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Oncolytic virotherapy is a treatment approach with increasing
clinical relevance, as indicated by the marked survival benefit
seen in animal models and its current exploration in human pa-
tients with cancer. The use of an adenovirus vector for this ther-
apeutic modality is common, has significant clinical benefit in
animals, and its efficacy has recently been linked to an anti-tu-
mor immune response that occurs following tumor antigen
presentation. Here, we analyzed the adaptive immune system’s
response following viral infection by comparing replication-
incompetent and replication-competent adenoviral vectors.
Our findings suggest that cell death caused by replication-
competent adenoviral vectors is required to induce a significant
anti-tumor immune response and survival benefits in immuno-
competent mice bearing intracranial glioma. We observed sig-
nificant changes in the repertoire of immune cells in the brain
and draining lymph nodes and significant recruitment of
CD103+ dendritic cells (DCs) in response to oncolytic adeno-
viral therapy, suggesting the active role of the immune system
in anti-tumor response. Our data suggest that the response to
oncolytic virotherapy is accompanied by local and systemic im-
mune responses and should be taken in consideration in the
future design of the clinical studies evaluating oncolytic viro-
therapy in patients with glioblastoma multiforme (GBM).
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INTRODUCTION
Glioblastoma, the most common primary brain malignancy, is a
devastating disease that is associated with poor patient outcomes
and urgently needs more advanced and targeted therapies.1 One
promising approach utilizes live viruses that have been designed to
specifically infect and kill tumor cells, termed oncolytic virotherapy.2

Many studies have demonstrated a survival benefit for animals treated
with oncolytic virotherapy when compared to the current standard of
care, and multiple human clinical trials have repeatedly demonstrated
the safety of virotherapy and are currently exploring the efficacy of
this treatment modality.3,4

Among the various oncolytic virotherapies explored clinically,
Ad5Arg-Gly-Asp(RGD)-cytomegalovirus (CMV)-E1D24-based on-
colytic virotherapies (e.g., ONXY-015, DNX2401, or Delta-24-
Molec
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RGD) have accumulated the most clinical data demonstrating their
efficacy and safety inmany different types of cancer.5–11 Furthermore,
the data from clinical trials suggest that therapeutic efficacy of onco-
lytic therapies can be enhanced when the immune system response
against tumor antigens is facilitated by the virotherapeutic treatment
(i.e., oncolysis).5,7,9–11

Given the potential synergy between virotherapy and the immune
system, it is important to understand the underlying mechanisms
behind virotherapeutic treatment-mediated anti-tumor immune
responses; however, it is difficult to pursue this analysis because a
murine model, which is the best model system for immune-related
analysis, is not permissive for the replication (i.e., progeny produc-
tion) of human adenoviruses.12 However, human adenoviruses in
murine cells are able to produce their necessary viral proteins via
regulation of the transcription/translation machineries of infected
cells,13–16 even if they are not capable of producing their progenies
efficiently (replication).13,17

Jiang et al.18 recently showed that Delta-24-RGD infection in an
immunocompetent murine glioma model can facilitate anti-tumor
immune responses and immunity; this is the first mechanistic study
of the immunological effects mediated by an oncolytic virus for
glioma. However, it is not clear whether these immune responses
were mediated by inflammation and cell death following viral en-
try/infection or by viral activities/viral protein production, which
may be related to the replication efficiency of the virus that would
occur in the human clinical setting.

To investigate this virotherapy-mediated immune response in an
immunocompetent murine glioma model, we first selected modified
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Figure 1. Infectivity of the Fiber-Modified Adenoviral

Vectors in Both Human and Murine Glioma Cell

Lines

(A and B) Cells were infected with Ad5PK7-CMVGFP,

Ad5RGD-CMVGFP, or Ad5-CMVGFP at an MOI of 300

VP/cell for 2 hr in (A) human glioma cell lines (U87 and

U25) and non-neoplastic cells (normal human astrocytes

and neuronal stem cells) and (B) a murine glioma cell line

(GL261-OVA). The virus-containing medium was then

removed and replaced with fresh medium containing 2%

FBS. After 72-hr incubation, flow cytometric analysis was

performed. Each data point and column is the average of

three independent replicates. The mean ± SE is plotted.

***p < 0.001. NHA, normal human astrocyte; ns, not

significant; NSC, neuronal stem cell; VP, viral particle.
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adenoviral vectors that demonstrated enhanced infectivity of a mu-
rine glioma cell line, GL261. Two of the most commonly used adeno-
viral vectors for glioma virotherapy, Ad5RGD and Ad5PK7, were
compared to the wild-type (WT) Ad5 virus for their murine glioma
cell infectivity (i.e., entry). Next, we compared the cell death rate
in vitro by adenoviruses with differential E1 gene product regulation
(Survivin-E1 and CMV-E1D24; two different tumor-specific, replica-
tion-competent adenoviruses in humans) to that by an E1 gene-
deleted adenoviral vector (i.e., replication-incompetent adenovirus
in human).10,12 Although murine glioma cells are not permissive
for the replication (progeny production) of human adenoviral vec-
tors, as mentioned above, differential transcriptional regulation of
E1 gene products may change the efficiency of viral protein produc-
tion, which could affect the viruses ability to cause cell death of
infected murine cells, and, therefore, may alter how the adaptive
immune response responds following virus administration.13,14,16,17

As such, we investigated the impact on survival and changes in the
cellular components of the adaptive immune responses by adminis-
trating either a replication-competent or -incompetent adenovirus
in an immunocompetent murine glioma model.

In this study, we selected the adenoviral vector that is most suitable for
investigation of virotherapeutic efficacy and virotherapy-mediated
immune responses in a murine glioma model system. Furthermore,
we investigated virotherapy-mediated changes in the cellular compo-
nents of the immune system repertoire by using tumor antigen-spe-
cific CD8+ T cell tetramer staining to identify tumor antigen-specific
immune cells in the brain of tumor-bearing animals as well as in cer-
vical lymph nodes, one of the activation sites for immune cells. Our
findings support the notion that efficient adenoviral replication is
required for tumor-specific adaptive immune response against glioma,
and this immune response is critical for the efficacy of the viral agent.

RESULTS
Ad5PK7 and Ad5RGD Efficiently Infect Both Human and Murine

Glioma Cell Lines

Ad5PK7 and Ad5RGD are two fiber-modified adenoviral vectors that
are among the most commonly used for human glioma virother-
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apy.12,19 As viral infection is dictated by the fiber domain, both of
these adenoviral vectors were designed to have enhanced infectivity
of human glioma cells, either by adding seven poly(lysine) (PK7) res-
idues (via binding anionic cell surface proteins) or the RGDmotif (via
binding abundant cell adhesion molecules, integrins), respectively, on
the fiber knob domain.20

To determine the infectivity of these oncolytic adenoviral vectors
(Ad5PK7-CMV-GFP and Ad5RGD-CMV-GFP) in both human
and murine glioma model cell lines, we analyzed their infectivity
by utilizing flow cytometric analysis for GFP expression. The E1
gene of these viruses was replaced with the GFP gene so that only
initially infected cells were counted without replication/spreading
of the viruses. Human glioma cell lines were used to ensure that
the viral vectors explored with additional experiments in the murine
models are also capable of translation into the human system. The
GL261-ovalbumin (OVA) cell line was chosen on account of it be-
ing a well-characterized murine glioma cell line suitable for use in
immunocompetent mice and also because it expresses a model an-
tigen, OVA, which will be used to characterize antigen-specific im-
mune responses in later analyses.21 Our findings revealed that both
of these viral vectors efficiently infect (i.e., enter) human glioma
cells (Figure 1A) as well as the murine glioma GL261-OVA cell
line (Figure 1B) when compared to the WT Ad5 virus (Ad5-
CMVGFP). Therefore, our infectivity analysis suggests that both
of these vectors are suitable for further exploration in the murine
glioma cell line.

Both Ad5RGD-CMV-D24 and Ad5RGD-Sur-E1 Induce Cell

Deaths of Both Human and Murine Glioma Cell Lines

Because these two infectivity-enhanced vectors do not differentiate
between neoplastic and non-neoplastic cells, their oncolytic replica-
tion must to be restricted by manipulating the expression of the repli-
cation essential early gene, E1. Two common approaches to restrict
E1 expression or activity are (1) the D24 approach, which utilizes a
24-base-pair deletion in the E1 gene that removes its binding site
for the retinoblastoma protein (Rb) and results in a truncated protein
product that is only active in cells with an already inactive Rb (e.g.,



Figure 2. Cytotoxicity of Oncolytic Adenoviral

Vectors with Differential E1 Gene Product

Regulation in Both Human and Murine Glioma Cell

Lines

(A and B) Cells were infected with Ad5PK7-Sur E1 or

Ad5RGD-CMV-D24 at an MOI of 100 VP/cell for 2 hr in (A)

human glioma cell lines (U87 and U251) and non-

neoplastic cells (normal human astrocytes and neuronal

stem cells) and (B) a murine glioma cell line (GL261-OVA).

The virus-containing medium was removed and replaced

with fresh medium containing 2% FBS. At time points of

24, 48, 72, and 96 hr, the MTT assay was performed

according to the manufacturer’s instructions. Each data

point and column is the average of three independent

replicates. The mean ± SE is plotted. NHA, normal human

astrocyte; ns, not significant; NSC, neuronal stem cell;

VP, viral particle.
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cancerous cells);9 or (2) by placing the expression of the E1 gene un-
der the control of the glioma-specific promoter, Survivin (SurE1).19

To assess tumor-specific cytotoxic activity of these two different E1
regulation approaches, we used Ad5RGD-SurE1 and Ad5RGD-
CMV-D24 and analyzed their cytotoxicity by utilizing an 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Of note, the RGD-based fiber modification was chosen due to the
slightly increased infectivity in human glioma cell lines compared
to PK7 modification, although the difference is not statistically signif-
icant. We did not observe any difference in cytotoxic activity in either
the murine glioma model cell line or in human glioma cell lines
between the aforementioned Ad5RGD-Sur-E1 and Ad5RGD-CMV-
D24 (Figure 2). However, given the slight increase observed in infec-
tivity and cytotoxicity, the RGD fiber modification (Figure 1) and
CMV-D24 E1 gene control approach (Figure 2) were used for further
analysis.

Replication-Competent Ad5RGD-CMV-D24Results in Enhanced

Cytotoxicity in the GL261-OVA Cell Line as Compared to

Replication-Incompetent Ad5RGD-CMV-GFP

All adenovirus-based vectors are derived from the human adenovirus
serotype 5, making these viruses unable to produce progeny inmurine
cells.13,17 Because of this, it is expected that viral replication-induced
oncolytic effects will be considerably minimized in murine glioma
cells. However, even in the absence of viral progeny production, the
excessive production of viral proteins can still result in cell death of
infected murine cells, possibly through an autophagy mechanism.22,23

Hence, we hypothesized that a replication-competent adenoviral vec-
tor would be more cytotoxic in murine cells via E1-derived viral pro-
tein production compared to that of a replication-incompetent vector.
To investigate our hypothesis, we compared the cytotoxic activity of
replication-competent adenovirus (Figures 1 and 2) to a replication-
incompetent vector (which has the same fiber modification but the E1
gene is replaced with GFP) by performing cell MTT (Figure 3A) and
crystal violet viability assays (Figure 3B) in the murine glioma cell
line. As shown in Figure 3, the replication-incompetent adenoviral
vector, Ad5RGD-CMV-GFP, was very minimally cytotoxic (approx-
imately 10% of cells died). However, the replication-competent
vector, Ad5RGD-CMV-D24, was significantly cytotoxic in GL261-
OVA cells (Figure 3), although the efficacy of this oncolytic activity
was notably lower when compared to human glioma cell lines, as pre-
dicted (Figure 2A).

Replication-Competent Ad5RGD-CMV-D24 Significantly

Prolongs Survival in an Immunocompetent, but Not in

Immunodeficient, Murine Glioma Model

As demonstrated above, although the replication-competent adeno-
viral vector leads to enhanced tumor cell death in comparison to the
replication-incompetent vector in vitro, the replication-incompetent
vector still induced tumor cell death. Importantly, it is not known
whether the therapeutic efficacy of virotherapy is simply due to pro-
nounced oncolytic virus-mediated cytotoxicity or whether a cell
death-stimulated immune response plays a key role in the therapeu-
tic benefit of the treatment. To investigate this, we performed the
survival analysis comparing replication-competent versus replica-
tion-incompetent viral treatment in both immunocompetent and
immunodeficient murine glioma models. In the immunocompetent
murine model, mice injected with the replication-competent virus
had a significantly (median survival = 52 days) prolonged survival
relative to the group treated with the replication-incompetent virus
(median survival = 32 days), indicating that efficient cytotoxicity
following viral infection and viral protein production is an important
factor for achieving a survival benefit (Figure 4A). However, this sur-
vival benefit was abolished when the viruses were injected into
immunodeficient Rag1 knockout (KO) mice, implying that virother-
apy-mediated adaptive immune responses are required to achieve
therapeutic efficacy (Figure 4B). Of note, there was no difference
in the growth rate of GL261-OVA in these two different murine
models (Figure S1). Thus, in order to achieve a survival benefit
following virotherapy administration in a murine glioma model, it
is necessary to have both a strong oncolytic effect and an adaptive
immune response.
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Figure 3. Comparison of Replication-Competent

and Replication-Incompetent Adenoviral Vector

Cytotoxicity in a Murine Glioma Cell Line

Murine glioma GL261-OVA cells were infected with repli-

cation-incompetent Ad5RGD-CMV-GFP or replication-

competent Ad5RGD-CMV-D24. (A) For the MTT assay,

the virus-containing medium was removed and replaced

with fresh medium containing 2% FBS. At time points of

24, 48, 72, and 96 hr, the MTT assay was performed

according to the manufacturer’s instructions. (B) An MOI

of 100 PFU/cell was used. For the crystal violet staining

assay, viral vectors were infected at a serially diluted MOI

from 0 to 1,000 PFU/cell and the virus-containing medium

was removed and replaced with fresh medium containing

2% FBS. Eight days after viral infection, cells were fixed

and stained with crystal violet, followed by dissolution with methanol, and read with a plate reader at OD570. Relative ratios of viral treatments to PBS treatments were

calculated and plotted. Each data point and column is the average of three independent replicates. The mean ± SE is plotted. OD570, optical density 570; PFU, plaque-

forming unit.
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Tumor-Specific CD8+ Cells Were Increased in Both the Brains

and Lymph Nodes in the Group Treated with the Replication-

Competent Ad5RGD-CMV-D24

It has been suggested that oncolytic activity of virotherapy induces
the release of tumor antigens, which likely facilitate the activation
of a tumor antigen-specific immune response.18 As we observed,
virotherapy-mediated survival benefit was only in the immuno-
competent model, so it was of interest to evaluate how different
viral vectors influence the immune system response following viral
treatment. To investigate this, we analyzed tumor antigen-specific
cytotoxic (CD8+) T cells in the tumor implantation site and lymph
nodes, which are the sites of antigen-specific T cell recruitment and
activation, respectively. Five days after tumor implantation with
GL261-OVA cells, three different agents (PBS, Ad5RGD-CMV-
GFP, and Ad5RGD-CMV-D24) were administered intratumorally.
The brains and lymph nodes of the animals were examined to
analyze the change in immune repertoire 5 days following the
administration of the viral vector. In the brain, the number of tu-
mor antigen-specific CD8+ cells (OVA-specific, tetramer-positive
staining) (Figure 5A) and total CD8+ cells (Figure 5B) was signif-
icantly increased in both the groups treated with replication-
incompetent or replication-competent viruses when compared to
the PBS group (Figure 5) (p < 0.01). The specificity of our tetramer
staining was validated by both fluorescence minus one (FMO)
analysis and the use of OT1 mice as a positive control (Figure S2).
Interestingly, although we observed a change in the total number of
CD8+ T cells and tetramer-positive CD8+ cells in mice treated with
a viral agent, there was not a significant difference in the percent-
age of tetramer-specific T cells among the CD44+ cell population
in the brains of virally treated animals compared to the group
treated with PBS (Figure 5C). Additionally, there was no change
in the total number of CD8+ T cells and tetramer-positive CD8+
T cells in the brains of mice treated with the replication-incompe-
tent virus compared to the mice treated with the replication-
competent virus. These findings suggest that while the administra-
tion of a viral vector itself can induce tumor cell death and facilitate
an increase in the total number of tumor-specific T cells and total
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cytotoxic CD8+ T cells, additional components of the immune
system must be responsible for the survival benefit observed in
immunocompetent mice treated with replication-competent
adenovirus.

Importantly, in the draining lymph nodes where cytotoxic T cells are
activated against the tumor-specific antigen (OVA), only the group
that received the replication-competent Ad5RGD-CMVD24 had a
statistically significant increase in both total number of CD8+
T cells (p < 0.01, Figure 6B) and tumor antigen-specific CD8+
T cells (p < 0.01, Figure 6A), and in the relative percentage of tu-
mor-specific antigen T cells to total CD44+ cells when compared to
the group treated with PBS and the replication-incompetent virus
treatment group (Figure 6C). Therefore, an increase in tumor-specific
CD8+ cells was seen in the lymph nodes exclusively in the group
treated with the replication-competent virus.

Administration of Replication-Competent Ad5RGD-CMV-D24

Robustly Increases Antigen Cross-Presenting CD103+ Dendritic

Cell Population at the Tumor Site

The profound accumulation of cytotoxic T cells observed in the
lymph nodes of mice 5 days after treatment with the replication-
competent Ad5RGD-CMV-D24 likely signals an increase in tumor
antigen presentation to this T cell population (Figure 6). One possi-
bility is that antigen-presenting cells, such as dendritic cells (DCs),
relocate to the draining lymph nodes after tumor antigen uptake
and activate the cytotoxic T cells in a tumor antigen (i.e., OVA)-spe-
cific manner. To investigate the contribution of antigen-presenting
DCs to the anti-tumor response, we analyzed CD103+ DC subsets
(CD11b�/CD11C+/CD103+), which are known for presenting anti-
gen in the tumor24 and are a critical player in the anti-tumor im-
mune response. As shown in the Figure 7, when compared to the
PBS-treated control group, the administration of the replication-
incompetent Ad5RGD-GFP results in more recruitment of
CD103+ DCs into the tumor site (p = 0.01) and, more importantly,
the replication-competent Ad5RGD-CMV-D24 group has an even
more robust recruitment of this DC population at the tumor site



Figure 4. Survival Analysis in Immunocompetent

and Immunodeficient Murine Glioma Models

Infected with Either Replication-Competent or

Replication-Incompetent Adenoviral Vectors

(A) Immunocompetent or (B) immunodeficient mice

bearing intracranial GL261-OVA were treated intracrani-

ally (i.c.) with either replication-incompetent Ad5RGD-

CMV-GFP or replication-competent Ad5RGD-CMV-D24

5 days after tumor implantation. Kaplan-Meier survival

curves of treated mice were calculated. *p < 0.05, **p <

0.01, and ***p < 0.001.
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(p = 0.006). Therefore, the total number of antigen cross-presenting
and lymph-node tropic DCs was increased when replication-compe-
tent Ad5RGD-CMV-D24 was administered in the tumor. Further-
more, this accumulation of DCs at the tumor site is significantly
correlated with increased antigen-specific CD8+ T cells in the lymph
nodes (Figures 5, 6, and S3), as well as the survival benefit seen in
immunocompetent mice treated with replication-competent virus
(Figure 4).

DISCUSSION
Our results expand on previous work demonstrating the impor-
tance of the immune system for the therapeutic efficacy of onco-
lytic virotherapy in murine gliomas.21,25,26 Our findings indicate
that even the replication-incompetent adenovirus has some cyto-
toxicity in murine glioma cells in vitro, and accompanying this
cytotoxicity was an increase in tumor-infiltrating CD8+ T cells
and tumor antigen-specific CD8+ T cells in vivo; albeit, this influx
of lymphocytes was not associated with a corresponding increase
in survival for animals treated with this virus. Perhaps the limited
tumor cell death achieved by the replication-incompetent virus
does not provide enough stimuli to the immune system to over-
come the immunosuppression of the glioblastoma multiforme
(GBM) microenvironment. In contrast, the replication-competent
virus, which is capable of producing more robust tumor cell death
in murine glioma cells, provided a survival benefit only in mice
with an intact adaptive immune system, indicating that the anti-
tumor response to the oncolytic activity of a human adenovirus
is complemented by the activity of immune system in murine gli-
oma and likely assists the oncolytic virus in the efficient anti-tu-
mor response.

The inability of adenoviral vectors to produce progeny in murine cell
lines imposes limitations to all studies investigating the therapeutic
effect of virus in a syngeneic model of glioma. Here we demonstrated
that the replication-competent, but not replication-deficient, virus
was able to cause more cytotoxicity of a murine glioma cell in vitro
without replication, as it would replicate and induce more cell death
in human tumor cells. Interestingly, the replication-competent virus
produces a survival benefit only in immunocompetent mice bearing
murine gliomas, with a median survival of 52 days inWTmice versus
32 days in Rag�/� mice. An increase in the total number of CD8+
T cells and tumor antigen-specific CD8+ T cells in the brain was
observed in mice treated with both the replication-competent and
the replication-incompetent virus. However, only the treatment of
mice with the replication-competent virus resulted in an increase in
activated CD8+ T cells and tumor antigen-specific activated CD8+
T cells in the draining cervical lymph nodes. Finally, there was a cor-
responding increase in CD103+ dendritic cells, a subpopulation of
DCs that has been shown to play a critical role in the presentation
of tumor antigens to T cells and in the production of proinflamma-
tory cytokines,24,27,28 in the brain of mice treated with the replica-
tion-competent virus. Our data corroborate prior analyses of murine
tumor models that have established a correlation between the im-
mune system’s anti-tumor activity, specifically tumor antigen-specific
CD8+ T cells, and prolonged animal survival.29–31 Furthermore,
reducing the intrinsic immunosuppression in the glioma microenvi-
ronment reliably improves overall survival and augments the anti-tu-
mor immune response.30,32 Given these findings, therapeutic ap-
proaches capable of increasing the presence of infiltrating tumor
antigen-specific CD8+ T cells and other effector cells of the adaptive
immune system are likely to result in a reduction in tumor burden
and therapeutic efficacy. Additionally, these approaches are also
intriguing options for exploration in combinatorial treatment strate-
gies that utilize other immunotherapeutic agents. Our findings
further endorse the likely benefit of this approach, and we encourage
further investigation of the synergistic effects of virotherapy and
immunotherapy.33,34

In conclusion, we have expanded on previous data demonstrating the
importance of a tumor-specific immune response following treatment
with virotherapy in murine gliomas.26 We also show that an adaptive
immune system is necessary for an improvement in survival in mice
bearing syngeneic murine gliomas following treatment with a replica-
tion-competent adenovirus, and that a replication-incompetent virus
is not capable of providing the same stimulus for the immune system
to create an effective anti-tumor response. The intratumoral treat-
ment of replication-competent adenovirus increases the tumor anti-
gen-specific CD8+ T cells in the brain and draining lymph nodes
and also leads to an increase in CD103+ DCs, which likely contribute
to the therapeutic effect of the virus.
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Figure 5. Increase of Antigen-Specific CD8+ within the Tumor Sites of Mice

Treated with Adenoviral Vector

Five days after GL261-OVA implantation, mice were injected intracranially (i.c.) with

PBS, replication-incompetent Ad5RGD-CMV-GFP, or replication-competent

Ad5RGD-CMV-D24. Flow cytometric analyses of the brain of treated mice were

performed 5 days after viral administration. (A and B) Both GFP and Delta-24 viruses

recruit more tetramer-positive CD8 T cells and total CD8 T cells to the tumor,

respectively. (C) The percentage of CD8+ T cells expressing the T cell receptor

(TCR) for OVA in class I as determined by tetramer staining analyses is shown. Error

bars are calculated as the mean ± SEM, with n = 5 per group. Significance was

calculated using a one-way ANOVA followed by a Tukey’s post hoc test to compare

individual groups. *p < 0.05.

Figure 6. Increase in T Cell CD8+ Activation in the Draining Lymph Nodes of

Mice with Replication-Competent Virus

The draining lymph nodes of GL-261OVA tumor-bearingmice were analyzed 5 days

after viral vector administration. (A and B) The total numbers of the tetramer-positive

CD8+ (A) and total CD8+ population (B), respectively, compared across all three

groups. (C) The percentage of CD8+ with an activated phenotype CD44+CD62L�
in the lymph nodes of analyzed mice. Error bars are calculated as the mean ± SEM,

with n = 5 per group. Significance was calculated using a one-way ANOVA followed

by a Tukey’s post hoc test to compare individual groups. *p < 0.05. DLN, draining

lymph node.
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MATERIALS AND METHODS
Cell Lines and Culture Condition

HEK293 cells, two human glioma cell lines (U87MG and U251MG),
two non-neoplastic cell lines (normal human astrocytes [NHAs] and
neuronal stem cells [NSCs], HB1.F3 CD), and a murine glioma cell
line (GL261-OVA, which stably expresses ovalbumin) were cultured
in DMEM (Mediatech) with 10% fetal bovine serum (FBS; HyClone),
100 U/mL penicillin, and 100 mg/mL streptomycin (Mediatech) and
incubated at 37�C in 5% CO2 in humidified conditions.

Virus Production and Purification

All of the viruses were propagated in HEK293 and the last propaga-
tion in 20 � 175 mL flasks was performed in HEK293 cells. Viruses
were purified by two rounds of CsCl gradient ultracentrifugation
and their titer was determined at 260 nm.35 The titers of all viruses
used in this study were equivalent to each other.

Virus Infectivity Analysis

3 � 105 cells were plated in 24-well plates and incubated overnight.
Each virus sample was diluted to an MOI of 300 viral particles
102 Molecular Therapy: Oncolytics Vol. 5 June 2017
(VPs)/cell in 500 mL infection media containing 2% FBS in DMEM.
After 2 hr at 37�C, the virus-containing medium was replaced with
fresh medium containing 2% FBS and the virus-infected cells were
maintained at 37�C in atmospheric humidification containing 5%
CO2 for 3 days until flow cytometry analysis.
Cytopathic Efficacy

Virus infection was conducted in the same way as described above,
except an MOI of 100 VP/cell was used instead. The MTT assay
was performed using cell proliferation kit I (MTT) according to the
manufacturer’s instructions (Roche). For crystal violet staining, cells
were infected with serial dilutions of virus (MOI ranging from 0 to
100 VP/cell) and incubated at 37�C in atmospheric humidification
containing 5% CO2. After 8 days of incubation, cells were stained
with 500 mL 0.1% crystal violet solution in distilled water. Following
several washings with water, the plates were dried at room tempera-
ture. Crystal violet staining was dissolved with 500 mL 100%methanol
and read with a plate reader at optical density 570 (OD570).
Animal Experiments

For intracranial glioma xenograft implantation, GL261-OVA (4 �
105 cells) murine glioma cells were implanted via cranial guide screws
as described previously.36 Mice were cared for in accordance with a



Figure 7. CD103+ DCs Accumulate within Brain Tumors of GL261 Mice

GL-261 OVA-bearing mice had flow cytometric analysis of their myeloid compartment performed 5 days after viral vector injection. (A) The total number of CD11c+CD103+

DCs within the tumors of mice is displayed. (B) The percentage of CD11b�CD11c+ cells expressing CD103 in the brain is shown. Error bars are calculated as the mean ±

SEM, with n = 5 per group. Significance was calculated using a one-way ANOVA followed by a Tukey’s post hoc test to compare individual groups. *p < 0.05; **p < 0.01. FSC,

forward scatter.
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study-specific animal protocol approved by Northwestern University
Institutional Animal Care and Use Committee. Five days after tumor
implantation, mice were randomly separated into three groups and
were then injected with either 2.5 mL PBS or 109 VPs. Mice injected
with VPs either received the replication-incompetent Ad5RGD-
CMV-GFP or replication-competent Ad5RGD-CMV-D24 in 2.5 mL
PBS. Wild-type C57BL/6 and Bl/6 rag1 KO mice were used as immu-
nocompetent and immunodeficient mouse models, respectively. All
animals were cared for in accordance with a study-specific animal
protocol approved by the Northwestern University Institutional An-
imal Care and Use Committee.
Flow Cytometric Analyses

Mice harboring 4 � 105 GL261-OVA had their brain tumors, spleen,
draining lymph nodes, and non-draining lymph nodes harvested into
complete RPMI (Mediatech) 5 days after adenoviral vector injection.
Single cell suspensions were prepared by processing organs through a
70-mm nylon cell strainer (Thermo Fisher). Leukocytes were isolated
from the tumor tissue using a 30%/70% discontinuous Percoll
gradient centrifugation (GE). Red blood cells were lysed using 1 mL
ammonium-chloride-potassium (ACK) buffer (Lonza) followed by
inactivation, centrifugation, and resuspension. All antibody staining
was performed in 2% PBS/FBS except where noted.

For tetramer analysis, single cell suspensions were co-incubated with
1:100 SIINFEKL-H-2K(b) class I tetramer conjugated to Alexa 488
(NIH Tetramer Core Facility) and anti-CD16/32 (BioLegend) for
1 hr at 37�C in complete RPMI. Cells were then washed two times
and stained for 15 min at 4�C with fluorescently labeled antibodies
for the following surface markers (and their dilution): anti-CD3
(Alexa 700, 1:100), anti-CD4 (allophycocyanin [APC], 1:200), anti-
CD8 (phycoerythrin [PE], 1:100), anti-CD44 (Percp-Cy5.5, 1:100),
and anti-CD62L (APC-Cy7, 1:100) (all purchased from BioLegend
except for CD8-PE, which was purchased from MBL). After surface
staining was performed, cells were fixed/permeabilized and stained
with anti-Foxp3 eFluor-450 (1:100; eBioscience) per the manufac-
turer’s best protocol. Samples were acquired using a LSR-Fortessa
flow cytometer (Becton Dickinson).

For myeloid cell flow cytometric analysis, single cell suspensions were
blocked with anti-CD16/32 blocking antibodies for 15 min at 4�C.
Cells were then directly stained for 15 min at 4�C with fluorescently
labeled antibodies for the following surface markers (and their
dilutions): anti-CD45 (APC-Cy7, 1:100), anti-CD11b (PE, 1:200),
anti-CD11c (APC, 1:100), anti-Ly6G (Percp-Cy5.5, 1:400), and
anti-Ly6C (Alexa 700, 1:400) (all purchased from BioLegend). Anti-
CD103 eFluor-450 (1:100) was purchased from eBioscience. Samples
were acquired using a LSR-Fortessa flow cytometer (Becton Dickin-
son). All flow cytometry gating and data analysis was performed using
FACS Diva software from BD.
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