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Glioblastoma multiforme (GBM) remains one of the most lethal primary brain tumors despite surgical and therapeutic advancements.
Targeted therapies of neoplastic diseases, including GBM, have received a great deal of interest in recent years. A highly studied target
of GBM is interleukin-13 receptor « chain variant 2 (IL13Ra2). Targeted therapies against IL13Ra2 in GBM include fusion chimera pro-
teins of IL-13 and bacterial toxins, nanoparticles, and oncolytic viruses. In addition, immunotherapies have been developed using
monoclonal antibodies and cell-based strategies such as IL13Ra2-pulsed dendritic cells and IL13Ra2-targeted chimeric antigen re-
ceptor-modified T cells. Advanced therapeutic development has led to the completion of phase I clinical trials for chimeric antigen
receptor-modified T cells and phase II1 clinical trials for IL-13 -conjugated bacterial toxin, with promising outcomes. Selective expres-
sion of IL13Ra2 on tumor cells, while absent in the surrounding normal brain tissue, has motivated continued study of IL13Ra2 as an
important candidate for targeted glioma therapy. Here, we review the preclinical and clinical studies targeting IL13Ra2 in GBM and
discuss new advances and promising applications.
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Glioblastoma multiforme (GBM) is one of the most devastating
primary brain tumors. Despite aggressive treatment, median sur-
vival in patients with GBM remains slightly longer than a year,
with most deaths attributed to tumor recurrence.! Novel
approaches are under development targeting glioma invasion,
angiogenesis, proliferation, immune escape, and tumor recur-
rence.” Targeted therapy has emerged as a promising field of re-
search in the treatment of malignancies.® Optimism on the use of
targeted therapy has been even higher recently following impres-
sive clinical data reporting complete remission in patients with
B-cell malignancies after administration of genetically modified
T lymphocytes targeting CD19.%~° The benefits of targeted ther-
apy are not limited to hematological malignancies and have been
borne out also in solid tumors. Highly invasive breast cancer that
expresses human epidermal growth factor receptor 2 can be suc-
cessfully targeted with antibody-drug conjugate agents, such as
trastuzumab emtansine.” At the same time, targeting is not lim-
ited to tumor cells alone but can also be directed toward the
tumor microenvironment and immune response. Cytotoxic
T-lymphocyte antigen 4 blockade releases the inhibition of anti-
tumor response in metastatic melanoma patients and increases
their survival.® Hence, targeted therapy is the new emerging trend
in oncology. This has increased the focus on discovering antigens

present exclusively in glioma as targets for gene therapy and im-
munotherapy. A variety of tumor antigens have been used as tar-
gets in preclinical and clinical trials. One of the most extensively
studied targets is the interleukin-13 receptor a chain variant 2
(IL13Ra2). Its selective expression on GBM, discovered almost 2
decades ago, led to its identification as a target.” Here, we will
outline the modalities of pharmacologic therapies that target
IL13Ra2 and review potential new therapeutic strategies.

IL13R«2 Structure and Function

Interleukin-13 plays a major role in regulating immune responses
and immune microenvironment not only during normal physio-
logical conditions but also in cancer.’® '? In most cells, I1L-13
binds to an IL13Ral monomer with a low affinity and then
joins IL4Ra to form a heterodimer complex. This complex can trig-
ger Janus kinases and leads to downstream pathway activation
of signal transducer and activator of transcription (STAT)6.22 On
the other hand, in some normal cells, like testis, and in cancer
cells, IL-13 can bind to the high-affinity receptor IL13Ra2.**1°
The RNA transcript for the IL13Ra2 gene that is located in
Xq13.1-g28 encodes for a 380-amino-acid protein that includes
a 26-amino-acid signaling sequence and a short 17-amino-acid
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intracellular domain.'® While sparsely expressed in normal tis-
sues, IL13Ra2 expresses up to 30 000 binding sites for IL-13
per cell in GBM.Y/

According to the current dogma, IL13Ra?2 is a decoy receptor
for IL-13. The IL13Ra2 binds available IL-13 with higher affinity
than the ubiquitously expressed IL13Ra1.*® This allows for se-
questration of the ligand away from IL13Ral. In nonmutated
cells, IL-13 binding to IL13Ra1 activates STAT6, which translo-
cates to the nucleus, where it exerts transcriptional control over
genes containing the N6-growth arrest specific promoter, such
as 15-lipooxygenase-1, which promotes apoptosis through
increased caspase-3 activity.*®~ 2% IL-13 sequestration can be
an apoptosis escape mechanism of tumor cells. Another mech-
anism described for the blockade of IL13Ra2 by IL13Ral is phys-
ical blocking of the docking of STAT6 to the receptor. The lack of
STAT6 docking impedes downstream activation of apoptosis.*®
The selective expression of IL13Ra2 in glioma cells and the sub-
sequent apoptosis inhibition in cells harboring the receptor are
the bases for suggesting a possible role for IL13Ra2 as an
oncogene.*?

The IL-13 ligand binds at different cytokine receptor homology
sites in IL13Ral compared with IL13Ra2; and furthermore,
IL13Ral binding requires heterodimerization with IL4Ra for a
high-affinity bond.?>?* These 2 characteristics have allowed for
generation of mutated IL-13 ligands with limited IL13Ra1/
IL-13/IL4Ra binding while preserving affinity with IL13Ra2
(Fig. 1A). A specific sequence similarity between the glutamic
acid at position 9 of IL-4 (IL4.E9) and that at position 13 of
IL-13 (IL13.E13) is believed to be involved in the binding of
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IL-13 to IL4Ra and thus signaling through the IL-13/IL-4 path-
way.?* A mutation of glutamic acid to lysine (IL13.E13K) was ef-
fective in reducing the affinity of IL-13 binding to IL13Ra12*
(Fig. 1B). Another IL-13 mutein, in which E13 was replaced with
tyrosine (IL13.E13Y), was also shown to be effective in reducing
IL-13 affinity to IL13Ra1.2%2°

IL-13 binding to IL13Ra2, on the other hand, is dependent on
the presence of Lys-105, Lys-106, and Arg-109 on IL13’s a-helix
D%’ (Fig. 1C). Mutations in these locations can decrease or in-
crease the affinity to IL13Ra2. Screening among different muta-
tions permitted the discovery of the high-affinity mutants
IL13.K105R and IL13.R109K. Replacement of lysine with arginine
at location 105 (IL13.K105R) and of arginine with lysine at 109
(IL13.R109K) increased affinity to the receptor 77- and 27-fold,
respectively, compared with native IL-1327 (Fig. 1D). At the
same time, such mutations did not alter affinity to the ubiqui-
tously expressed IL13Ral. Therefore, the development of
mutants with increased affinity to the target IL13Ra2 and low
binding to IL13Ral is possible. This, in turn, may lead to increased
efficacy and fewer adverse effects. Kong et al.?® reported a dou-
ble mutation of IL-13 (IL13.E13K.R109K), which reduced the af-
finity of IL-13 to IL13Ral while at the same time improving
IL13’s selectivity toward IL13Ra2.

Role of IL13Rx2 in Oncogenesis

Increased expression of IL13Ra2 promotes tumor progression in
glioma and other tumor models. Expression of IL13Ra?2 increases
with glioma malignancy grade and is a prognostic indicator for
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Fig. 1. IL-13 and its affinity with IL13Ra1 and IL13Ra2. (A) Description of IL-13’s affinity with IL13Ra1 via E13 moiety, which also helps in binding of the
IL13Ra1/IL-13 complex to IL4Ra to form the IL13Ra1/IL-13/IL4Ra complex on normal cells. This complex via the signaling tail activates STAT6, which
then translocates to the nucleus and influences promoters of pro-apoptotic genes to secrete caspase-3. (B) Mutation of E13 moiety to E13K has been
shown to reduce the binding affinity of IL-13 to both IL13Ral and IL4Ra, thus failing to form the signaling complex. (C) K105 and R109 moieties on
IL-13 help in binding to the decoy receptor IL13Ra2, which lacks the signaling tail. (D) Mutations of K105 to K105R and of R109 to R109K have been

shown to enhance the binding of IL-13 to IL13Ra2 on glioma cells.
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poor patient survival.?? IL13Ra2 not only blocks the normal apop-
totic pathway induced by IL-13/IL-4 through STAT6 but also
induces upregulation of STAT3 and B-cell lymphoma 2 in glioma
cells.**** In ovarian and pancreatic cancers, it promotes invasion
and metastasis via the pathway of extracellular signal-regulated
kinase/activator protein 1.%%33 Expression of IL13Ra2 in immune
cells, such as myeloid derived suppressor cells, also promotes
tumor immune escape and progression via upregulation of trans-
forming growth factor B.>*

Targeting IL13Ra2 becomes even more important in light of such
findings. Eradicating IL13Ra2-expressing cells would not only re-
duce tumor burden but also alter the tumor microenvironment.

Glioma Therapy Targeted at IL13R«2

Since its discovery, IL13Ra?2 has provided a well-defined target for
novel therapies in gliomas, culminating in completion of a phase
I1I clinical trial. Therefore, reviewing the promises and pitfalls of
these approaches will aid in the design of better-targeted therap-
ies in the future.

After it was proven that targeting a receptor with a fusion chi-
mera protein (IL-13 -Pseudomonas exotoxin A [PE]) was possible,
more than 30 different biological agents have been engineered
toward IL13Ra2. These targeting agents can be broadly charac-
terized into 2 different groups: (i) IL-13-labeled therapeutic
agents and (ii) IL13Ra2-targeted immunotherapy.

IL-13-labeled Therapeutic Agents
IL-13 Fusion Chimera Proteins

The therapeutic approach with ligand-toxin fusion chimera pro-
teins did not originate with IL-13 targeting but, once revealed,
gathered exceptional interest and produced research that could
benefit future agents. The therapeutic effect of an IL-13-trun-
cated PE fusion chimera protein (IL13PE38QQR) in glioma was
recognized even before characterization of its receptor.
IL13PE38QQR was serendipitously discovered to have a much
higher potency than any previous ligand-associated toxin tested
before, ~1000 times more than any other biological compound in
vitro.'” The increased efficacy was due to high expression of
IL13Ra2 molecules on glioma cells.®>> When tested in xenograft
animal models of human glioma, intratumoral injections of
IL13PE38QQR cured 40% of the animals.’ These promising ani-
mal studies allowed IL13PE38QQR to advance in clinical trials in
GBM and other cancers with the commercial name cintredekin
besudotox.®

IL13PE has not been the only toxin-mediated approach to
brain tumors. The truncated diphtheria toxin (DT) fusion chimera
protein to IL-13—DT-IL13QM—was shown to lyse a wide range of
glioma cell lines in vitro.>” To increase its specificity and potency
toward glioma cells, different groups have relied on the expres-
sion of more than one ligand bound to the toxin. Truncated DT
bound to a bipeptide from IL-13 and epidermal growth factor—
DTEGF13—was more cytotoxic to glioma cells than were the sin-
gle bound forms, DTEGF and DTIL13, both in vitro and in vivo.>® On
the other hand, a bispecific urokinase-type plasminogen activator
and IL-13—DTAT13—was shown to be much less toxic to the kid-
neys and liver when injected into animals’ brains than were its
single-ligand bound counterparts.>® DT ligand-targeted therapy

remains a useful tool for targeted therapy that has yet to ad-
vance to clinical trials.

IL-13 Ligand Expressing Viruses

IL-13 ligand targeting has proven effective and relatively safe and
was thus adopted as a strategy to label gliomatropic viruses. Her-
pes simplex virus was modified to express IL-13 ligand (R5111) to
transduce glioma cells in vitro with high selectivity based on
IL13Ra2 expression.*® Virus surface modification to express
IL-13 ligand in adenovirus (LU-13) or lentivirus (MV Hca1g-aa-
IL-13) resulted in >2-log increase in luciferase gene expression
in glioma-bearing mice xenografts compared with their con-
trols.*>*? When viral vectors are administered in vivo, the main
issue is their safety profile. Surface receptor modifications to ex-
press IL-13 ligand can make these constructs safer without alter-
ing their toxicity profile. Attenuated vaccine strains of measles
virus were successful in preclinical models to prolong survival in
glioma-bearing mice. Increased targeting potential via expres-
sion of IL-13 peptide on their surface has the potential to de-
crease dramatically their toxicity while preserving efficacy.*?
IL-13 retargeting of viral vectors can bring such therapeutic
agents closer to clinical trials.

One of the major outcomes of a recent IL13Ra2-targeted
phase I1I clinical trial using cintredekin besudotox was adverse
neurotoxicity in almost 60% of the patients receiving the ther-
apy.** This was possibly due to IL-13 binding to the physiological
receptor IL13Ra1 that is expressed in normal brain.*®**> Candolfi
et al.*® developed an adenoviral vector, Ad.mhIL4.TRE.mhIL13PE,
to address this cross-reactive neurotoxicity and develop a sturdier
gene therapy delivery mechanism.*® The adenoviral vector
expressed a modified human IL-13 (IL13.E13K or mhIL13) conju-
gated to PE (mhIL13PE), which helped increase the specificity of
IL-13 toward IL13Ra2.2*?’ The vector also expressed a mutant
human IL-4 (IL4.Y124D or mhiL4) that specifically bound to
IL13R/IL4R, thus limiting any potential cross-binding of
mhIL13PE. Mediated delivery of PE led to tumor reduction and
long-term survival with minimal neurotoxicity in over 70% of
xenografts as well as syngeneic graft models compared with
those treated with cintredekin besudotox.*®

IL-13-labeled Liposomes

Liposomes are nanoscale artificial vesicles that can be loaded
with drugs and injected systemically. They are composed of a
lipid bilayer whose surface can be modified to target specific
receptors. Liposomes offer an advantage over other models of
delivery because they can be injected systemically and target gli-
omas. Disadvantages of liposomes include possible uptake by the
reticuloendothelial system and dumping, mostly due to faulty ad-
ministration. The benefits of liposomes outweigh the disadvan-
tages and therefore render them excellent candidates for a
clinical trial program. IL-13 -labeled liposomes were superior to
nontargeted liposomes in achieving tumor size reduction and
prolongation of survival in animals bearing glioma xeno-
grafts.*”“® An interesting approach could entail the use of
IL13Ra2-targeted liposomes as carriers for chemotherapeutic
agents to deliver drugs to the tumor site, thereby potentially re-
ducing the systemic toxicity of chemotherapy.
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IL13R«2-targeted Immunotherapy

Targeting IL13Ra2 With Antibodies

IL13Ra2 antibodies generated either by phage display libraries or
by hybridoma technology have been successfully tested both in
vitro and in vivo.**°° The advantage of increased specificity via
antibody-based targeting has to be weighed against decreased
potency compared with an IL-13 ligand approach. Kioi et al.*°
found that none of the IL13Ra2 antibody fragment variants con-
jugated to PE could match the potency of IL13PE in vitro or in vivo.
This suggested that increasing affinity would yield better results.
The antibodies generated by phage display technology tend to
have low-affinity binding compared with hybridoma-generated
antibodies. Using the latter technology, Balyasnikova et al.>°
showed the IL13Ra2 antibody to have high affinity to glioma
cells either in vitro or ex vivo in tissue slides. Interestingly, this
high-affinity antibody prolonged survival in mice coinjected intra-
cranially with glioma cells. This is the only study showing that
high-affinity binding to IL13Ra2 without any toxin increased ani-
mal survival. This was thought to result either from complement
binding to the constant fragment of the IL13Ra2 antibody or
from downstream signaling of IL13Ra?2 inhibiting tumor forma-
tion via antibody binding. Another advantage that stems from
the high-specificity targeting of this approach is the possibility
of delivering antibodies systemically while minimizing side
effects. Intraperitoneal or intravenous delivery of antibody frag-
ment or peptide bound PE toxin may successfully home to glioma
and reduce its growth in flank or orthotopic models.“*>! The po-
tency of this approach remains limited and understudied. Target-
ing very specific amino acid structures in highly mutated tumors
carries the limitation of killing only a subgroup of cells. Generation
of immune responses to a variety of specific glioma antigens may
have a better outcome.

Titanium oxide microdiscs may be coated with anti-IL13Ra?2
monoclonal antibody to target glioma cells. When an alternating
magnetic field is applied, the microdisc vortices shift, creating an
oscillation and transmitting a mechanical force to the tumor cells.
A low-frequency field applied for only 10 min is sufficient to des-
troy 90% of cancer cells in vitro.”%>*

Dendritic Cells Pulsed With Tumor-associated Antigens

Immunotherapy based on dendritic cells targets one of the main
immune escape mechanisms discovered in glioma: poor tumor
antigen presentation. Patients with high-grade gliomas have a
poor systemic response to ontigens.54 More recent attempts to
reboot antigen presentation have relied on ex vivo pulsation of
dendritic cells with glioma antigens. To achieve maximum bene-
fit, peripheral blood mononuclear cells are collected from
patients; the cells of interest are sorted and then stimulated
with glioma-associated antigens (GAAs) in the presence of immu-
nostimulatory cytokines. Once loaded with immunostimulatory
peptides, the antigen-presenting cells are injected back into the
patient. Dendritic cells pulsed with GBM antigens are being tested
in phase I/1I clinical trials. The choice of antigen remains a critical
element to this approach. Cell lysates offer an immense variety of
different antigens that can be presented to effector cells in vivo.
Instead, pulsation of dendritic cells with peptides from GAAs such
as IL13Ra2, epidermal growth factor receptor variant 111, and

glycoprotein 100 can result in a more targeted immune response.
Dendritic cells pulsed only with IL13Ra2 peptides induced robust
immune responses in a subgroup of patients with the human
leukocyte antigen-A*24/A*02 allele.>>>° IL13Ra2 peptides have
also been part of different mixtures of immunogenic molecules
to provide more extensive coverage of the different cell popula-
tions.>”>® Some of these antigen-cocktail pulsed dendritic cells
are showing promising results in clinical trials. Recently,
ICT-107, an intradermally administered autologous vaccine
from dendritic cells pulsed with 6 different antigens, including
IL13Ra2, showed a statistically significant prolongation of
progression-free survival in a phase II multicenter study
(NCT01280552). Median progression-free survival increased by 2
months overall and was even more evident in the group of
patients who received at least 4 induction vaccinations.® Further-
more, the benefits of IL13Ra2-based vaccines are not limited to
GBM. Recent data reported by Okada et al.®° showed low toxicity
and an even more potent immune response induction in low-
grade glioma upon subcutaneous vaccinations with synthetic
peptides for GAA epitopes that included IL13Ra2, EphA2, Wilms
tumor 1, and Survivin.®° These findings are promising but still
far from the impressive potency of chimeric antigen receptor
(CAR)-modified T cells in other moligncncies."

Chimeric Antigen Receptor- modified T Lymphocytes

CAR-modified T lymphocytes are artificially generated cytotoxic
cells that recognize only one antigen. These T cells have the po-
tential to kill target cells in the absence of costimulatory mole-
cules or major histocompatibility class I, whose expression is
altered in GBM. The first-generation CAR T cells were designed
to have a specific single chain variable fragment of an antibody
specific to the target or a targeting ligand (such as IL-13) con-
nected with the intracellular signaling zeta-domain of CD3
(CD3&). The main issue with the first generation was their weak
activation levels, which was resolved with the addition of a
CD28 costimulatory domain in the second-generation CARs. The
costimulatory domain not only increased cytotoxicity but also
enhanced proliferation, cell survival, and memory formation.®

IL13Ra2 targeting has been feasible with both first- and
second-generation CART cells. The CAR construct to target glioma
cells contains a mutated IL-13 sequence at a single site (E13)
that allows for increased affinity to IL13Ra2 and decreased bind-
ing to IL13Ra1.2?% Despite improved targeting of these T cells,
the theoretical risk for adverse effect remains high and untested.
All the studies to date have relied on local intracranial injections
to show their efficacy.

The early successful preclinical studies on first-generation CAR
Tcells were initiated almost a decade ago. The IL13.E13Y zetakine
receptor CD8+ T cells induced secretion of interferon v, tumor ne-
crosis factor «, and granulocyte-macrophage colony-stimulating
factor only in presence on IL13Ra2-expressing cells. Also, when
cultured in vitro together with glioma cells, they lysed only
IL13Ra2-expressing U251 glioma.”® In immunodeficient animal
models, intratumoral injection of IL-13 zetakine CD8+ T cells
cured mice with intracranial glioma. None of the animals had
tumor recurrence, a finding that may be attributed to the lack
of resistance to such therapy in glioma. Most other currently
tested therapies suffer from tumor recurrence because a certain
group of cells that are resistant become the dominant phenotype
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or can act as a cell pool to originate tumor recurrence. Such cells
are known as cancer stem cells because they are self-renewing,
express stem cell markers, and can efficiently initiate tumor for-
mation in vivo. Glioma stem cells have been shown to be respon-
sible for resistance to current therapies and tumor recurrence.
Glioma stem cells derived from IL13Ra2+ tumors express
IL13Ra? at levels similar to more differentiated cells and there-
fore are similarly sensitive in vitro to IL-13 zetakine T-cell ther-
apy.®? IL-13 zetakine T cells could block formation of tumor and
induce its regression in a xenograft mouse model employing
patient-derived glioma stem cells.®? The T-cell presence in the gli-
oma environment was limited to <15 days, a limitation shared by
first-generation zetakine T cells. To address the limited potential
of Tcells to proliferate or survive after transplantation, costimula-
tory intracellular signals were introduced into them. The newly
generated CAR zetakine T cells, containing CD28 and/or 41BB,
expressed higher levels of Akt and mitogen-activated protein
kinase upon contact with glioma cells, inducing a type 1 T helper
cell cytotoxic phenotype in CD4+ cells. The increased activation
via costimulatory domains allows for higher tumor suppressive
activity and improves survival in animal models of glioma.?®¢3

Recently, a second-generation IL-13 “zetakine” CAR composed
of a mutated IL-13 (IL13.E13K.R109K) extracellular domain
linked to intracellular signaling elements of the CD28 costimula-
tory molecule and CD3¢ was reported by Kong et al.?®
IL13.E13K.R109K, a double-mutant IL-13, improved recognition
of IL13Ra2+ tumors while reducing activity against cells expres-
sing IL13Ra1+. The CAR-expressing T cells were efficient in killing
IL13Ra2+ glioma cell targets with abundant secretion of cyto-
kines IL-2 and interferon v, and they displayed enhanced tumor-
induced T cells in vitro. In an in vivo test with a human glioma
xenograft model, single intracranial injections of CAR-expressing
designer T cells into tumor sites resulted in marked increase in
animal survival.

While intracellular signaling in CAR-expressing T cells has
advanced dramatically in the last decade, not much has been
accomplished in improving targeting of CAR T cells toward glioma.
Further questions that need to be answered concern the survival
of these therapeutic T cells in the presence of leucopenic chemo-
therapy drugs like temozolomide and the long-term host-
immune effect of genetically modified T cells.

Clinical Trials Targeting IL13R«2

Cintredekin Besudotox

Phase I/1I clinical trials in gliomas with intracranial convection-
enhanced delivery (CED) of IL13PE38QQR showed that the max-
imum tolerated intraparenchymal concentration was 0.5 wg/mL,
which resulted in tumor necrosis.** No systemic toxicity was
noted. Most common adverse effects were headaches, in up to
41% of patients, numbness, speech disorders, seizures, and occa-
sional hemiparesis.®*®> While most of these adverse effects were
self-limited, hemiparesis was the most significant dose limiting
toxicity, in 12% of patients. It correlated with suboptimal intratu-
moral diffusion and exposure of the normal brain parenchyma to
twice the maximum tolerated intraparenchymal concentration,
resulting in necrosis.** Another study, assessing the feasibility
of IL13PE38QQR in newly diagnosed high-grade glioma, had a
similar dose limiting toxicity profile, with 2 out of 22 patients

suffering grade 3/4 adverse effects.®® The other limited adverse
effects related to IL13PE38QQR included fatigue (9%), gait dis-
turbance (9%), nystagmus (9%), and confusion (9%); but no
hemiparesis. Both studies highlighted the importance of catheter
positioning and the need for real-time assessment of
IL13PE38QQR diffusion to limit toxicities. The best timing to
achieve maximum distribution of the reagent was when the injec-
tion regimen, 6 daily injections per protocol, was started 1-7 days
postresection.**®” Timing of the injection was not the only pre-
dictor of success. The number of catheters placed also appeared
to play animportant role in the outcome. Survival of patients with
only 1 catheter was significantly less than that of those patients
who had >2 catheters placed properly via 3D MRI-based
guidance.**

With these promising results, IL-13 targeting underwent test-
ing in a phase III clinical trial in recurrent GBM in comparison with
Gliadel wafer, the PRECISE study.®” The study was designed to
treat patients with proven histological diagnosis of GBM at their
first disease recurrence. It included more than 50 centers across
North America and Europe and recruited 296 patients during the
2004 to 2005 time interval. Placement of catheters, 2 to 4 per pa-
tient, was done based on post-op MRI findings, in the areas most
suspicious for tumor infiltration or residual tumor, using either a
stereotactic frame or frameless navigation. The study objectives
were, first, to measure overall survival and, second, to assess
the safety and toxicity of each treatment.

The PRECISE study showed IL13PE38QQR to be as efficacious
in prolonging survival as the standard of care. Median survival
ranged between 10 and 11 months in the group of patients
who received at least 90% of the planned IL13PE38QQR dose.®’
There were little differences in the adverse effects between the 2
groups. Only vascular complications were statistically different,
with the IL13PE38QQR group having more pulmonary embolism,
likely due to more prolonged hospital stay.

The above results and study design have undergone extensive
scrutiny. Patient selection was all-inclusive; every patient with
GBM recurrence was eligible, despite tumor size or histological
characteristics. The study considered all tumors as being uniform-
ly positive for IL13Ra2, whereas multiple studies have now shown
its expression to vary significantly. IL13Ra2 has been shown to be
overexpressed in as low as 38% to as high as 70% of glioblast-
omas, based on immunohistochemistry, while its gene was over-
expressed in 58% of patients.?®®® No post-hoc analysis to
evaluate efficacy in relation to IL13Ra2 expression was possible
because IL13Ra2 status has remained unknown for those sam-
ples. Also, data regarding IL13Ra2 expression were collected in
gliomas that had not undergone chemo/radiotherapy. Instead,
IL13Ra2 expression in recurrent glioma remains to be studied.®®
With better knowledge of GBM pathobiology, future studies may
not be all-inclusive. Different molecularly characterized GBM sub-
types may respond better to certain therapies and henceforth
would require separate study.’®’! Indeed, recent studies have
shown a correlation between IL13Ra?2 expression and the mesen-
chymal signature gene expression.?’

Convection-enhanced delivery of IL13PE38QQR remains ex-
perimental. Although DT-transferrin was the first immunotoxin
administered via CED, IL13PE38QQR as a therapeutic agent to
the human brain, along with Cotara and TransMID, was one of
the first to be extensively studied for the use of CED.”? The
study protocol included a detailed algorithm by which the
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injection would be targeted. The study was conducted in 50 med-
ical centers across North America and Europe with different
technological capabilities, as evidenced by the fact that some
centers relied on frameless technology for catheter placement
and some did not. The role of catheter positioning in patient
outcome was analyzed retrospectively.”*’* Only 51% of the
catheters were accurately placed based on the protocol recom-
mendations. The overall differences in catheter placement did
affect progression-free survival, but not overall survival. Also, a
statistical difference in overall survival was noted between experi-
enced centers (>2 patients treated) and inexperienced centers.”*
Moving forward, it may be more beneficial if such complex deliv-
ery protocol trials are restricted to high-volume centers. The
pharmacokinetics of CED in brain tumors need further studies
for better understanding of volumes of distribution and the im-
portance of catheter positioning for future trials.

IL13Ra2-targeting Chimeric Antigen Receptor T Cells

Initial clinical experience at City of Hope Hospital in 2 phase I clin-
ical trials with intracranial administration of first-generation
IL-13-zetakine CAR+ CD8+ T-cell clones in patients with high-
grade glioma has demonstrated the potential of targeting
IL13Ra2-expressing brain tumors. In the first pilot phase I clinical
trial, 3 research participants with recurrent/refractory glioblast-
oma were treated with autologous first-generation IL13(E13Y)-
zetakine+ CD8+ T-cell clones in cycles of escalating cell dose
infusions up to 108. The CAR T-cell product also expressed a
hygromycin resistance gene/herpes simplex virus 1 thymidine
kinase fusion (HyTk) to serve as a selection/suicide marker, and
a PET reporter gene.?® A case study on one of the research parti-
cipants has been reported with respect to the noninvasive detec-
tion of the autologous IL13(E13Y)-zetakine/HyTK+ CD8+ T cells
using 9-[4-[18F]fluoro-3-(hydroxymethyl)butyllguanine PET
after adoptive transfer.”® This study provides evidence for detec-
tion of the CAR T cells at the site of injection, as well as at a sec-
ondary site of recurrence near the corpus callosum, thus
suggesting the potential of the CAR T cells to traffic to distant
sites of infiltrative disease. In the second phase I clinical trial,
an allogeneic CAR CD8+ T-cell product, termed GRm13740-2,
generated from a healthy donor, was modified to express the
first-generation IL-13-zetakine/HyTK CAR as described above
(NCT01082926; http://www.clinicaltrials.gov/ct2/show/NCT010
82926). Additionally, these T cells were deleted for the gluco-
corticoid receptor to render the allogeneic T-cell product resistant
to steroids following adoptive transfer. In this trial, 6 research par-
ticipants with nonresectable recurrent/refractory glioblastoma
were treated in conjunction with IL-2 with repetitive doses of
108 CAR T cells. For all 9 research participants in both trials, clinical
experience demonstrated the feasibility of this approach and the
absence of serious therapy-related side effects and provided evi-
dence for transient antiglioma responses for patients with
IL13Ra2-expressing tumors. Second-generation IL13Ra2-CAR T
cells are anticipated to demonstrate superior antitumor efficacy
and improved T-cell persistence compared with the first-
generation IL-13 - zetakine CD8+ T-cell clones.”®’” A phase I clin-
ical trial evaluating the feasibility and safety of intratumoral/
intracavitary administration of autologous second-generation
CAR T cells for the treatment of recurrent IL13Ra2-positive glio-
blastoma is scheduled to initiate at City of Hope in 2014.

Conclusion

IL13Ra?2 is expressed in ~58% of adult and 83% of pediatric brain
tumors.’®’8 TL13Ra2 is also expressed on glioma-initiating
cells,®? thus making it an important target for glioma therapy.
Despite recent developments, heterogeneity of IL13Ra2 expres-
sion in GBM has been attributed to the mixed success in IL13Ra2-
targeted therapy. A wealth of reports have confirmed abundant
IL13Ra2 overexpression in GBM.??96%:78-80 Only one study, how-
ever, reported expression of IL13Ra2 in <50% of GBM cases.®® In
a recent study, it was demonstrated in vitro that escapees from
IL13Ra2-targeted therapy of GBM primary cell lines were signifi-
cantly less tumorigenic and were vulnerable to radiation and
chemotherapy compared with the parent cells.®* This implies
that while the higher IL13Ra2-expressing tumors may be elimi-
nated by targeted therapies, the tumors with lower expression,
which often escape the therapy, may be less malignant in nature.
Nevertheless, targeting IL13Ra2 has motivated the development
of highly effective therapies and novel administration strategies
(Table 1), which can be used as building blocks for future clinical
trials for GBM.

Early clinical trials targeting IL13Ra2, via intratumoral CED of
IL-13-conjugated PE, showed a promising safety and efficacy
profile that can be improved with better catheter positioning.**®
Use of intraoperative MRI, labeled reagents, and computerized
simulated models, such as iPlan Flow software by Brain-Lab,
can increase efficacy significantly.®” At the same time, better tar-
geting of IL13Ra2 could be achieved by mutating sequences on
IL-13 that reduce binding to normal tissues while allowing for
enhanced binding to glioma cells.?>#3#* These factors have
been the limitation not only of IL13Ra2 but also of other glioma
targets, such as transferrin receptor. A diphtheria toxin bound to
transferrin (Tf-CRM107) administered to glioma via high-flow CED

Table 1. IL13Ra2-targeted therapeutic approaches

Therapies References

(A) IL-13 bound therapeutic agents
1. IL-13 toxin fusion chimera proteins

Neuro-Oncology

a. Truncated Pseudomonas exotoxin A* 17,40
b. Mutated Pseudomonas exotoxin A 83
¢. Truncated diphtheria toxin 37,38,86
d. Polypeptide targeted diphtheria toxin 39
2. IL-13 expressing viruses
a. Herpes simplex virus (R5111) 40
b. Adenovirus (LU-13) (mhIL13) 41,46
c. Lentivirus (MV Heaqg.aa-1L-13) 87
d. Measles virus (MV-GFP-H(AA)-IL-13) 43
3. IL-13-labeled liposomes 47,48
(B) IL13Ra2 directed immunotherapy
1. Cell-based immunotherapy
a. Pulsed dendritic cells 56,58
b. CAR-expressing cytotoxic T cells* 26,28,62
2. Antibodies targeting IL13Ra2
a. Phage display or hybridoma based technology 49,50
b. IL13Ra2-antibody bound microdisc 53
*Have progressed to clinical trials.
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had a similar safety/efficacy profile in phase I/1I studies that later
proved inferior to the best chemotherapeutic regimen.®> These
trials had similar delivery issues. However, their design may
have been their major limitation: the trials were designed to com-
pete with current standards of care instead of being adjunct mea-
sures. Future efficacy trials targeting IL13Ra2 should be designed
as adjuncts to current therapies and should not be limited to re-
current disease. A phase I trial in newly diagnosed high-grade gli-
oma of IL13PE38QQR via CED in combination with the current
standard of care (temozolomide and radiotherapy) showed simi-
lar toxicity profiles, with about 10% of patients developing grade
3/4 adverse effects.**® It may prove that targeting more than
one antigen is necessary and that benefits could be limited to a
subgroup of patients.

The field of targeted therapies in glioma holds a lot of promise.
IL13Ra2, with its 2 decades of preclinical and clinical studies, is in
an optimal position to materialize those promises.
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