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Glioblastoma multiforme (GBM) is a deadly primary brain tumor. Conditional cytotoxic/immune-stimula-
tory gene therapy (Ad-TK and Ad-FIt3L) elicits tumor regression and immunological memory in rodent GBM
models. Since the majority of patients enrolled in clinical trials would exhibit adenovirus immunity, which
could curtail transgene expression and therapeutic efficacy, we used high-capacity adenovirus vectors (HC-
Ads) as a gene delivery platform. Herein, we describe for the first time a novel bicistronic HC-Ad driving
constitutive expression of herpes simplex virus type 1 thymidine kinase (HSV1-TK) and inducible Tet-mediated
expression of FIt3L within a single-vector platform. We achieved anti-GBM therapeutic efficacy with no overt
toxicities using this bicistronic HC-Ad even in the presence of systemic Ad immunity. The bicistronic HC-Ad-
TK/TetOn-FIt3L was delivered into intracranial gliomas in rats. Survival, vector biodistribution, neuropathol-
ogy, systemic toxicity, and neurobehavioral deficits were assessed for up to 1 year posttreatment. Therapeutic
efficacy was also assessed in animals preimmunized against Ads. We demonstrate therapeutic efficacy, with
vector genomes being restricted to the brain injection site and an absence of overt toxicities. Importantly,
antiadenoviral immunity did not inhibit therapeutic efficacy. These data represent the first report of a
bicistronic vector platform driving the expression of two therapeutic transgenes, i.e., constitutive HSV1-TK and
inducible FIt3L genes. Further, our data demonstrate no promoter interference and optimum gene delivery and
expression from within this single-vector platform. Analysis of the efficacy, safety, and toxicity of this bicis-
tronic HC-Ad vector in an animal model of GBM strongly supports further preclinical testing and downstream

process development of HC-Ad-TK/TetOn-FIt3L for a future phase I clinical trial for GBM.

Glioblastoma multiforme (GBM) is the most common pri-
mary brain tumor in adults, affecting ~18,000 new patients
every year; its prognosis remains poor despite standard treat-
ment with surgery, radiotherapy, and chemotherapy (temozo-
lomide) (36-38, 44; J. C. Buckner, presented at the ASCO
Annual Meeting, 2009). Complete resection is mostly impos-
sible due to the highly infiltrative nature of this disease. Re-
sidual GBM cells remaining within the nonneoplastic brain
parenchyma eventually lead to tumor recurrence that is resis-
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tant to conventional chemotherapy and radiotherapy, ulti-
mately leading to the patient’s death (44). Several dendritic
cell vaccination strategies aiming to stimulate the patient’s
immune system to seek out and destroy residual brain tumor
cells are currently under preclinical and clinical development
and constitute a promising adjuvant treatment for GBM (18,
24, 42, 43, 45).

We have developed a novel immunotherapeutic approach
for GBM using first-generation adenoviral vectors (Ads) to
deliver a combination of therapeutic transgenes into the tumor
mass (2, 7, 9, 12, 14, 17, 48) which is slated to begin phase I
clinical testing this year. In our strategy, rather than vaccinat-
ing against tumor antigens, we aim to reconstruct an immune
circuit that is absent from the normal brain. Our gene therapy
strategy consists of the conditionally cytotoxic herpes simplex
virus type 1 thymidine kinase (TK) (2, 12), which kills prolif-
erating tumor cells in the presence of the prodrug ganciclovir
(GCV), used in combination with human soluble Fms-like
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tyrosine kinase 3 ligand (FIt3L), which recruits bone marrow-
derived dendritic cells (DCs) to the normal brain or brain
tumor microenvironment in mice (11, 12) and rats (1, 13). We
previously showed that codelivery of Ad-FIt3L and Ad-TK into
the brain tumor milieu induces an anti-GBM-specific immune
response (9, 12, 17, 27, 48), leading to long-term survival of rats
bearing intracranial CNS1, 9L, and F98 tumors (2, 17, 27) and
mice bearing intracranial GL26, GL261, and B16-F10 tumors
(12, 48). In addition, the combination of Ad-FIt3L plus Ad-TK
induces GBM-specific immunological memory that improves
survival in intracranial multifocal and recurrent models of
GBM in both rats and mice (9, 12, 17, 20, 22, 27).

First-generation adenoviral vectors have been used in clini-
cal trials to deliver HSV1-TK (31). Ad-TK delivered into the
margins of the tumor cavity after surgical resection of GBM
was well tolerated in over 70 patients in six early clinical trials
(19, 34). Publication of final results from a large, multicenter
phase III trial involving 251 patients is awaited; preliminary
analysis indicates small but statistically significant benefits
from adding gene therapy to standard care. Final analysis will
have to wait for the detailed publications (3, 16).

To provide stable, long-term therapeutic transgene expres-
sion, “gutless,” high-capacity adenoviral (HC-Ad) vectors have
been engineered in which all viral encoding genes have been
eliminated and replaced with inert, noncoding stuffer DNA
sequences (26, 30). In the presence of an anti-adenoviral im-
mune response, transgene expression in the brain from first-
generation Ads is reduced, while expression from HC-Ad vec-
tors remains stable for at least 1 year (4, 25, 28). Therefore, we
engineered two HC-Ad vectors to either constitutively express
TK (HC-Ad-TK) (21, 27) or express FIt3L under the control of
the tightly regulatable mCMV-TetOn expression system (HC-
Ad-TetOn-FIt3L) (6, 8, 27, 47). Intratumoral administration of
HC-Ad-TK and HC-Ad-TetOn-FIt3L led to high levels of ther-
apeutic efficacy, and the therapy was well tolerated, with no
overt toxicity and no spread of vector genomes outside the
injected brain hemisphere in treated Lewis rats bearing synge-
neic intracranial brain tumors (27).

To reduce vector dose and facilitate GMP manufacturing of
the clinical product, we engineered a novel, bicistronic HC-Ad
vector that encodes, for the first time, both constitutively ex-
pressed HSV1-TK and inducible FIt3L from a single HC-Ad
vector genome. Herein we demonstrate therapeutic efficacy of
the bicistronic HC-Ad in naive rats bearing intracranial tumors
and also in tumor-bearing rats which had been exposed to
adenoviruses and therefore exhibited anti-Ad immunity. The
safety profile of this approach was assessed by evaluating the
biodistribution of HC-Ad vector genomes, systemic and neu-
rological toxicity, and behavioral abnormalities over the course
of 1 year posttreatment. These data represent the first report
of a bicistronic vector platform driving the expression of two
therapeutic transgenes, i.e., constitutive HSV1-TK and induc-
ible FIt3L. Further, our data demonstrate no promoter inter-
ference and optimum gene delivery and expression from within
this single-vector platform. Analysis of the efficacy, safety, and
toxicity of this bicistronic HC-Ad vector in an animal model of
GBM strongly supports further preclinical testing and down-
stream process development of HC-Ad-TK/TetOn-FIt3L for a
future phase I clinical trial for GBM.

J. VIROL.

MATERIALS AND METHODS

Engineering of HC-Ad plasmid. To generate the HC-Ad vector genome plasmid,
the previously described HC-Ad shuttle plasmid encoding tetracycline-inducible
expression of FIt3L (pBS-MSC1m-mCMV-TetOn-TRE-FIt3L) (6, 17, 46, 47) was
cut with Ascl to excise the intact mCMV-TetOn-TRE-FIt3L expression cassette,
which was then blunt-end cloned into Nhel sites of pBS-MSC1m-hCMV-TK (6, 17,
21), an HC-Ad shuttle plasmid encoding TK under the control of the constitutively
active human cytomegalovirus (CMV) promoter, to generate the final HC-Ad shut-
tle plasmid pBS-MCS1m-hCMV-TK/mCMV-TetOn-FIt3L (see Fig. S1 in the sup-
plemental material). The previously described HC-Ad vector genome plasmid
pSTK120.1 (47) was modified to accept the large bicistronic expression cassette by
PmlI-mediated excision of an additional ~6-kb stuffer sequence to generate the new
HC-Ad genome plasmid pSTK120.2. The entire bicistronic expression cassette was
excised from pBS-MCS1m-hCMV-TK/mCMV-TetOn-Flt3L with NotI and cloned
into the Eagl site of pSTK120.2 to generate the bicistronic HC-Ad vector genome
plasmid pSTK120.2-hCMV-TK/mCMV-TetOn-FIt3L. Each constituent and junc-
tions of the bicistronic expression cassette were analyzed by sequencing analysis at
the UCLA Sequencing Core (see Fig. S2 in the supplemental material).

Adenoviral vectors. The rescue, amplification, and quality control of the HC-Ad
vector HC-Ad-TK/TetOn-FIt3L and the first-generation adenoviral vector Ad-0,
used for immunization, were performed as described by us previously (6, 29, 47).

In vitro characterization of HC-Ad vectors. CNSI cells and primary astrocytes
were seeded (25,000/well) and infected 24 h later with the HC-Ad at a multiplicity
of infection of 2,000 viral particles (vp)/cell. Transgene expression was assessed by
enzyme-linked immunosorbent assay (ELISA) (R&D Systems) and immunocyto-
chemistry (ICC) as described by us previously (1, 12, 27). TK cytotoxicity was
assessed by flow-cytometric analysis of propidium iodide-annexin V-stained cells (9,
12, 15, 27).

Rat brain tumor model. A total of 4,500 rat GBM CNSI1 cells (3 pl) were
stereotactically implanted in the right striatum of syngeneic Lewis rats (220 to 250 g;
Harlan, Indianapolis, IN) as described previously (5, 9, 27). Six days later, rats
received an intratumoral injection of either 5 X 10? vp HC-Ad or saline. The total
volume delivered was 3 wl (delivered in three locations ventral of the dura: 5.5, 5.0,
and 4.5 mm) into the tumor mass. Starting 2 days before HC-Ad administration, rats
were fed doxycycline (DOX)-containing chow ad [ibitum as described previously
(27). Twenty-four hours after treatment, rats received GCV (25 mg/kg, intraperito-
neally), twice daily for 10 days. All experimental procedures were carried out in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Preimmunization studies. Animals were systemically preimmunized with Ad-0
two weeks before injection of CNS1 tumors as described by us previously (27). Blood
was collected by retro-orbital bleeding during implantation of CNS1 tumors, and
circulating levels of anti-adenovirus neutralizing antibodies were assessed as de-
scribed before (21). Six days after tumor implantation, rats received intratumoral
treatment with the bicistronic HC-Ad as described above.

Biodistribution of vector genomes and quantification of FIt3L transgene cop-
ies in the brain. Analysis of biodistribution of vector genomes was performed using
quantitative PCR (qPCR) at 5 days, 30 days, 6 months, and 1 year posttreatment as
described previously (27, 32, 33). Total DNA was purified from the brain hemi-
spheres ipsilateral and contralateral to the brain tumor injection site, cerebellum,
brain stem, spleen, liver, testes, gut, lung, heart, cervical draining lymph nodes,
kidney, and lumbar spinal cord and used for the quantitation of vector genomes and
FIt3L transgene copies. Vector genomes and Flt3L transgene copies are shown as
the number of vector genomes/25 mg of tissue. Results are based on five rats per
group.

Neuropathological analysis. Neuropathological analysis was performed at 5
days, 30 days, 6 months, or 1 year posttreatment as described previously (9, 21, 27).

Assessment of FIt3L expression in brain tissue. Analysis of FIt3L expression in
the brain of treated animals was performed 5 days and 30 days posttreatment using
an Flt3L-specific ELISA as described previously (13, 27).

Analysis of blood biochemistry. At 5 days, 30 days, 6 months, and 1 year
posttreatment, blood was collected and a comprehensive panel of serum chemistry
and hematologic parameters was performed by Antech Diagnostics (Irvine, CA).
Blood from naive, age-matched animals was used to establish reference values (27).
The median, minimum, and maximum values for each parameter are shown.

Behavioral analysis. The long-term behavioral impact of intratumoral delivery of
HC-Ad was evaluated 1 year posttreatment by assessing amphetamine-induced
rotational behavior, asymmetry abnormalities in forelimb use, and spontaneous
motor and rearing behavior as described previously (20, 27). Naive, age-matched
Lewis rats were used as controls.

Statistical analysis. Sample sizes were calculated to detect differences between
groups with a power of 80% at a 0.05 significance level using PASS 2008 (power
and sample size software; NCSS, Kaysville, UT). Data were analyzed using
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FIG. 1. Structure and in vitro characterization of therapeutic bicistronic HC-Ad. (A) Structure and transcriptional regulation of HC-Ad-TK/
TetOn-FIt3L. (B) CNS1 GBM cells and rat astrocytes in primary culture were infected with HC-Ad-TK/TetOn-FIt3L with or without the inducer
doxycycline (Dox). FIt3L expression was assessed by immunofluorescence and ELISA. *, P < 0.05 versus mock and infected controls, by one-way
ANOVA followed by Tukey’s test. (C) CNS1 GBM cells and astrocytes in primary culture were infected with the bicistronic HC-Ad and incubated
with or without the prodrug GCV. TK expression was assessed by immunofluorescence, and cell death was determined by flow-cytometric analysis
of annexin V/propidium iodide-stained cells as shown in representative dot plots. *, P < 0.05 versus mock and infected controls, by one-way

ANOVA followed by Tukey’s test.

one-way analysis of variance (ANOVA) followed by Tukey’s posttest or two-
tailed Student’s ¢ test (NCSS). Kaplan-Meier survival curves were analyzed using
the Mantel log-rank test (GraphPad Prism version 3.00; GraphPad Software, San
Diego CA). P values of less than 0.05 were used to determine the null hypothesis
to be invalid. The statistical tests used are indicated in the figure legends.

RESULTS

In vitro characterization of HC-Ad-TK/TetOn-FIt3L: glioma-
specific conditional cytotoxicity and regulated release of FIt3L.
Characterization of HC-Ad-TK/TetOn-FIt3L was performed
in vitro in rat CNS1 GBM cells and in primary astrocyte cul-

tures. Infection with HC-Ad-TK/TetOn-FIt3L (Fig. 1A) led to
tightly regulated FIt3L release in both GBM cells and astro-
cytes, with negligible release in the OFF state (without DOX)
(Fig. 1B). FIt3L expression was also confirmed by immunoflu-
orescence in the presence of DOX. Expression of TK in HC-
Ad-infected cells was visualized by immunofluorescence in
both GBM cells and astrocytes (Fig. 1C). However, cytotoxic
effects were observed only in the presence of the prodrug GCV
in CNS1 glioma cells. Low levels of cell death were observed in
HC-Ad-infected primary astrocytes cultured in the presence of
GCV (Fig. 1C). This is likely due to low levels of cell prolif-
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FIG. 2. Efficacy and FIt3L expression after intratumoral administration of therapeutic bicistronic HC-Ad. (A) HC-Ad-TK/TetOn-FIt3L
(16/group) or saline (14/group) was delivered intratumorally into 6-day intracranial CNS1 tumors. (B) For preimmunization studies, animals were
preimmunized with either saline or Ad-0. Two weeks later, animals were implanted with CNS1 tumor cells and then treated 6 days later with an
intratumoral injection of either saline or HC-Ad (8 to 10/group). (C) Kaplan-Meier survival curves of naive tumor-bearing rats treated with

bicistronic therapeutic HC-Ad. %, P < 0.05 versus saline (log-rank test
bicistronic therapeutic HC-Ad. %, P < 0.05 versus saline (log-rank te

). (D) Kaplan-Meier survival curves of preimmunized animals treated with
st). (E) Levels of FIt3L protein in brain hemispheres ipsilateral (ips) and

contralateral (cont) to the bicistronic HC-Ad injection site were assessed by ELISA at 5 and 30 days after treatment (5/group). *, P < 0.05 versus

the contralateral value (Student’s ¢ test). (F) DNA was isolated from bo

th brain hemispheres (5/group), and FIt3L transgene copies were quantified

by qPCR at 5 and 30 days after delivery of bicistronic HC-Ad. *, P < 0.05 versus the contralateral value (Student’s ¢ test).

eration in astrocyte cultures, which would make these cells
susceptible to the cytotoxic effects of TK+GCV.
Intratumoral delivery of HC-Ad-TK/TetOn-FIt3L mediates
long-term survival regardless of anti-Ad immunization status.
Using FIt3L and TK encoded on two separate HC-Ad vectors,
we showed previously that up 5 X 10° vp of each HC-Ad vector
can be safely administered via intratumoral injection into tu-
mor-bearing rats with high levels of therapeutic efficacy and

negligible levels of toxicity (27). Thus, we selected the maxi-
mum tolerated dose (5 X 10° vp of HC-Ad) for this study to
assess the efficacy, neuropathology, biodistribution, and behav-
ioral abnormalities associated with intratumoral delivery of
HC-Ad-TK/TetOn-FIt3L (Fig. 2A and B). Rats bearing intra-
cranial CNS1 tumors received an intratumoral injection of 5 X
10° vp of the therapeutic HC-Ad vector or saline. GCV was
administered twice daily for 10 days. Rats received DOX-
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FIG. 3. Biodistribution of bicistronic HC-Ad vector genomes in tumor-bearing animals. HC-Ad vector genomes were quantified in the tissues
indicated at 5 days (A), 30 days (B), 6 months (C), and 1 year (D) after intratumoral injection of bicistronic HC-Ad into naive, tumor-bearing rats.

The solid line indicates the detection limit.

containing chow for 4 weeks. Intratumoral delivery of 5 X 10°
vp of therapeutic HC-Ad vector led to tumor regression and
survival for at least 1 year in ~75% of rats (Fig. 2C). Since
most patients undergoing gene therapy clinical trials will ex-
hibit evidence of previous exposure to adenovirus (10), we
assessed the efficacy of HC-Ad-TK/TetOn-FIt3L in a preclin-
ical setting that models this likely clinical scenario. Lewis rats
were systemically immunized with a first-generation Ad vector
without a transgene (Ad-0). Successful immunization against
adenovirus was confirmed using an anti-Ad neutralizing-anti-
body assay (data not shown) (4, 21, 27, 41, 47). Preimmunized
animals were implanted with CNS1 cells and then treated with
HC-Ad (Fig. 2B). HC-Ad treatment led to more than ~75%
survival in immunized rats for at least 2 months (Fig. 2D).
Based on our previous experience with the CNS1 tumor model,
it is very rare for animals to succumb to tumor burden beyond
50 days posttreatment; furthermore, this time frame is suffi-
cient to assess anti-GBM immunological memory (2, 9, 17,
20-22, 27).

FIt3L protein expression and copies of FIt3L transgene de-
crease within 30 days of HC-Ad delivery. The levels of FIt3L
protein and transgene copies were determined in the brain 5
and 30 days after intratumoral administration of the bicistronic
HC-Ad in naive tumor-bearing rats. Analysis of FIt3L protein
content in the brain by ELISA revealed that FIt3L is present
only in the brain hemisphere ipsilateral to the injection at 5
days posttreatment, although one animal displayed higher lev-
els of FIt3L protein in the HC-Ad-treated brain hemisphere
than the other four treated animals. Statistical analysis reveals
that levels of FIt3L in the brain hemisphere ipsilateral to the
injection would remain significantly elevated if this animal

were to be considered an outlier and consequently removed
from the data analysis. However, we believe that inclusion of
all individual rats in the data analysis more accurately reflects
the true biological effects and consequences of HC-Ad-TK/
TetOn-FIt3L treatment of test subjects bearing syngeneic brain
tumors, and this animal was therefore included in the data
presentation and statistical analysis. FIt3L protein was unde-
tectable in the brain at day 30 (Fig. 2E). FIt3L protein was not
found in the contralateral brain hemisphere at either time
point. We also quantified the copies of the FIt3L transgene
using real-time quantitative PCR (qPCR). There was an ~50-
fold decrease in the levels of FIt3L transgene in the injected
brain hemisphere between 5 days and 30 days after HC-Ad
injection. Copies of the FIt3L transgene were below detectable
limits in the contralateral brain hemisphere at both 5 days and
30 days after HC-Ad injection (Fig. 2F).

Biodistribution of bicistronic HC-Ad vector genomes is re-
stricted to the injected brain hemisphere at all time points
tested. We assessed the biodistribution of HC-Ad vector ge-
nomes in the central nervous system and in peripheral organs
5 days, 30 days, 6 months, and 1 year after treatment using
qPCR analysis (27, 32). Bicistronic HC-Ad genomes were re-
stricted to the injected brain hemisphere at all time points
tested (Fig. 3). A decrease in HC-Ad vector genomes was
detected between day 5 and day 30 after HC-Ad delivery,
which is in agreement with the decline in the levels of FIt3L
transgene copies and protein observed during the same period
(Fig. 2F). Importantly, HC-Ad vector genomes were below
detectable limits in all peripheral organs, including the liver, as
well as other regions of the central nervous system (CNS) at all
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FIG. 4. Neuropathological analysis of brains at 5 days, 30 days, 6 months, and 1 year after intratumoral administration of bicistronic HC-Ad
to naive, tumor-bearing Lewis rats. Images of TK and FIt3L immunoreactivity are higher-magnification images from the brain hemisphere
ipsilateral to the HC-Ad injection. TH, tyrosine hydroxylase; MBP, myelin basic protein; MHCII, major histocompatibility complex II.

time points (Fig. 3), indicating the high safety profile of intra-
tumoral delivery of a bicistronic HC-Ad vector.
Administration of bicistronic HC-Ad vector does not lead to
neurological or systemic side effects. To assess the potential
detrimental inflammatory consequences of HC-Ad-TK/TetOn-
FIt3L-mediated brain tumor regression on the architecture of
the brain, we performed an extensive neuropathological anal-
ysis of brain sections at 5 days, 30 days, 6 months, and 1 year
after intratumor HC-Ad delivery. Representative images are

shown in Fig. 4. Nissl staining revealed a rapid elimination of
tumor burden within 5 days of HC-Ad delivery. Myelin basic
protein (MBP) and tyrosine hydroxylase (TH) immunoreactiv-
ity indicated rapid restoration of brain architecture, even at
this early time point. Profuse infiltration of immune cells was
localized within the tumor-bearing hemisphere, with a sus-
tained presence of macrophages and major histocompatibility
complex II (MHCII)-positive immune cells observed at 30
days, which was ameliorated by 6 months. A complete resto-
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ration of the normal brain architecture was observed at the
6-month and 1-year time points, with the exception of minor
ventriculomegaly in the brain hemisphere that harbored the
tumor. Residual macrophages were localized in the scar left
after tumor regression at 1 year posttherapy.

Immunocytochemical characterization of transgene expres-
sion revealed abundant cells expressing TK and FIt3L within
the tumor mass 5 days after the treatment (Fig. 4). The pres-
ence of transgene-expressing cells declined as the tumor re-
gressed, and by 6 months and 1 year, only a few positive cells,
most probably nonneoplastic cells transduced with the bicis-
tronic HC-Ad, remained surrounding the scar area. The long-
term expression of TK in normal brain cells further highlights
the idea that conditional cytotoxicity of TK in combination
with GCV does not kill normal brain cells and is a safe cyto-
toxic approach for brain cancer. The long-term safety of TK
(plus GCV) in the normal brain is supported by our previous
work in which naive, non-tumor-bearing animals injected with
adenoviral vectors encoding TK (plus GCV) did not exhibit
any evidence of neurotoxicity at 7 days or 60 days postinjection
(9), and the long-term survivors treated with an adenovirus
encoding TK (plus GCV) displayed evidence of TK immuno-
reactivity in the normal brain 3 months postdelivery with no
indication of pathology in the TK-immunoreactive cells (15).

In order to detect any possible systemic side effects, serum
chemistry and blood cell counts were assessed in the blood of
tumor-bearing rats 5 days, 30 days, 6 months, and 1 year post-
treatment (Table 1; also, see Tables S1 and S2 in the supple-
mental material). Analysis of biochemical laboratory param-
eters indicated normal liver and renal function; values of
aspartate transaminase (AST), alanine aminotransferase
(ALT), bilirubin, urea, and creatinine were within the nor-
mal range of age-matched naive animals at all time points
tested. Red and white cell counts in the treated animals were
also within normal ranges, indicating that FIt3L expression in
the brain tumor does not substantially alter the levels of cir-
culating immune cells.

Behavioral consequences of tumor regression induced by
treatment with bicistronic HC-Ad vector. To determine
whether intratumoral delivery of HC-Ad-TK/TetOn-FIt3L in-
duces chronic neurological deficits, the long-term survivors
underwent a panel of neurobehavioral testing 1 year after
treatment. Analysis of amphetamine-induced rotational behav-
ior, total locomotor activity, and rearing activity did not reveal
any behavioral abnormalities compared to age-matched naive
controls (Fig. 5A, C, and D). Abnormalities in forelimb use
asymmetry were detected in HC-Ad-treated long-term survi-
vors after 1 year. However, we previously showed that differ-
ences in forelimb use asymmetry do not appear to be HC-Ad
dose dependent (27) and are, thus, likely a residual conse-
quence of regression of a very large intracranial brain tumor
mass (Fig. 5B).

DISCUSSION

Immunotherapies constitute a promising approach for the
treatment of GBM (2, 7, 12, 14, 17, 43) due to the diffuse and
infiltrative nature of the disease (44). Using first-generation
adenoviral vectors as gene delivery vehicles, we have pioneered
a cytotoxic/immune-stimulatory approach combining delivery
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of TK and FIt3L therapeutic genes directly to the tumor mass.
We have previously demonstrated the therapeutic efficacy of
this approach in rat and mouse syngeneic intracranial models
of brain cancer (2, 9, 12, 17, 20, 22, 27, 48). The molecular
mechanism of action of our treatment involves Flt3L-mediated
recruitment of DCs into the GBM microenvironment; DCs
phagocytose endogenous brain tumor antigens released in re-
sponse to tumor cells’ killing induced by Ad-TK (+GCV) (12).
In addition, gene therapy-induced cell death releases HMGBI,
a TLR2 agonist which is necessary for the activation of DCs
and the subsequent activation of a systemic anti-GBM immune
response (12). DCs loaded in situ with brain tumor antigens
then migrate to the draining lymph node, where they present
tumor antigen to naive T cells, thus inducing a brain tumor-
specific immune response (9, 12) and generating immunolog-
ical memory that protects against recurrent brain tumors (12,
20, 27). A multicenter, dose-escalating phase I clinical trial
testing this therapeutic approach in patients with recurrent
high-grade glioma is scheduled to commence this year.

We recently published a study demonstrating therapeutic
efficacy and a high safety profile of two separate high-capacity,
gutless adenoviral vectors, each encoding either FIt3L or TK,
to treat rats bearing intracranial brain tumors (27). Due to the
complete deletion of all viral coding genes, HC-Ads do not
express any viral antigens, and thus, cells infected with HC-Ads
are not targeted by the anti-adenoviral immune response. This
facilitates long-term transgene expression in the brain, even in
the presence of a systemic anti-adenoviral immune response
(4,21, 27, 40, 41, 47). Another advantage of the HC-Ad vector
platform is their ability to encode large, complex expression
cassettes, such as the inducible TetOn expression cassette (27,
47). Due to the limited insert capacity of first-generation ad-
enoviral vectors (Ads), it is impossible to package these large
expression cassettes into viable vectors.

In this study, we tested the hypothesis that a single HC-Ad
vector encoding constitutively expressed TK and inducible ex-
pression of FIt3L would be efficacious and safe, even in the
presence of anti-Ad immunity, as could be present in humans
undergoing clinical trials (10). The GBM model used, i.e.,
CNSI cells implanted into the striatum of Lewis rats, develops
into large macroscopic tumors that exhibit many of the his-
topathological features displayed in human GBM (5). Al-
though the degree of invasion encountered in this model is
modest and this could be considered a limitation of the model,
due to its reproducibility, high penetrance, and development in
an immune-competent host, it remains one of the most valu-
able models in which to test novel therapeutic modalities for
GBM. We have previously established that the 5 X 10° vp dose
of HC-Ad is the maximum tolerated dose that can be safely
administered in the CNS1 brain tumor model without adverse
side effects (27). At the time of vector delivery, the tumor is a
large macroscopic mass; thus, the ratio of vector particles ver-
sus CNS1 cells is significantly lower. In the clinical scenario, we
propose to deliver the therapeutic HC-Ad vector into the mar-
gins of the tumor bed, thus significantly increasing the ratio of
HC-Ad viral particles to tumor cells.

Our results demonstrate the high therapeutic efficacy and
corresponding reduction of the tumor mass within 30 days of
treatment in >75% of rats. Tumor regression occurred con-
comitantly with a reduction in the copies of HC-Ad vector
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FIG. 5. Behavioral assessment of long-term survivors 1 year after treatment with bicistronic HC-Ad. Behavioral assessment was performed
before and after amphetamine treatment in long-term survivors 1 year after intratumoral administration of bicistronic HC-Ad into naive,
tumor-bearing rats. Naive, age-matched rats were used as controls. (A) Rotational behavior. (B) Right-forelimb-use asymmetry. (C) Spontaneous

motor behavior. (D) Rearing behavior.

genomes and the content of FIt3L protein in the brain. These
data suggest that tumor cells transduced with HC-Ad vectors
are rapidly eliminated upon treatment. The absence of FIt3L
protein in the brain could also be partially attributed to the
cessation of DOX administration, which turns off FIt3L expres-
sion, 2 days before the FIt3L protein was measured. These
results highlight the tight regulation of our TetOn switch and
are congruent with our previously published results on the
kinetics of DOX regulation of transgene expression in vivo
(47).

The major concern for encoding both cytotoxic (TK) and
immune-stimulatory transgenes (FIt3L) on a single vector is
that TK-mediated killing of transduced cells could prematurely
diminish the immune stimulatory effects of Flt3L, inducing the
recruitment of DCs to the brain tumor. However, similar levels
of therapeutic efficacy and elimination of HC-Ad genomes
were observed in our previous preclinical study using FIt3L and

TK encoded on two separate HC-Ad vectors (27), suggesting
that encoding both cytotoxic and immune stimulatory trans-
genes on a single HC-Ad vector is a feasible and efficacious
therapeutic approach in both naive rats and animals systemi-
cally immunized against adenovirus. The preservation of brain
architecture, the absence of severe long-term behavioral defi-
cits 1 year after treatment, and the absence of significant
chronic inflammation in the brain provide strong evidence of
the safety of this bicistronic approach. While we did not assess
neuropathology and serum chemistry in HC-Ad-treated pre-
immunized animals, HC-Ad vectors are completely devoid of
all viral protein-encoding genes and thus have a safe immuno-
logical profile. Therefore, we do not expect any differences in
the neuropathology or serum chemistry of these animals, and
our previous studies of HC-Ads delivered into the normal
brain (4, 40, 41) and into a CNSI1-derived brain tumor (21)
indicate this to be the case. Importantly, our data showing the
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restriction of HC-Ad vector genomes to the injected brain
hemisphere demonstrate that the bicistronic HC-Ad vector
does not diffuse to other regions of the CNS or peripheral
organs. This is in agreement with our previous study using two
HC-Ad vectors (27) and also in accordance with recent pre-
clinical studies assessing the safety and biodistribution of first-
generation and oncolytic adenoviral vectors following intracra-
nial injection in naive rodents (23, 35).

In addition to the advantages to downstream process devel-
opment and GMP manufacture, the incorporation of both
FIt3L and TK into a single HC-Ad vector would enhance the
safety of this approach by reducing the total viral load by half
compared to the two-vector approach. As the maximum
amount of vector that can be injected is limited by vector
dose-mediated toxicity, our strategy maximizes therapeutic
transgene expression per total viral load, thus reducing the
inflammatory impact on the brain. It is important to note that
we did not observe any evidence of chronic inflammation in the
brains of tumor-bearing animals treated with the bicistronic
HC-Ad in our study (Fig. 4), suggesting that the maximum
tolerated dose of this vector could be further escalated. Also,
a recent study demonstrated that large-scale preparation of
HC-Ad vectors can be produced using adherent cells in cell
factories, a technology which is easily translatable to the pro-
duction of clinical-grade HC-Ads for human clinical trials (39).
In summary, the efficacy and safety of using a bicistronic
HC-Ad vector in clinically relevant animal models strongly
support the further development of HC-Ad-TK/TetOn-FIt3L
as a second-generation delivery platform for its future imple-
mentation in phase I clinical trials for GBM.
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