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Restricting the cytotoxicity of anticancer agents by targeting
receptors exclusively expressed on tumor cells is critical when
treating infiltrative brain tumors such as glioblastoma multiforme
(GBM). GBMs express an IL-13 receptor (IL13Ra2) that differs from
the physiological IL4AR/IL13R receptor. We developed a regulatable
adenoviral vector (Ad.mhlIL-4.TRE.mhIL-13-PE) encoding a mutated
human IL-13 fused to Pseudomonas exotoxin (mhiL-13-PE) that spe-
cifically binds to IL13Ra2 to provide sustained expression, effective
anti-GBM cytotoxicity, and minimal neurotoxicity. The therapeutic
Ad also encodes mutated human IL-4 that binds to the physiological
IL4R/IL13R without interacting with IL13Ra2, thus inhibiting poten-
tial binding of mhiL-13-PE to normal brain cells. Using intracranial
GBM xenografts and syngeneic mouse models, we tested the Ad.
mhliL-4.TRE.mhiL-13-PE and two protein formulations, hiL-13-PE used
in clinical trials (Cintredekin Besudotox) and a second-generation
mhiL-13-PE. Cintredekin Besudotox doubled median survival with-
out eliciting long-term survival and caused severe neurotoxicity;
mhiL-13-PE led to ~40% long-term survival, eliciting severe neuro-
logical toxicity at the high dose tested. In contrast, Ad-mediated de-
livery of mhiL-13-PE led to tumor regression and long-term survival in
over 70% of the animals, without causing apparent neurotoxicity.
Although Cintredekin Besudotox was originally developed to target
GBM, when tested in a phase lll trial it failed to achieve clinical end-
points and revealed neurotoxicity. Limitations of Cintredekin Besu-
dotox include its short half-life, which demanded frequent or con-
tinued administration, and binding to IL4R/IL13R, present in normal
brain cells. These shortcomings were overcome by our therapeutic
Ad, thus representing a significant advance in the development of
targeted therapeutics for GBM.

targeted glioma therapeutics | immunotoxins | adenoviral vectors | GBM12
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I ntense research efforts have aimed to restrict the cytotoxic effect
of anticancer agents by targeting cellular receptors exclusively
overexpressed on tumor cells (1-5). This specificity is particularly
required when designing therapies for brain tumors, such as glio-
blastoma multiforme (GBM), in which tumor cells infiltrate the
normal brain. GBM is the most common primary brain cancer in
adults, and carries a dismal prognosis (14- to 21-mo median sur-
vival), in spite of an advanced standard of care, namely surgery,
radiotherapy, and chemotherapy with temozolomide (6-8).
Targeting of cytotoxic proteins to receptors exclusively ex-
pressed on GBMs would allow selective killing of glioma cells
diffusely infiltrating throughout the normal brain. Fifty to 80% of
human GBMs express a variant of the IL-13 receptor, IL13Ra2 (9-
12), that differs from its physiological counterpart IL4R/IL13R,
expressed in normal tissues (13). Because IL13Ra2 is virtually absent
from normal brain cells (14), human IL-13 was fused to a truncated
Pseudomonas exotoxin (hIL-13-PE; Cintredekin Besudotox) to tar-
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get IL13Ra2-expressing GBM cells (15). Due to the short half-life of
the hIL-13-PE protein formulation (16, 17), multiple injections or
continued delivery was necessary to achieve therapeutic levels (1, 16,
18). This approach was tested preclinically and in phase I-I1I clinical
trials (16-18). However, in spite of high expectations, the phase III
trial failed to achieve clinical endpoints (http://www.fiercebiotech.
com/node/4883). Clinical trials of GBM with hIL-13-PE reported
adverse events in all patients, most of which (60%) were neurological
(18). Grade III or IV adverse events were observed at the dose-
limiting toxicity of 1 pg/mL (18). Neurotoxicity could be related to
hIL-13-PE binding to the physiological ILAR/IL13R expressed in the
normal brain (19, 20). To overcome the above limitations, we de-
veloped a regulatable gene therapy strategy to express highly cyto-
toxic proteins in the brain tumor microenvironment, aiming to elicit
tumor regression and long-term survival.

To restrict the targeted toxin exclusively to IL13Ra2*-glioma
cells, a mutated form of IL-13 was engineered [IL-13.E13K, or
mhIL-13 (21)], which was previously shown to bind to the GBM-
associated IL13Ro2 with higher affinity than the native hIL-13,
exhibiting negligible binding to the physiological receptor ILAR/
IL13R (21, 22). We hypothesized that a regulatable adenoviral
vector (Ad) encoding mhIL-13 fused to Pseudomonas exotoxin
would provide long-term local expression leading to an effective
cytotoxic response in IL13Ra2-expressing GBM cells, with minimal
neurotoxicity toward the normal surrounding brain parenchyma.
To further increase safety, the vector encodes mutated human IL-4
[mhIL-4, or IL-4.Y124D (21, 22)] that binds and blocks the phys-
iological receptor ILAR/IL13R without interacting with IL13Ra2,
thereby inhibiting any potential binding of mhIL-13-PE to normal
brain cells and subsequent neurotoxicity.

Results

Construction, Rescue, and Purification of Adenoviral Vectors Encoding
Mutated Human IL-13 Fused to Pseudomonas Exotoxin. To achieve
sustained expression of GBM-specific mhIL-13-PE within the
tumor microenvironment, we constructed a regulatable, bi-
directional Ad expressing the mhIL-13-PE cytotoxin under the
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control of the tetracycline-inducible promoter system. This vector
also expresses a mutated form of human IL-4, IL4.Y124D (mhIL-
4), which blocks the putative binding of mhIL-13-PE to the
physiological IL4AR/IL13R without affecting its binding to the
glioma-associated IL13Ro2 (21, 22). We also constructed a con-
trol vector expressing mhll.-4 and mhIL-13 (without the PE)
under the control of the tetracycline-responsive (TRE) promoter.
The TetON system that regulates the activity of the bidirectional
TRE promoter consists of the tetracycline-controlled trans-
activator rtTA2S-M2, which activates the TRE promoter in the
presence of the inducer doxycycline (Dox), and the Tet repressor
TS5, which inhibits expression in the absence of Dox, inhibiting
the leakiness of the system (23, 24). The mCMYV promoter drives
constitutive expression of TetON. The diagram in Fig. 14 depicts
the regulation of transgene expression from the therapeutic Ad.
SI Appendix, Table 1 summarizes the description and denomi-
nation of all Ads and protein formulations used.

Bioactivity and Specificity of Therapeutic Transgenes in Vitro and in
Vivo. Adenoviral-mediated therapeutic transgene expression and
GBM-specific cytotoxicity were successfully regulated in vitro by
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Fig. 1. Adenovirus-mediated expression of the therapeutic cytotoxin mhiL-
13-PE in vitro and in vivo. (A) Diagram showing the mechanism of Ad-mediated
regulated therapeutic cytotoxin expression. Ad.mhIL-4.TRE.mhIL-13-PE ex-
presses mhiL-4 and mhiL-13-PE under the control of the bidirectional TRE
promoter, which is activated by rtTA2°M2 in the presence of Dox (ON state). In
the OFF state, the transactivator is unable to induce transgene expression,
which is further repressed by tTS*. (B) Cell viability in control COS-7 cells and
human GBM cells (IN859 and U251) infected with control Ad.mhlIL-4.TRE.mhlL-
13 or therapeutic Ad.mhlIL-4.TRE.mhlIL-13-PE. *P < 0.05 versus OFF transgene
expression state; Student’s t test. Images show expression of IL13Ra2. (C)
Colocalization of therapeutic transgenes (arrows) in the mouse brain 7 d after
injection of Ad.mhlIL-4.TRE.mhIL-13-PE.
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the Tet-dependent system. In the presence of Dox (ON state),
Ad.mhIL-4. TRE.mhIL-13-PE led to a reduction in cell viability
of >70% in IL13Ro2* human GBM cells (IN859 and U251),
whereas it did not affect the viability of control COS-7 cells,
which do not express IL13Ra2 (Fig. 1B), highlighting the speci-
ficity of the cytotoxic effect. Expression of mhIL-13 and PE was
detected in U251 GBM cells only in the “ON” state (S Appendix,
Fig. 1A). Release of mhIL-4 from control COS-7 cells infected
with control or therapeutic Ads was also observed only in the ON
state and was completely turned off in the absence of the inducer
(ST Appendix, Fig. 1B), indicating that transgene expression me-
diated by the TRE promoter is tightly regulated.

One of the main drawbacks of the cytotoxin protein formula-
tion is its short half-life, and thus we assessed whether Ad.mhIL-
4 TRE.mhIL-13-PE would lead to sustained therapeutic trans-
gene expression in vivo. We tested the expression of Ad.mhIL-4.
TRE.mhIL-13-PE 7 d after injection into the naive mouse brain.
Expression of mhIL-13, assessed by immunocytochemistry, was
readily detected in the brain injected with either control or
therapeutic Ads (SI Appendix, Fig. 2). Fig. 1C shows colocaliza-
tion of mhIL-13 and PE 7 d after injection with Ad.mhIL-4.TRE.
mhIL-13-PE, indicating the robustness of this system to achieve
sustained expression of the cytotoxin in the ON state.

Efficacy and Neurotoxicity of Therapeutic Ad Versus Protein Formu-
lations in Intracranial Human GBM Xenografts in Nude Mice. Tar-
geted toxins are delivered into the brain parenchyma surround-
ing the tumor after surgical resection of the main tumor mass,
and hence it is crucial that these agents induce specific killing of
GBM cells infiltrating the nonneoplastic brain without eliciting
toxicity to normal brain cells. Thus, the cytotoxicity of Ad.mhIL-
4 TREmhIL-13-PE and the protein formulation hIL-13-PE
(Cintredekin Besudotox) that consists of the native human IL-13
fused to PE or the second-generation mhIL-13-PE that consists
of the mhIL-13, that is, IL-13.E13K fused to PE, was assessed in
human GBM cells and in primary cultures of human neural
progenitor cell (NPC)-derived astrocytes and neurons. Whereas
in human GBM cells (Fig. 24) Ad.mhIL-4.TRE.mhIL-13-PE
and both protein formulations exhibited a powerful cytotoxic
effect, none of the three treatments induced substantial cyto-
toxicity in cultures of human NPC-derived astrocytes and neu-
rons (Fig. 2B), indicating that, in vitro, the cytotoxic effect of all
these targeted cytotoxins is specific for GBM cells.

We then compared the in vivo therapeutic efficacy of the protein
formulation of the cytotoxins and the Ad-mediated gene delivery
approach in an intracranial human GBM xenograft model. To this
end, we implanted U251 human GBM cells in the striatum of nude
mice (SI Appendix, Fig. 3) and treated them 5 d later with a single
intratumoral injection of Ad.mhIL-4. TRE.mhIL-13-PE or, as
control, Ad.mhIL-4. TRE.mhIL-13, saline, or an empty Ad (Ad.0)
(Fig. 34). Whereas all mice treated with saline, Ad.0, or control
Ad.mhIL-4. TRE.mhIL-13 succumbed due to tumor burden (me-
dian survival: 28, 43, and 47 d, respectively), ~70% of the mice
treated with the therapeutic Ad.mhIL-4. TRE.mhIL-13-PE sur-
vived long-term, over 100 d (Fig. 3B). To test the neurotoxicity
of this gene therapeutic approach in the naive mouse brain of
immune-competent animals, we injected Ad.mhIL-4. TRE.mhIL-
13-PE or, as controls, Ad.mhIL-4. TRE.mhIL-13, saline, or Ad.0 in
the striatum of wild-type BALB/c mice. Seven days later, brain
architecture was evaluated by Nissl staining and immunocyto-
chemistry for tyrosine hydroxylase (TH), as an index of striatal
tissue integrity, and myelin basic protein (MBP), as an index of
oligodendrocyte integrity. We found that Ad.mhIL-4. TRE.mhIL-
13-PE did not induce overt toxicity or local or systemic adverse side
effects. The structure of the brain was preserved and there was no
apparent reduction in TH expression, demyelinization (Fig. 3C),
or overt inflammation (SI Appendix, Fig. 4).

When U251 GBM-bearing mice were treated with either 0.2
or 1 pg of native hIL-13-PE protein formulation, their median
survival doubled (saline: 22 d; 0.2 pg: 53 d; 1 pg: 55 d; P < 0.05),
but all of the animals succumbed to tumor burden by day 56
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Fig. 2. Cytotoxicity of Ad.mhIL-4.TRE.mhIL-13-PE and the protein for-
mulations hIL-13-PE and mhiL-13-PE in human glioma cells, astrocytes, and
neurons. Human GBM U251 cells (A) and human NPC-derived astrocytes and
neurons (B) were infected with control Ad.mhlIL-4.TRE.mhIL-13, therapeutic
Ad.mhlIL-4.TRE.mhIL-13-PE, or as a control an Ad expressing the reporter gene
LacZ (Ad.TRE.LacZ). Transgene expression was activated using 1 pg/mL Dox.
Cells were also incubated in the presence of 1 ug/mL hIL-13-PE or mhiL-13-PE.
Graphs show cell viability as determined by flow cytometric analysis of Annexin
V and propidium iodide-stained cells. Insets show representative dot plots. *P <
0.05 versus Ad.TRE.LacZ or mock; one-way ANOVA followed by Tukey's test.

(Fig. 44). Mice treated with the high dose of the second-gen-
eration mhIL-13-PE performed better, exhibiting a long-term
survival rate of ~40% (Fig. 4C). However, some of the mice
treated with the high dose of hIL-13-PE or mhIL-13-PE had to
be euthanized shortly after the treatment due to neurological
deficits (Fig. 4 A and C). We then evaluated the neuropathology
of these proteins in naive immune-competent BALB/c mice
injected in the brain with 0.2 or 1 pg of Cintredekin Besudotox
(hIL-13-PE) (Fig. 4B) or mhIL-13-PE (Fig. 4D). Administration
of Cintredekin Besudotox at either 0.2 or 1 pg was very toxic to
the normal brain, leading to severe neurological side effects, loss
of brain tissue (Fig. 4B), and severe neurological deficits that
required euthanasia of all of the mice 3 d after injection. Al-
though the same outcome was found when injecting 1 pg of
mhlL-13-PE in the naive brain, mice that received the lower dose
of mhIL-13-PE (0.2 pg) did not show signs of overt toxicity in the
brain nor displayed neurological signs (Fig. 4D).

Efficacy and Neurotoxicity of Therapeutic Ads in Intracranial Human
Primary GBM Xenografts and Syngeneic Murine GBM in Immune-
Competent Mice. Considering the limitations of human GBM
xenografts derived from cell lines, namely the loss of certain fea-
tures present in human GBMs due to prolonged in vitro passage,
we tested the efficacy of the therapeutic Ad in an intracranial
human primary GBM12 tumor, which is a transplantable human
tumor that retains the biological and histological properties of
the original human GBM specimen (25, 26), including epidermal
growth factor receptor amplification (26), TP53 mutation (26), and
expression of IL13Ra2 (25). We implanted GBM12 cells from
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Fig. 3. Intracranial administration of Ad.mhIL-4.TRE.mhIL-13 leads to tumor
regression and long-term survival in the absence of neurotoxicity. (A) Nude
mice were implanted with human U251 cells in the striatum and 5 d later they
were treated with either a single intratumoral injection of control vector Ad.
mhiL-4.TRE.mhIL-13 or therapeutic vector Ad.mhiIL-4.TRE.mhIL-13-PE, in
combination with Ad.TetON, or as controls they received saline or Ad.O.
Animals were fed Dox chow. (B) Kaplan—Meier survival curves of nude mice
bearing intracranial U251. *P < 0.05 versus saline, AP < 0.05 versus control Ad.
mhlIL-4.TRE.mhIL-13; Mantel log-rank test. (C) Naive wild-type BALB/c mice
were intracranially injected with saline, control vector Ad.mhlIL-4.TRE.mhiL-
13, or therapeutic vector Ad.mhlIL-4.TRE.mhlIL-13-PE and Ad.TetON. Animals
were fed Dox chow. Seven days postvector delivery, neuropathological
analysis was assessed by Nissl staining and immunocytochemistry using anti-
bodies against tyrosine hydroxylase (TH) and myelin basic protein (MBP).
(Scale bar, 200 um.) The arrows indicate the injection site.

short-term cultures in the brain of Ragl ™~ mice and treated them
5 d later with the therapeutic and control vectors or, as controls,
saline or an empty Ad (Ad.0). The therapeutic vector, Ad.mhIL-4.
TRE.mhIL-13-PE, led to tumor regression and long-term survival
in ~30% of the mice and increased the median survival from 20
d in control mice to 63 d (Fig. 54). The neuropathological analysis
of the brains from long-term survivors (120 d) showed com-
plete tumor regression and did not reveal signs of neurotoxicity
(Fig. 5C).

In addition, because human GBM xenograft models do not
replicate the clinical scenario in which the vectors are delivered in
the setting of an immune-competent system, we tested the efficacy
of our therapeutic vector in immune-competent mice bearing in-
tracranial syngeneic gliomas that express IL13Ra2. GL26 GBM
cells stably transfected to express IL13Ra2 (27) were implanted in
the brain of syngeneic immune-competent C57/B6 mice. Seven days
later, mice were treated by intratumoral injection of the therapeutic
and control Ads or, as controls, saline or an empty Ad (Ad.0). We
found that Ad.mhIL-4. TRE.mhIL-13-PE exerted a robust antitu-
moral effect, leading to over 50% survival for over 4 mo (Fig. 5B).
The neuropathological analysis of long-term survivors did not re-
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Fig. 4. Efficacy and neurotoxicity of hiL-13-PE and mhlIL-13-PE protein for-
mulations. (A and B) Intracranial administration of hIL-13-PE protein formu-
lation does not lead to long-term survival and induces severe neurological
toxicity. (A) Nude BALB/c mice were implanted with human U251 cells in the
striatum and 5 d later they were treated with a single intratumoral injection
of saline or 0.2 or 1 pg of hiL-13-PE protein. *P < 0.05 versus saline; Mantel
log-rank test. (B) Naive wild-type BALB/c mice were intracranially injected
with saline or 0.2 or 1 pg of hIL-13-PE protein. Three days postdelivery, mice
were euthanized due to severe neurological deficits, and neuropathological
analysis was assessed by Nissl staining and immunostaining of TH and MBP.
Note the severe local neurotoxicity of both doses of hIL-13-PE when injected
into the normal brain parenchyma (arrows). (C and D) Intracranial adminis-
tration of mhiL-13-PE protein formulation induces antitumor efficacy and
leads to dose-dependent neurological toxicity. (C) Nude BALB/c mice bearing
intracranial human U251 glioma were treated with a single intratumoral
injection of saline or mhiL-13-PE protein. *P < 0.05 vs. saline; Mantel log-rank
test. (D) Naive wild-type BALB/c mice were intracranially injected with saline
or mhliL-13-PE protein. Neuropathological analysis was performed 3 or 7 d
postdelivery, depending on the toxicity. Note the severe local neurotoxicity
of the high dose of mhIL-13-PE protein in the normal brain parenchyma
(arrows). (Scale bars, 200 pm.)

veal signs of neurotoxicity or overt inflammation and confirmed
complete regression of the tumor (Fig. 5D; SI Appendix, Fig. 5).
These results show that the efficacy of our therapeutic vector would
not be curtailed in the context of a competent immune system.

Discussion

Although the development of chimeric cytotoxins targeting the IL-
13 receptor in human GBM created high expectations in the past
few years, their performance in clinical trials has led to modest
results, with the main drawbacks being the low specificity of the
toxin used, Cintredekin Besudotox, that led to dose-limiting toxic-
ity, and the short half-life of the protein formulation, which required
frequent and prolonged administrations. To overcome these limi-
tations, we developed a therapeutic Ad that expresses mhIL-13-PE
under the control of a regulatable promoter and assessed its efficacy
and safety profile comparing it with Cintredekin Besudotox and
with the second-generation cytotoxin protein formulation mhIL-13-
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Fig. 5. Efficacy and neurotoxicity of therapeutic Ads in alternative in-
tracranial GBM models. (A) Rag1~"~ mice were implanted with human primary
GBM12 cells in the striatum and 5 d later they were treated with a single
intratumoral injection of control (Ad.mhIL-4.TRE.mhlIL-13) or therapeutic
vector (Ad.mhIL-4.TRE.mhIL-13-PE), in combination with Ad.TetON. As con-
trols they received saline or an empty Ad (Ad.0). (B) Immune-competent C57/
B6 mice were intracranially implanted with GL26 cells expressing IL13Ra2
(GL26-H2) and treated 7 d later with the Ads. Animals were fed Dox chow.
*P < 0.05 versus saline, AP < 0.05 versus control Ad.mhIL-4.TRE.mhIL-13;
Mantel log-rank test. (C and D) Neuropathology was assessed in moribund
mice and long-term survivors (120 d) by Nissl staining and immunostaining of
TH, MBP, F4/80 (macrophages/activated microglia), and major histocompati-
bility complex II (MHCII). The arrows indicate the injection site. Insets show
higher-magnification microphotographs of the areas indicated with a white
square. (Scale bars, 1,000 pm.) Note complete tumor regression in long-term
survivors and the absence of neuropathological or inflammatory side effects.

PE. Our results show that a single intratumoral injection of Ad.
mhIl-4 TRE.mhIL-13-PE leads to a powerful antitumor effect in
vivo, yielding a survival rate of over 70%. On the other hand, a single
intratumoral administration of the protein formulations led to
lower antitumor efficacy; that is, Cintredekin Besudotox doubled
the median survival and all of the animals succumbed to tumor
burden, and the second-generation mhlIL-13-PE protein formula-
tion elicited ~40% long-term survival. These results suggest that the
short half-life of the protein formulations (16, 17) can be overcome
by Ads, which allow sustained local expression.

Clinical trials in GBM patients showed that intracranial ad-
ministration of hIL-13-PE led to dose-limiting toxicity, including
neurological symptoms secondary to necrotic and inflammatory
processes as well as irreversible hemiparesis and the death of one
patient due to neurologic decline potentially related to hIL-13-
PE; these adverse side effects could be due to binding of the cy-
totoxin to normal brain cells which can express the physiological
ILAR/IL13R (18). Further, grade III and IV imaging changes
suggesting tissue damage were observed in tumor-infiltrated and
normal brain parenchyma (28) and regarded as nonspecific in-
ternalization of hIL-13-PE (18). In view of these previous reports,
we assessed the neurotoxicity of our therapeutic vector and per-
formed a comparison with two cytotoxin protein formulations.
Ad.mhIL-4. TRE.mhIL-13-PE did not induce overt cytotoxicity in
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Fig. 6. Gene therapy-mediated delivery of mhliL-13-PE leads to antitumor
efficacy and long-term survival in the absence of neurological toxicity. The
diagram depicts the mechanism of action of the therapeutic strategy. The
targeting of IL-13a2 receptor overexpressed in glioma cells has been
approached by constructing an Ad encoding the truncated form of Pseu-
domonas exotoxin fused to a mutated form of human IL-13 (mhlIL-13, IL-13.
E13K), which has higher affinity for the glioma-associated IL13Ra2 receptor
and negligible binding to the physiological IL13/IL4R. Binding of mhlIL-13-PE
to IL13Ra2 promotes its internalization into glioma cells. Domain Il (PE Il)
mediates the translocation of the toxin into the endosomes by endocytosis.
Once in the endosomes, furin mediates proteolytic cleavage that activates
the catalytic domain Il (PE Ill). Due to the low pH of the endosome, the
processed fragment of the toxin is translocated to the cytosol and inhibits
protein synthesis, leading to glioma cell death. The absence of IL13Ra2
protects normal cells from mhiL-13-PE cell death. The safety of our approach
has been further enhanced by coexpressing a mutated form of IL-4 (mhIL-4,
IL-4.Y124D) encoded in the therapeutic Ad which acts as an antagonist of
the physiological receptor comprising the IL-13a1R and IL-40R chains. Se-
creted IL-4 would inhibit the already negligible binding of mhiL-13-PE to
normal cells, without affecting the binding of the mhlIL-13-PE to GBM cells.

normal human brain cells in vitro nor in the normal mouse brain
in vivo, suggesting that the expression of the therapeutic trans-
genes encoded in this vector platform would not be toxic to
normal brain tissue. On the other hand, although both protein
formulations were not toxic in vitro in human astrocytes and
neurons, their administration into the naive mouse brain led
to very severe neurological side effects. Although Cintredekin
Besudotox exhibited neurological toxicity at low and high doses,
the neurotoxicity of the second-generation mhIL-13-PE protein
formulation was dose-dependent, with no neuropathological ab-
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normalities at the low, 0.2-pg dose, supporting the notion that this
toxin is more specific toward GBM and safer than Cintredekin
Besudotox. These findings also highlight the crucial importance
of testing neurotoxicity in vivo rather than limiting its assessment
to in vitro cell-culture systems. This could be related to the fact
that primary cultures of human brain cells were obtained from
fetal brains, in which neurons and glial cells are still developing
and may not represent closely the normal adult brain.

Our results show that a bidirectional Tet-dependent promoter
can be used to successfully drive the expression of two therapeutic
transgenes in a tumor model in vivo. Considering the limitations
of using U251 human glioma xenografts, namely the loss of certain
biological features due to continuous in vitro passage and the fact
that it does not replicate the clinical scenario in which the vectors
are delivered in the setting of an immune-competent system, we
demonstrated the efficacy of our therapeutic vector in two addi-
tional orthotopic GBM models: human primary GBM12 xeno-
grafts and syngeneic GL26-H2 GBM in immune-competent mice.
These results show that our therapeutic vector exerts a robust
antitumoral effect, which would not be curtailed in the context of
an immune-competent system.

In summary, the advantages of our therapy approach for GBM
are as follows. First, a single intratumoral injection of this vector
provides a powerful antitumor effect with negligible neurotoxicity,
which constituted a serious limitation of the protein formulation
hIL-13-PE, Cintredekin Besudotox, used in clinical trials. Another
advantage of our vector is that the expression of the therapeutic
transgenes is controlled by an inducible promoter that allows ex-
pression to be easily regulated by switching “off” transcription,
through withdrawal of the inducer doxycycline. Also, expression of
mhlL-4 inhibits binding of mhIL-13-PE to normal cells, which
constitutes an additional safety feature of our approach. Our results
highlight the suitability of Ads to deliver cytotoxins into the tumor
microenvironment without the need of frequent readministration
to elicit therapeutic efficacy. The major safety features of Ad.mhIL-
4 TRE.mhIL-13-PE over hIL-13-PE are displayed in the diagram
shown in Fig. 6. In conclusion, we demonstrate the clinically rele-
vant in vivo and in vitro safety profile and efficacy of a regulatable,
bicistronic adenoviral vector expressing mhIl-13 fused to PE (to
specifically target glioma cells), together with mhIL-4, to further
inhibit any potential binding of the targeted toxin to normal brain
cells. These results indicate that the development of Ad.mhIL-4.
TRE.mhIL-13-PE constitutes a significant advance in the imple-
mentation of targeted toxins for glioma therapeutics.

Materials and Methods

SI Appendix, Table 1 summarizes the description and denomination of all
adenoviral vectors and protein formulations used in this work.

Plasmid Construction and Engineering. The construction of all plasmids used to
develop the adenoviral vectors used in this study is described in S/ Appendix,
SI Materials and Methods and depicted in S/ Appendix, Fig. 6.

Development of Adenoviral Vectors. Ad.TetON, Ad.mhlIL-4-biTRE-mhIL-13, Ad.
mhlL-4-biTRE-mhIL-13-PE, and Ad.TRE.LacZ are first-generation, replication-
defective serotype 5 adenoviral vectors with deletions in their E1 and E3
regions. Ads were generated by cotransfection of pAE1-[mCMV-rtTA2°M2-
IRES-tTS19-pA] (SI Appendix, S| Materials and Methods), pAE1-[mhIL-4-biTRE-
mhiL-13], and pAE1-[mhIL-4-biTRE-mhIL-13-linker-Pseudomonas exotoxin]
with pJM17 (Microbix Biosystems) in 293 or DTR-293 cells (29) (S/ Appendix, S/
Materials and Methods).

In Vitro Expression and Cytotoxicity of Therapeutic Ads. Cell lines. Viability of
GBM cells was evaluated by flow cytometry analysis after staining with
Annexin V-propidium iodide 72 h after Ad infection or incubation with 1 pg/
mL of hIL-13-PE or mhiL-13-PE. For a brief description, see SI Appendix, SI
Materials and Methods.

Human neural and glial cell cultures. Human fetal brain tissues (between 10 and
15 wk postconception) were obtained from the Birth Defects Laboratory at
the University of Washington. The method of collection conformed to the
guidelines recommended by the National Institutes of Health for the col-
lection of such tissues and set out by all involved institutions. Institutional
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review board (IRB) approval was obtained for these studies (IRB no. 21505).
Human neural progenitor cell cultures were prepared from freshly dissected
fetal brain cortical tissue as previously described (30-32). For a brief de-
scription, see S/ Appendix, S| Materials and Methods.

To evaluate toxicity toward normal brain cells in vitro, human NPC-derived
astrocyte and neuronal cultures were infected with control and therapeutic
Ads or incubated with cytotoxin protein formulations as described above.
Determination of cell viability. Cell viability was determined by flow cytometry
of Annexin V+Pl-stained cells as described in S/ Appendix, SI Materials and
Methods (33, 34).

Transgene expression in vitro. Transgene expression was determined in vitro by
immunofluorescence and ELISA as described in SI Appendix, SI Materials
and Methods.

In Vivo Efficacy and Neuropathology of Therapeutic Ads. Animals. Human GBM
xenografts. Intracranial U251 xenografts in athymic nude BALB/c mice and
human primary GBM12 (kindly donated by Evanthia Galanis, Department of
Oncology, Mayo Clinic and Foundation, Rochester, MN) xenografts in Rag1™~
mice were established as previously described (25, 26, 35) (S/ Appendix, S|
Materials and Methods).

Syngeneic GBM tumor model in immune-competent mice. GL26 cells that were
engineered to express IL13Ra2 [GL26-H2 cells (27)] were implanted in the
brain of immune-competent C57/B6 mice as described in S/ Appendix, S/
Materials and Methods. Seven days later, mice were treated with the Ads as
described above.

Neuropathology. To evaluate the neuropathology, naive female wild-type
BALB/c mice (6-12 wk) were injected in the right striatum with the Ads and
protein formulations as described in S/ Appendix, SI Materials and Methods.
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Mice were euthanized as described in S/ Appendix, S| Materials and Methods
7 d after treatment, or when overt signs of neurotoxicity developed. Trans-
gene expression and neuropathological analysis were performed in coronal
brain sections as described in S/ Appendix, S| Materials and Methods (33).

Statistical Analysis. 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 and in SI Appendix, SI Materials and Methods.
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