of immune regulatory fac-
tors associated with glioma and the significant therapeutic
efficacy achieved through modulation of these factors, we
hypothesized that the use of an oncolytic virus, due to its potenti-
ation of antitumor immunity, may be a promising strategy to
improve the antitumor effects of immunotherapies for glioma.
Further understanding of the immunological mechanisms by
which the oncolytic virus itself, or combined with other immu-
notherapeutic approaches, generates potent antitumor immune
responses will advance clinical development of novel therapies
for glioma.

Here, we extend our previous studies on using an oncolytic
adenovirus in the treatment of glioma10,29-32 to investigate
whether intratumoral adenoviral treatment would modulate the
immune suppressive microenvironment associated with glioma,
and whether these responses would facilitate immunotherapy for
glioma. To study this, we chose the recombinant replication-
competent adenovirus, AdCMVdelta24, that we have previously
shown to induce oncolysis and viral replication in several tested
glioma cell lines including murine glioma cells (GL261) and pri-
mary human glioma cells.10 In the present study, we observed
that intratumoral AdCMVdelta24 treatment modulates the
tumor microenvironment toward immune activation, which was
evidenced by a significant decrease of Tregs, an increase of IFNg-
producing CD4C and CD8C T cells, and an increased ratio of
CD4C effector T cells compared to Tregs within GL261 glioma.
Mechanistically, we observed viral treatment-mediated downre-
gulation of Foxp3 in Tregs, downregulation of IDO expression
in glioma cells, and reprogramming of Tregs from an immuno-
suppressive to a stimulatory state. Moreover, viral treatment
enhanced systemically transferred adoptive tumor-antigen-spe-
cific T cell therapy for glioma. Together, these results indicate
that combinatorial therapy of intratumoral oncolytic adenoviral
treatment and immunotherapeutic approaches may be promising
for the treatment of glioma.

Results

Intratumoral viral treatment increases infiltration
of leukocytes

C57BL/6 mice bearing 5 d-established intracranial GL261
tumors were injected intratumorally (i.t.) with AdCMVdelta24
or control PBS. Seventy-two hours after viral injection, an
increased percentage of CD45high leukocytes in mice bearing
GL261 glioma brain was observed as compared with PBS-
injected control mice (Fig. 1A). In further analysis of the subsets
of innate immune cells among these CD45high leukocytes, we
observed an increased percentage of CD11bCF4/80C macro-
phages (Fig. 1B) as well as CD3¡ NK1.1C NK cells (Fig. 1C).

Besides the frequency increase, the total numbers of infiltrating-
leukocytes, monocytes, and macrophages into brains were also
increased (Fig. 1D–F, respectively) confirming that inflamma-
tory responses are induced shortly after i.t. injection of AdCMV-
delta24. Indeed, in line with our study, it was reported that the
early inflammatory responses mediated by i.t. injection of onco-
lytic adenovirus are prerequisite for effective immunotherapy for
cancer.33 Thus, our results suggest that intratumoral oncolytic
adenoviral treatment may modify the tumor immunological
microenvironment at early time points, which may facilitate the
generation of immune responses against glioma.

Intratumoral viral treatment decreases regulatory T cells and
increases the ratio of effector T cells to Treg cells in intracranial
tumors but not in cervical lymph nodes and spleens

Tregs are well characterized immune suppressive cells which
have been identified as a major component responsible for tumor
tolerance to therapies.20 In a murine glioma model, it has been
shown that the depletion of Tregs by anti-CD25 antibody results
in enhanced antitumor immunity and prolonged mice sur-
vival.34,35 More importantly, in human patients, it was reported
that the preferential accumulation of Tregs is associated with
higher grades of glioma.23 Thus, we investigated whether intratu-
moral viral treatment could regulate Treg cells in the context of
glioma. The results show that the frequency of CD4C T cells
increased (Fig. 2A), but the frequency of Foxp3C Tregs in gli-
oma bearing brains was significantly decreased at one week after
viral treatment (Fig. 2B and C). A decreased infiltration of Tregs
into the tumor was confirmed via microscopy (Fig 2E). More-
over, an increased ratio of effector T cells to Treg cells was
observed in virus-treated mice brains as compared to control
PBS-treated mice brains (Fig. 2F). Two weeks after viral treat-
ment, when a more immunosuppressive microenvironment is
induced by late stage tumors, the decreased frequency and total
cell number of Tregs, as well as the increased ratio of effector T
cells to Tregs within glioma, was continually observed (Fig. 3A–
D). Alternatively, neither the frequency of Tregs nor the ratio of
effector T cells to Treg cells was altered in spleens or in cervical
lymph nodes (Figs. 2D and 3E–F). These results suggest that
intratumoral AdCMVdelta24 treatment may modulate the
immune suppressive tumor microenvironment toward immune
stimulation through the deregulation of Tregs in glioma.

Intratumoral viral treatment modulates the tumor
microenvironment toward immune activation in late stage
disease

The immune suppressive tumor microenvironment is a signif-
icant barrier to effective therapies,19-22 and immunosuppression
becomes more pronounced with further recruitment of immuno-
suppressive cells as the tumor progresses. Having shown the
decrease of Tregs within glioma, we further investigated whether
intratumoral administration of AdCMVdelta24 could modulate
and eventually lead to a shift of the tumor microenvironment
from an immune suppressive to an immune stimulatory state at a
late stage of disease. Two weeks after viral treatment, flow cytom-
etry analysis of brain-infiltrating lymphocytes demonstrated that
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not only did the frequency of either CD4C or CD8C T cells
increase (Figs. 4A and C), but the frequency of IFNg-producing
CD4C or CD8C T cells, among total CD4C or CD8C cells
respectively, was also increased (Figs. 4B and D). Again, despite
the late stage of tumors with a character of high levels of immune
suppression at 2 weeks after viral treatment, increased ratios of
CD4CIFNgC to CD4CFoxp3C (Fig. 4E) and CD4CRORgtC to
CD4CFoxp3C (Fig. 4G) cells are observed in treated tumors. In
contrast to the intracranial gliomas, we did not find the differen-
ces in these ratios in cLNs between the virotherapy and control
PBS groups (Fig. 4F and H). These results suggest that intratu-
moral viral treatment may convert the immune suppressive
tumor microenvironment into an immune stimulatory state that
benefits immunotherapy for glioma.

Viral treatment augments systemically transferred antigen-
specific T cell therapy for glioma

We have already shown that viral treatment modulates the
tumor microenvironment toward an immunostimulatory state.
Meanwhile, at 72 h post-viral treatment, we also found an
increased frequency of IFNg-producing CD8C cells among
total CD8C T cells in the cLNs (Fig. 5A), rather than in the

glioma-bearing brains (Fig. 5B), of virus-treated mice as com-
pared to the control group. Moreover, one week later, in the
tumor-bearing brains, an increased absolute number of CD8C

cells, as well as of IFNg-producing CD8C T cells, was observed
(Fig. 5C and D). An increase of tumor-infiltrating CD8CT cells
into both periphery and center of tumors was also observed via
microscopy (Fig. 5E). As such, we further explored whether these
virotherapy induced immune responses could provide a platform
in favor of immunotherapy against glioma. Several tumor vaccine
strategies have been tested and have shown promise in the treat-
ment of glioma patients, whereas adoptive T cell therapy admin-
istrated through either intravenous (i.v) or intracranial route has
not been successful.36 We decided to determine whether intratu-
moral AdCMVdelta24 treatment would improve adoptive T cell
therapy. As a murine model of adoptive T cell therapy, we used
OT1 CD8CT cells that express a transgenic T cell receptor spe-
cific for the SIINFEKL epitope of the ovalbumin (OVA) protein
presented in the context of the H-2Kb MHC class I molecule
expressed by GL261-OVA tumor cells. The results showed that,
following virotherapy, adoptively transferred OT1 cell therapy
through the i.v route was significantly better than T cell therapy
alone against GL261-OVA tumors growing in syngeneic

Figure 1. AdCMVdelta24 increases infiltration of leukocytes into tumor-bearing brains. Flow cytometry analysis of CD45 high leukocytes, CD45 high

CD11bC monocytes, CD45high CD11bC F4/80C macrophages, and CD3¡ NK1.1C NK cells isolated from the brain was performed. Changes of the fre-
quency (top panel, Leukocytes (A); Macrophages (B); NK cells (C)) and the total number (bottom panel, Leukocytes (D); Monocytes (E); Macrophages (F))
of the cells in mice brains are presented. C57BL/6 mice bearing 5 d-established intracranial GL261 tumor were injected intratumorally with AdCMV-
delta24 or control PBS. Three days later, the flow cytometry analysis was performed. Data are presented as mean § SEM in three or four mice for each
treatment group. *p< 0.05, **p < 0.01 and ***p < 0.001 (unpaired, two-tailed Student’s t-test). CD45Hi, CD45high.
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C57BL/6 mice (Fig. 5F). In contrast to this, when the same
number of OT1 cells used for i.v injection were given i.t., addi-
tional virotherapy did not augment T cell therapy (Fig. 5G).
Taken together, these results indicate that intratumoral AdCMV-
delta24 treatment can augment systemically transferred antigen-
specific T cell therapy against tumors, and that enhanced immu-
nostimulatory responses in cLNs at the time (Fig. 5A) when
OT1 cells are given may play a critical role in facilitating systemi-
cally transferred OT1 cell therapy against glioma.

Oncolytic adenoviral treatment downregulates multiple
aspects of immune suppression in the context of glioma

We showed that viral treatment decreases Tregs within glioma
in mice (Fig. 2). Thus, we further tested whether viral treatment
of tumor cells has effects directly on Tregs. CD4C CD25 C Treg
cells were isolated from C57BL/6 mice and were incubated in
the presence of supernatants harvested from virus infected tumor

cells. We cultured GL261 tumor cells under normoxia or hypoxia
conditions, and harvested the supernatants for use in Treg cell
culture experiments. Interestingly, we found that a significantly
higher Foxp3 expression was observed in Tregs cultured with the
supernatants harvested from hypoxic GL261 cells as compared to
that from normoxic cells (17% vs. 4%, respectively, data not
shown). This is in accordance with the hypoxic features within
malignant glioma,37,38 as such we only focused on the effects on
Tregs by viral infection of GL261 tumor cells under hypoxia con-
ditions in current study. Our results showed that Foxp3 expres-
sion was decreased in Treg cells that were incubated with
supernatants from viral-infected GL261 cells as compared to
those incubated with supernatants from non-infected GL261
cells (Fig. 6A), suggesting that soluble mediators from viral
infected glioma cells deregulate Foxp3 expression in Treg cells.
Moreover, to extend our previous study that Indoleamine 2,3
dioxygenase 1 (IDO) plays a critical role in immune suppression

Figure 2. AdCMVdelta24 treatment decreases regulatory T cells and increases the ratio of Teff /Treg cells in tumor bearing brains. C57BL/6 mice bearing
5 d-established intracranial GL261 tumor were injected intratumorally with AdCMVdelta24 or PBS. One week later, the flow cytometry analysis of CD4C T
cells, CD4C Foxp3C regulatory T cells (Treg), CD4C Foxp3¡ effector T cells (Teff) isolated from brains, spleens and cervical lymph nodes (cLNs) were per-
formed (n D 4 or 5 mice in each group). (A) Frequency of CD4CT cells in brain. (B–D) Frequency of Tregs: Representative flow cytometry of Tregs in brain
(B) (Gated on CD4CT cells) and quantitative data (mean §SEM) in brains (C) and in spleens and cLNs (D). (E) Tumor sections from brain stained for Foxp3
and imaged under confocal microscope. (F) Ratio of Teff :Treg in brains. *p < 0.05, ***p < 0.001 and n.s., not significant (unpaired, two-tailed Student’s t-
test).
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in glioma,27,28 we tested whether infection of GL261 glioma cells
by AdCMVdelta24 could regulate IDO expression in tumor
cells. The results showed a significant decrease of IFNg-induced
IDO expression at the mRNA level in virus infected GL261 cells
as compared to that in non-infected cells (Fig. 6B). Next, we
explored the possibility that Tregs could be reprogrammed by
viral treatment. For this, we analyzed the tumor-infiltration of
EosC CD4C Foxp3C Tregs. Eos plays a critical role in CD4C

Foxp3C Treg cells-mediated immune suppression. Loss or
knockdown of Eos in Treg cells can reprogram these cells,39,40

resulting in the re-expression of immune stimulatory genes that
are silenced in a Foxp3-dependent manner, such as IFNg gene in
Tregs,39 and can even result in the conversion of Treg cells into

Foxp3C T helper cells which was shown to enhance antitumor T
cell responses.40 In the current study, we found that intratumoral
AdCMVdelta24 treatment did not change the frequency of Eos-
positive CD4C T cells in brains (Fig. 6C). Intriguingly, however,
such treatment not only decreased the percentage of Eos-positive
Tregs in total CD4C T cell population (Fig. 6D and E), but also
increased the frequency of IFNg-producing Treg cells (Foxp3C

helper T cells) among total CD4C T cells (Fig. 6F), as well as
among total CD4CFoxp3C Treg cells (Fig. 6G), suggesting the
reprograming of Treg cells. Collectively, these results indicate
that intratumoral AdCMVdelat24 treatment may alter the tumor
microenvironment toward immune activation by targeting multi-
ple immune suppressive mechanisms.

Figure 3. Viral treatment-induced decrease of tumor-infiltrating Tregs and the increase of ratio of Teff /Treg cells were retained at late stage of disease.
The experiment in Fig. 2 was repeated, except that the mice were sacrificed at two weeks, instead of one week, after viral treatment. Data are shown in
(A–B) Frequency of Tregs in brain, Representative flow cytometry results (A) and quantitative data (B) (mean § SEM), (C) Total number of Tregs in brain,
(D) Ratio of Teff:Treg in brain, and (E–F) Frequency of Tregs (E) and ratio of Teff :Treg (F) in cLNs. *p < 0.05, ***p < 0.001 and n.s., not significant
(unpaired, two-tailed Student’s t-test).
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Discussion

Virotherapy has shown promising results in the treatment of a
variety of types of cancer in animal studies. However, the efficacy
of virotherapy has been limited in the clinic. Recent evidence
that virotherapy can potentiate antitumor immunity has shed
light on this approach.6 Further understanding of the immuno-
logical mechanisms by which the oncolytic virus itself or com-
bined with other immunotherapeutic approaches to generate
effective antitumor immunity would advance oncolytic virus-
based therapy for cancer patients. Using the GL261 syngeneic
murine glioma model, our study provides the first evidence that
intratumoral oncolytic AdCMVdelta24 treatment modulates the
tumor microenvironment toward immune activation in glioma
through deregulating immune suppression and reprograming
Tregs. Additionally, we showed that intratumoral virotherapy
significantly augments the adoptively transferred tumor-antigen-
specific T cell therapy against glioma.

It has been reported that intratumoral adenoviral treatment
induces early inflammatory immune responses within tumor,
which plays a key role in generating the effectiveness of DC vac-
cine-based immunotherapy with subcutaneous tumor models.33

In line with this study, we observed an increased intratumoral

infiltration of total leukocytes, as well as monocytes, macrophages
and NK cells in GL261 glioma model at 3 d following intratu-
moral AdCMVdelta24 treatment, suggesting the development of
early inflammatory responses. Furthermore, we observed that
when antigen-specific T cells against tumor were given intrave-
nously at 3 d post-intratumoral AdCMVdelta24 treatment, a
prolonged mice survival benefit was achieved as compared to T
cell therapy alone (Fig. 5F). Conversely, in the studies of Herpes
Simplex Virus (HSV)-based virotherapy, it has been reported
that macrophages and NK cells mediate antiviral immune
responses in human glioma patients and in animal models, sug-
gesting that the reduction of these cells during HSV-based viro-
therapy would improve viral infection of tumor cells and increase
oncolytic activity.41-44 During adenoviral treatment for glioma,
whether these tumor-infiltrating cells have the similar antiviral
effects is unclear. Further experiments are ongoing to dissect the
mechanisms of these cells mediated-antiviral and -antitumoral
immune responses, which will benefit to the development of
novel treatment strategies specifically preventing antiviral
immune responses but retaining antitumor immunity in adenovi-
ral therapy for glioma.

In the current study, an increased frequency of intracranial
CD4C T cells concurrent with a decreased frequency and the

Figure 4. Intratumoral injection of AdCMVdelta24 modulates tumor microenvironment toward immune stimulatory state. C57BL/6 mice bearing 5 d
intracranial GL261 glioma were injected intratumorally with AdCMVdelta24 virus or control PBS. Two weeks after viral treatment, flow cytometry analysis
was performed on brains and cLNs leukocytes. (A–D) An increased percentage of CD4C (A), CD4CIFNgC (B), CD8C (C), and CD8CIFNgC (D) T cells in brains
was observed. (E–G) An increased ratio of CD4CIFNgC to CD4CFoxp3CT cells (E), and CD4CRORgtC to CD4CFoxp3C (G) T cells was observed in brains, but
not in cLNs (F, H). Data are presented as mean §SEM in four to five mice for each treatment group. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not sig-
nificant (unpaired, two-tailed Student’s t-test).

e1022302-6 Volume 4 Issue 8OncoImmunology



number of CD4CFoxp3C Treg cells suggests that intratumoral
adenoviral treatment may preferably targets Treg cells in glioma.
Recent studies have shown that both murine and human
CD4CFoxp3C Tregs display phenotypic and functional plasticity
under certain stimulatory circumstances,45,46 such as losing the
Foxp3 expression to convert into other types of inflammatory
cells47 or reprograming Treg cells into immune stimulatory
“Helper” Treg cells with retaining Foxp3 expression.39,40 Here,
we observed that viral infection of GL261 cells directly downre-
gulates Foxp3 expression in Tregs. Moreover, intratumoral
AdCMVdelta24 treatment decreased suppressive Eos positive
CD4C Foxp3C Tregs, and subsequently increased the frequency
of IFNg-producing Tregs. Eos, as a co-repressor of Foxp3, plays
dominant roles ensuring Foxp3-mediated immune suppression
of Treg cells. Loss or downregulation of Eos expression in
Foxp3C Treg cells results in reprograming Tregs from an
immune suppressive into an immune stimulatory state, which is
advantageous for eliciting efficient antitumor immunity.39,40

Additionally, in line with our previous study that IDO is one of
key regulators of glioma-infiltrating Tregs,27 we also observed

the downregulation of IDO expression in GL261 glioma cells
upon infection by AdCMVdelta24. Besides IDO, as an immuno-
suppressive molecule, having impacts on suppressing T cell
immunity through various mechanisms,48 collectively, our results
indicate that intratumoral AdCMVdelta24 treatment modulates
the glioma microenvironment toward immune activation
through multiple mechanisms, at least including the downregula-
tion of Foxp3 in Tregs and IDO expression in glioma cells, as
well as the reprograming of tumor-infiltrating Tregs. We are cur-
rently undertaking to determine how AdCMVdelta24 treatment
transcriptionally or epigenetically affects expression, as well as the
stability of Foxp3 in Treg cells, IDO in tumor cells, and Eos lev-
els in Treg cells within glioma.

Further, we hypothesized that intratumoral viral treatment-
induced host immune stimulatory responses may facilitate
immunotherapy for glioma. In support of this hypothesis, we
observed the augmentation of adoptively transferred tumor-anti-
gen-specific T cell therapy for glioma in viral-treated mice. Inter-
estingly, when the effector CD8COT1 cells were injected i.t.,
viral treatment did not further enhance T cell therapy. We

Figure 5. Intratumoral AdCMVdelta24 treatment augments intravenously transferred OT1 cell therapy. (A–D) C57BL/6 mice bearing 5 d intracranial
GL261glioma were injected intratumorally with AdCMVdelta24 virus or control PBS. Flow cytometry analysis of CD8C T cells, IFNgC CD8CT cells isolated
from brains and cervical lymph nodes (cLNs) were performed at 72 h and 1 week after viral treatment. (A–B) Frequency of CD8CIFNgC T cells in cLNs (A)
or in brains (B) at 72 h post treatment. (C–D) Total number of CD8CT cells (C) and IFNgCCD8C T cells (D) in brains at one week after viral treatment. (E)
Tumor sections from brain at one week after viral treatment, stained for CD8C T cells and imaged under confocal microscope (Top panel, PBS treatment;
Bottom panel, AdCMVdelta24 treatment). (F–G) C57BL/6 mice (n D 5) were intracranially injected with GL261-OVA cells at 1 £ 105 in 5 uL of PBS (d0).
Five days later (d5), AdCMVdelta24 was intratumorally injected, followed by 1 £ 106 OT1 cells infusion through either tail vein (i.v) (F) or intratumoral (i.
t.) injection (G) at 72 h post viral treatment. Mice were then monitored for survival. *p < 0.05, and n.s., not significant (log-rank test).
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believe one of the reasons for this discrepancy is the fact that, at
the time of T cells administration (3 d post-viral treatment,
Fig. 5A and B), an increase of IFNg-producing CD8C T cells
was observed in cLNs but not in brains, suggesting that intrave-
nously infused T cells may be further boosted in peripheral
cLNs. Nevertheless, when effector T cells infused through either
route arrive into the tumor sites, the viral-modulated tumor
microenvironment does not dampen T cell therapy and may
even enhance T cell therapy in the case of intravenously transfer-
ring CD8COT1 cells. Given that the immunosuppressive micro-
environment in cancer patients correlates to poor prognosis and

limits the success of cancer immunotherapy, developing strategies
to modulate the tumor microenvironment toward immune acti-
vation is important for achieving therapeutic effectiveness. Since
our data showed the modulation of the tumor microenvironment
toward immune activation even in late-stage tumors (Fig. 4), we
will investigate whether intratumoral viral treatment can improve
either systemic or intratumoral T cell therapy in treating more
clinically-relevant, advanced glioma. With the role of targeting
immune suppression within glioma, intratumoral oncolytic ade-
noviral treatment is also expected to be tested in combination
with other immunotherapeutic approaches, such as tumor

Figure 6. Viral treatment downregulates the expression of Foxp3 in Treg cells and IDO in glioma cells and reprograms regulatory T cells. (A) Downregula-
tion of Foxp3 expression in Treg cells. CD4CCD25CTreg cells sorted from the spleen and cLNs from C57/BL mice were stimulated with anti-CD3, anti-
CD28 and IL-2, and incubated with the medium harvested from tumor cells. GL261 glioma cells were infected by AdCMVdelta24 at a MOI of 100 (Inf./
GL261), or left uninfected (GL261), 4 h later, the cells were washed to remove viruses and incubated in the hypoxia chamber (1% O2 ). After 24 h, the
supernatants were harvested and added into Treg cell culture. Treg cells were grown in the presence of conditioned-medium for 24 h and were analyzed
by flow cytometry for intracellular expression of Foxp3. The cells were gated on CD4C T cells. (B) Downregulation of IFNg-induced IDO expression by
GL261 glioma cells. GL261 cells were infected by AdCMVdelta24 at a MOI of 100 in the presence of 20 ng/mL mIFNg (CIFNrCAdv). 24 h later, the cells
were collected for q-PCR analysis of the expression of IDO. mIFNg was used to induce IDO expression and served as a control (CIFNr). (C–H) Mice bearing
5 d GL261 tumor were injected intratumorally by AdCMVdelta24 or PBS (n D 4 or 5 mice in each group). Two weeks later, mice were killed and flow cyto-
metric analysis was performed on leukocytes isolated from brains. (C) The percentage of Eos-positive CD4C among the total CD4C T cell population was
not different between two groups. (D–E) A decreased percentage of Eos-positive Tregs in the CD4C T cell population was observed in viral treated mice;
(D) Representative flow cytometry results (gated on CD4C T cells) and (E) The quantitative data (mean §SEM). (F–G) An increased percentage of
IFNg-producing Foxp3C helper Treg cells among total CD4C T cell population (F) and among total CD4CFoxp3C Treg cell populations (G). *p < 0.05,
**p < 0.01, ***p < 0.001, and n.s., not significant (unpaired, two-tailed Student’s t-test).
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vaccine strategies or inhibitors of immune checkpoints, to achieve
improved immunotherapies.

We did not observe the efficacy of AdCMVdelta24 virother-
apy alone,10 (and data not shown), suggesting that the generation
of more potent oncolytic adenovirus by engineering viral vector
to include interest genes such as cytotoxic genes and/or immuno-
therapeutic genes is required. It is unclear whether the mutant
E1delta24,49 rather than wild-type E1 viral protein, plays a key
role in modulating the immunological tumor microenvironment.
Moreover, unlike most commonly used and tested adenoviruses
in both pre-clinical and clinical studies, AdCMVdelta24 retains
the entire E3 viral region,7 which may lead to ADP (adenovirus
death protein, located in E3)-mediated enhanced tumor cell
death; contributing to immune responses again tumor cells.
Therefore, further identification of the role of key viral proteins
in the context of viruses-based immunotherapy will help to ratio-
nally design better oncolytic adenoviral vectors to improve viro-
therapy alone or combined with immunotherapies. In light of
data presented here, further exploration of this modulation of the
glioma microenvironment by intratumoral oncolytic adenoviral
treatment is a highly promising strategy for the development of
virus-based immunotherapies for glioma.

Materials and Methods

Cells and viruses
GL261 cells are murine glioma cells described previously.27

GL261-quad OVA cells (kindly provided by Dr John R. Ohlfest,
department of Pediatrics, University of Minnesota) were derived
from GL261 cells and encode chicken OVA 257–264 peptide
(presented by H-2Kb).50 Cells were cultured with Dulbecco’s
modified Eagle’s minimal essential medium (Gibco Invitrogen)
and supplemented with 10% fetal calf serum and 100 U/mL of
penicillin/streptomycin. GL261-OVA were also maintained in
the presence of 800 mg/mL G418 and 0.1 mg/mL of Normocin
(Invivogen).50 The replication-competent adenovirus, AdCMV-
delta24, was described previously (Ref.7), and the virus was res-
cued by transfecting the pDNA of AdCMVdelta24 into
HEK293 cells. The virus was propagated in HEK293 cells and
purified by two rounds of CsCl gradients based on equilibrium
centrifugation.10 Viral titer was determined using the Adeno-
XTM Rapid Titer Kit (Clontech Cat. No. 632250) and presented
as infection units (ifu)/mL according to the manufacture’s
instruction. The purified virus was stored at –80�C prior to use.

Mice
C57BL/6 mice (6–8 weeks of age) were purchased from the

Jackson Laboratory (Bar Harbor, ME, USA). The OT-1 mouse
strain was on a C57BL background (H-2Kb) (kindly provide by
Dr Yang-xin Fu, department of pathology and committee on
immunology, University of Chicago) and expressed a transgenic
T-cell receptor, Va2, specific for the SIINFEKL peptide of OVA
in the context of MHC class I, H2-Kb.51

Abs and flow cytometry analysis (FACS)
Anti-CD3 (Pacific Blue), Anti-CD8 (PE) and Anti-CD45

(PE) antibodies were purchased from BioLegend. Anti-CD11b
(APC) was purchased from BD PharMingen. All other antibodies
were purchased from eBioscience. For intracellular Foxp3,
RORgt, and Eos detection, cells were first stained by specific
antibodies against mouse CD3, CD4, and CD8. Cells were then
fixed and permeabilized with Perm/Fix solution (eBioscience)
and then stained with anti-Foxp3 (Clone FJK-16s), anti-RORgt
(Clone B2D), and anti-Eos (Clone ESB7C2). For intracellular
cytokine IFNg detection, the cells were treated with Cell Stimu-
lation Cocktail (plus protein transport inhibitors) (eBiosciece)
for 5 h, followed by antibodies against CD3, CD4, and CD8
cell surface markers first and then IFNg staining as described
above. Flow cytometry data was collected on LSR Fortessa (BD
Biosciences) and analyzed with FlowJo software (TreeStar).

Preparation of activated OT-I cells
Preparation of activated OT-1 cells was performed as previ-

ously described.52 Naive OT-1 cells were isolated from the spleen
and lymph nodes of OT-1 mice. Red blood cells were lysed by
ACK Lysing Buffer (LONZA), and the dissociated single cell sus-
pension was grown in Iscove’s modified Dulbecco’s medium plus
5% fetal bovine serum in the presence of 1mg/mL of SIINFEKL
peptide (InvivoGen), 50 IU/mL of rIL-2 (R&D System), and
50 mM of b-mercaptoethanol. Three days after activation, the
cells were harvested and purified via centrifugation in a lympho-
lyte-M density gradient (Cedarlane) before use for in vivo
injection.

Quantitative PCR
Total RNA was isolated with the RNeasy Plus Mini Kit (QIA-

GEN). RNA was reverse transcribed into cDNA using the iScript
cDNA kit (Biorad), and the cDNA was used for Quantitative
PCR (SYBR green qPCR kit, Biorad). Each qPCR reaction was
run in triplicate and was normalized to the GAPDH gene tran-
script. Gene expression was quantified using the 2¡DDCT method
(mean fold change of gene expression D 2¡DDCT). The primers
used for real-time PCR analysis of IDO were as follows: sense:
ACT GTG TCC TGG CAA ACT GGA AG, antisense: AAG
CTG CGA TTT CCA CCA ATA GAG.

Immunostaining and image acquisition
For immunostaining, mouse brains were removed, immersed

into Tissue Tek O.C.T. Compound (Sakura Finetek USA, Inc.),
and frozen by dry ice. Frozen brains were sectioned on a Microm
cryostat with vacutome system (Themo Scientific) at 5 mm inter-
vals. For Foxp3 immunostaining, a modified protocol Biol-
egend’s website was used. Briefly, slides were fixed for 5 min in
Acetone at –20�C, washed 3X with TBS-T, and then blocked
with 5% BSA (in TBS-T) for 1 h. Slides were then washed 3X
TBS-T, and then probed with Foxp3-Biotin or CD8-Biotin
(Ebioscience) diluted 1:100 in antibody dilution buffer (1%
BSA / 0.5% Triton X-100/ in PBS) overnight at 4�C. The fol-
lowing day, slides were washed 3X with TBS-T, followed by
incubation with 1:400 streptavidin-Alexa-488 (Jackson Immuno)
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in TBS-T for 45 min. Slides were then washed with 3X TBS-T
and wet mounted with Fluoroshield with DAPI (Sigma). Slides
were imaged using a Leica TCS-SP5 inverted confocal micro-
scope. Images were acquired with a 63X oil immersion lens, and
analyzed using ImageJ software (NIH).

In vivo studies
All procedures were approved by the Institutional Animal Use

Committee of the University of Chicago. To establish intracra-
nial syngeneic mouse glioma, C57BL/6 mice were used, and
5 £ 104 of GL261 cells in 5 mL of PBS were stereotactically
injected through an entry site centered 2 mm posterior to the
coronal suture and 2 mm lateral to the sagittal suture, and 3 mm
below the surface of skull of anesthetized mice by using a stereo-
tactic frame. Five days later, mice were randomly assigned, and
AdCMVdelta24 at 1 £ 108 ifu in 5 mL of PBS was adminis-
trated slowly into the tumors. Mice were examined daily for
survival studies.

Statistical analysis
All statistical analyses were performed using Graphpad Prism

4 (GraphPad Software Inc.). Sample size for each group was �3
and numerical data was reported as Mean§SEM. Comparisons
between two groups were conducted using Student’s t test or
Mann–Whitney test as appropriate. Kaplan–Meier survival
curves were generated and log rank test was applied to compare
survival distributions. All reported p values were two-sided
and considered to be statistically significant at * p < 0.05,
**p < 0.01, ***p < 0.001.
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