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Abstract

A major challenge for successful immunotherapy against glioma is the identification and characterization of validated
targets. We have taken a bioinformatics approach towards understanding the biological context of IL-13 receptor α2
(IL13Rα2) expression in brain tumors, and its functional significance for patient survival. Querying multiple gene
expression databases, we show that IL13Rα2 expression increases with glioma malignancy grade, and expression
for high-grade tumors is bimodal, with approximately 58% of WHO grade IV gliomas over-expressing this receptor.
By several measures, IL13Rα2 expression in patient samples and low-passage primary glioma lines most
consistently correlates with the expression of signature genes defining mesenchymal subclass tumors and negatively
correlates with proneural signature genes as defined by two studies. Positive associations were also noted with
proliferative signature genes, whereas no consistent associations were found with either classical or neural signature
genes. Probing the potential functional consequences of this mesenchymal association through IPA analysis
suggests that IL13Rα2 expression is associated with activation of proinflammatory and immune pathways
characteristic of mesenchymal subclass tumors. In addition, survival analyses indicate that IL13Rα2 over-expression
is associated with poor patient prognosis, a single gene correlation ranking IL13Rα2 in the top ~1% of total gene
expression probes with regard to survival association with WHO IV gliomas. This study better defines the functional
consequences of IL13Rα2 expression by demonstrating association with mesenchymal signature gene expression
and poor patient prognosis. It thus highlights the utility of IL13Rα2 as a therapeutic target, and helps define patient
populations most likely to respond to immunotherapy in present and future clinical trials.
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Introduction

Malignant gliomas are highly aggressive and uniformly lethal
human brain cancers. These tumors are histologically and
molecularly diverse, exhibiting heterogeneity both between
patients and within individual tumors [1,2]. This heterogeneity
has confounded development of effective therapies. Recently,
genomic and transcriptomic research efforts have delineated
molecular subclasses of high-grade gliomas, which reflect
underlying tumor biology, and predict patient outcome along
with responses to therapy [3-6]. Phillips et al. [6] defined three

glioblastoma subtypes based on patient prognosis and gene
expression clustering: proneural, proliferative and
mesenchymal. Subsequently, Verhaak et al. [5] combined
genomic and expression data from The Cancer Genome Atlas
(TCGA) in an unsupervised analysis to define four distinct
glioblastoma subclasses: proneural, neural, classical and
mesenchymal. These descriptions of tumor molecular
heterogeneity provide the opportunity to evaluate potential
therapeutic targets in relation to underlying tumor biology.

Some antigens are common to many gliomas and are being
exploited as targets for therapeutic development. IL13Rα2 is
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one such antigen, expressed by a high percentage of gliomas
but not at significant levels on normal brain tissue [7-10]. In
IL13Rα2-expressing tumors, IL13Rα2 has been identified on
stem-like malignant cells and more differentiated counterparts
[11]. These features of IL13Rα2 expression make it an
attractive target for brain tumor immunotherapy.

IL13Rα2 is a 42-kDa monomeric high affinity IL13 receptor
distinct from the more ubiquitously expressed IL-13Rα1/IL4Rα
receptor complex [12]. IL13Rα2 is proposed to down-modulate
IL13Rα1/IL4Rα receptor signaling by competing for IL13
binding [13,14], and to mediate TGF-β production in monocytes
and tumor-infiltrating macrophages [15,16]. Although the
functional significance of IL13Rα2 expression by malignant
gliomas is not well understood, it has been shown to promote
tumor migration and invasion [17], and protect tumor cells from
apoptosis thereby contributing to tumor growth [18].

In this study, we utilized multiple, large, publicly available
datasets [5,6,19-25] to examine IL13Rα2 expression on
molecularly-characterized glioma subtypes. Using this
bioinformatics approach, we show that IL13Rα2 expression is
positively associated with expression of mesenchymal
signature genes, and conversely is negatively associated with
expression of proneural signature genes [5,6]. Further we find
that IL13Rα2 expression increases with glioma malignancy
grade, is linked to activated immune pathways by IPA analysis,
and is a prognostic indicator of poor patient survival. These
observations enhance understanding of IL13Rα2 as a
therapeutic target and provide guidance for the design of
patient specific therapies tailored for optimal therapeutic
responses.

Methods

Ethics Statement
Primary glioma specimens used to generate patient glioma

cell lines (PBTs) were obtained in accordance with City of
Hope Institutional Review Board-approved protocols. All other
patient information was obtained from publicly available
datasets (Table 1).

Evaluation of Patient-Derived Cell Lines
Cell Lines.  Primary glioma cell lines (PBT) were derived

from patients undergoing tumor resections at City of Hope

[11,26]. In some cases tumor explants were expanded by
heterotopic subcutaneous (s.c.) passaging in mice prior to
growth and characterization in culture [26], and in such cases
the s.c. passage number is reported after the PBT number (i.e.
PBT003-4 and PBT017-4 were s.c. passaged four times). PBT
lines were grown in neural stem cell media (DMEM:F12 (Irvine
Scientific); 1:50 B27 (Invitrogen, Carlsbad, CA); 5 µg/mL
heparin (Abraxis Pharmaceutical Products, Schaumburg, IL), 2
mM L-glutamine (Irvine Scientific) [27,28] , supplemented with
20 ng/mL EGF (R&D Systems, Minneapolis, MN) and 20 ng/mL
bFGF (R&D Systems) twice a week. U251T glioblastoma
adherent cells (gift from Dr. Waldemar Debinski, Wake Forest
School of Medicine) were grown in DMEM (Irvine Scientific)
supplemented with 10% FCS, 2 mM L-glutamine, and 25 mM
HEPES.

Flow cytometry.   Cell-surface phenotypes were assayed as
previously described [29] using either goat polyclonal anti-
IL13Rα2 (AF146, R&D Systems, Minneapolis, MN) followed by
mouse anti-goat fluorescein isothiocyanate (FITC) (Jackson
ImmunoResearch, West Gove, PA), or phycoerythrin (PE)-
conjugated mouse anti-human CD133/1 and anti-human
CD133/2 (Miltenyi Biotec, Bergisch Gladbach, Germany),
CD44 (clone 515; BD Biosciences) or CD54/ICAM-1 (clone
1A29; BD Biosciences). Percent of immunoreactive cells was
calculated using the subtraction method (FCS Express version
3 software; De Novo Software, Los Angeles, CA). Statistical
analysis was calculated by student t-test of the log transformed
MFI values.

Gene expression profiling in cell lines.  Total cellular RNA
was extracted using the Qiagen RNeasy Kit (Qiagen), and
quality checked using Agilent Bioanalyzer nano 6000 chip.
Triplicate samples (except duplicate for U251T) were
hybridized to Affymetrix HG-U133 Plus 2.0 arrays following
standard Affymetrix procedures and the Affymetrix 3’ Express
Kit, Expression values were RMA normalized using Partek®

Genomics SuiteTM (Partek, Inc., St. Louis, MO) and averaged
among triplicate samples (duplicate for U251T). Microarray
data is available in GEO data series GSE40904.

Evaluation of Patient Datasets
Patient data for bioinformatic analyses was drawn from a

cohort of eight publicly available datasets (Table 1) [6,19-25]
from which metadata was downloaded on or before 11/29/2010

Table 1. Publicly Available Patient Data Sets Used for Gene Expression Profiling and Prospective Analyses.

Study Source Sample Size Grade Age (mean±SD) Gender
Freije [19] GEO; (GSE4412) 74 primary I: 0; II: 0; III: 24; IV: 50 21.5 ± 20.1 Male: 28; Female: 46
Gravendeel [20] GEO; (GSE16011) 276 primary; 8 normal I: 8; II: 24; III: 85; IV: 159 51.5 ± 14.7 Male: 184; Female: 92
Lee [21] GEO; (GSE13041) 191 primary I: 0; II: 0; III: 0; IV: 191 53.8 ± 13.6 Male: 117; Female: 74
Murat [22] GEO; (GSE7696) 70 primary; 11 recurrent; 4 normal I: 0; II: 0; III: 0; IV: 70 51.0 ± 9.2 Male: 51; Female: 19
Petalidis [23] GEO; (GSE1993) 54 primary; 11 recurrent I: 0; II: 6; III: 13; IV: 35 49.9 ± 17.9 Male: 36; Female: 18
Phillips [6] GEO; (GSE4271) 77 primary; 23 recurrent I: 0; II: 0; III: 21; IV: 56 45.5 ± 13.0 Male: 52; Female: 25
Sun [24] GEO; (GSE4290) 157 primary; 23 normal I: 0; II: 57; III: 41; IV: 59 50.9 ± 16.2 Male: 63; Female: 46
TCGA [25] TCGA Data Portal; (11/29/2010) 354 primary I: 0; II: 0; III: 0; IV: 339 56.6 ± 14.5 Male: 211; Female: 128

doi: 10.1371/journal.pone.0077769.t001
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as part of a biomarker database developed at City of Hope
(BRAVO database [30]). For the TCGA dataset, samples have
been added since our initial download, and for this reason the
numbers of samples are fewer than presently available.

Differential IL13Rα2 Expression based on Tumor Grade
and Histological Subtype.  Data describing IL13Rα2 gene
expression for WHO tumor grades I-IV and histological subtype
were for 429 primary patient samples taken from combined
Sun et al. [24] and Gravendeel et al. [20] data sets, and
evaluated by 2-way ANOVA with appropriate linear contrast
was used to compare data sets using Partek® Genomics
SuiteTM. Fold-change values were calculated based upon the
least-squares mean using Partek® Genomics SuiteTM. Prior to
statistical analysis, data were normalized using robust multichip
average (RMA) normalization [31].

Model of Bimodal IL13Rα2 Expression.   Estimated
frequencies of IL13Rα2 over-expression for each array platform
were derived from a bimodal distribution model. For each
platform, the density distribution was first calculated using the
‘density’ function in R [32], followed by fitting parameters for
mixture mode (Equation 1) using the ‘nls’ function in R [32]:

Density= p 1
2πσ2 e

− x−μ1
2

2σ + 1− p 1
2πσ2 e

− x−μ2
2

2σ

This model describes the relationship between the
expression level, x, and the corresponding frequency in the
density plot. In this model, p = the frequency of tumors over-
expressing IL13Rα2, μ1 = mean expression of the IL13Rα2-
positive population, μ2 = mean expression of the IL13Rα2-
negative population, and σ = the standard deviation (identical
for both distributions). The measured variance was roughly
equal for the IL13Rα2-high and IL13Rα2-low expressing
populations, and using an equal variance for both distributions
increased the accuracy of the estimate for p. However, a better
fit was obtained for the data from Pedalidis et al. [8], using an
alternative model incorporating two different standard
deviations (σ1 = the standard deviation of the IL13Rα2-positive
population and σ2 = the standard deviation of the IL13Rα2-
negative population) (Equation 2):

Density= p 1
2πσ12

e

− x−μ1
2
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Principal Component Analysis.  PCA was performed in
Partek® Genomics SuiteTM, with a correlation dispersion matrix
and normalized eigenvector scaling. Gene expression data
from Sun et al. [24] and Gravendeel et al. [20] was used to
define principal components that delineate the greatest
variation in tumor IL13Rα2 expression for the 685 and 35
signature genes used to define the molecular subtypes of
Verhaak et al. and Phillips et al., respectively [5,6]. Accordingly,
the PCA plots (Figures 2A and 2B) present variation in
expression between tumors where each dot represents a
signature gene.

Correlations with Signature Gene Expression (Silhouette
plots).   Correlation analyses were performed on expression
data from high-grade (WHO Grade III and IV) brain tumors
(Table 1), and correlations were calculated per probe per array
per cohort. Analyses were conducted separately for each probe
in each study for the 685 genes classifying proneural, neural,
classical, and mesenchymal subtypes of Verhaak et al. [5]
(Dataset S1), and for the 35 genes classifying proneural,
proliferative, and mesenchymal subtypes of Phillips et al. [6]
(Dataset S2). Pearson correlation coefficients and the
corresponding correlation test were calculated using R [32],
and considered significant at False Discovery Rate (FDR) <
0.05 (calculated by the method of Benjamini and Hochberg
[33]).

Survival Analyses.  Data for survival analysis were
aggregated from eight studies [6,19-25] (Table 1). IL13Rα2,
over-expression was determined using our NLS model (Figure
1C), and survival differences
between ’high‘ and ’low‘ expression groups were visualized by
Kaplan-Meier plots and compared using Cox regression
analysis, with p-values calculated by log-rank test using the
Survival package in R [32]. For mesenchymal and proneural
subsets, ’high’ and ’low‘ groups were segregated based on
median expression values. For genome-wide survival analysis
(Dataset S7 in File S2), Affymetrix probes present in all eight
cohorts were used, and  ’high’ and ’low‘ groups were defined
based on median expression levels per cohort (including
IL13Rα2).  A log-rank test was used to calculate p-values for
survival across all eight cohorts.

Definition of Gene Probes to Represent Glioma
Molecular Subtypes

Averaged expression values were calculated using a single
Affymetrix array per cohort: the HG-U133A for Freije et al. [19],
Phillips et al. [6], Lee et al. [21], and Petalidis et al. [23]; the
HG-U133 Plus 2.0 array for Sun et al. [24], Gravendeel et al.
[20], and Murat et al. [22]; and the HT HG-U133A array for the
TCGA cohort [25].

In order to determine the optimal Affymetrix probes (present
in all 8 cohorts) to most accurately reflect the four TCGA
subtypes (PN, NL, CL and MES), we evaluated signature gene
probes on the HT HG-U133A array and used the Verhaak et al.
[5] training dataset to calculate the fold-change, p-values, and
FDR values for each probe. Fold-change values were
calculated on a linear scale by comparing expression in tumors
of the same subtype in the training subset with its expression in
the other subtypes. For example, the ratio for mesenchymal
patient expression was [MES expression] / [PN expression +
NL expression + CL expression]. If the subtype ratio was
greater than 1, then the fold-change equaled the ratio. If the
subtype ratio was less than 1, the fold-change was equal to the
negative inverse of the subtype ratio. FDR values were
calculated using the method of Benjamini and Hochberg [33]
based on the distribution of t-test p-values. A probe was
validated for association with a signature gene if its fold-change
value was > 2 and the FDR < 0.05, and validated probes with
associated subtypes are listed in Dataset S3. Expression levels
for each of these probes were averaged to obtain an overall
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Figure 2.  IL13Rα2 expression is associated with mesenchymal signature gene expression in gliomas.  (A, B) Principal
Component Analysis (PCA) plots of signature genes with respect to IL13Rα2 for glioma subclasses defined by (A) Verhaak et al. [5]
(proneural (PN), neural (NL), classical (CL) and mesenchymal (MES)) and (B) Phillips et al. [6] (proneural (PN), proliferative
(PROLIF) and mesenchymal (MES). Each point represents the position of one signature gene. (C, D) Silhouette plots of Pearson
correlation coefficients for all significant correlations (FDR < 0.05) between IL13Rα2 and probes for genes defining glioma subtypes
as defined by (C) Verhaak et al. [5], and (D) Phillips et al. [6] . Correlations are sorted based upon GBM subtype and then ordered
by increasing correlation coefficient values. (E-F) Scatter plots for IL13Rα2 expression versus the average expression of (E) TCGA
mesenchymal (MES), proneural (PN), classical (CL) and neural (NL) genes, and (F) the average expression of Phillips
mesenchymal (MES), proliferative (PROLIF), and proneural (PN) genes). Linear regression of IL13Rα2 expression as a function of
gene expression is shown by the orange lines. Number of signature genes (n) used to calculate average signature gene expression
is reported for each plot (Methods and Datasets S3 and S4 in File S2).
doi: 10.1371/journal.pone.0077769.g002
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index of subtype signature gene expression as used in Figures
2E and 3F, and used to construct the histograms in Figure 3D
and 3E.

For average gene expression of the subtypes defined by
Phillips et al. [6] (Figure 2F) signature gene probes were
included in the analysis for those Affymetrix probes on the HT
HG-U133A, but not the HT HG-U133B array, since only the
U133A probes were common to all 8 cohorts (Dataset S4).

Systems-Level Pathway Analyses
Statistical enrichments for canonical pathways defined by

IPA (Ingenuity® Systems, www.ingenuity.com) were calculated
using Fisher’s Exact test. Pathway enrichments for genes
showing positive correlations with IL13Rα2 expression in
patient tumors were defined for genes displaying at least 4 of 8
significant correlations [6,19-25]. For genes identified from
Affymetrix arrays as differentially expressed in glioma cell lines
(IL13Rα2-positive versus IL13Rα2-negative), correlations were
considered statistically significant at FDR < 0.05 (Benjamini

Figure 1.  Expression of glioma IL13Rα2 with respect to tumor grade and histological sub-type.  (A) Comparison of IL13Rα2
gene expression levels (robust multichip average, RMA) versus glioma tumor grade (WHO grades I-IV) from a combined data set of
429 patient samples [20,24]. The level of IL13Rα2 expression is 3.5-fold higher for WHO grade IV patients as compared to all other
patients (2-way ANOVA with linear contrast, p=1.5 x 10-9). Shown are box plots marking median (bar), 25th and 75th percentiles
(box), and 10th and 90th percentiles (error bars). (B) Comparison of IL13Rα2 gene expression levels for 184 samples [20,24]
segregated based on glioma WHO grade II (orange circles) and grade III (green circles), and histological sub-types: astrocytoma,
oligoastrocytoma and oligodenroglioma. No significant difference in IL13Rα2 expression levels were observed for the three patient
cohorts (p=0.83, 2-way ANOVA). Box plots define percentiles as in (A). (C ) Biomodal distributions of IL13Rα2 for GBM (WHO IV)
as defined by eight gene-array studies [5,6,19-25] (black line). Reported for each study is the frequency of tumors over-expressing
IL13Rα2 estimated using a non-linear least squares regression (red line) .
doi: 10.1371/journal.pone.0077769.g001
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Figure 3.  IL13Rα2 expression is associated with mesenchymal gene expression in low-passage primary glioma cell
lines.  Flow cytometry analyses of (A) IL13Rα2-negative glioma cell lines (PBT003-4, PBT008, PBT009, PBT022), and (B)
IL13Rα2-positive glioma cell lines (PBT015, PBT017-4, PBT030, PBT036, and U251T) for expression of the proneural marker
CD133 and mesenchymal markers CD44 and CD54/ICAM-1 (grey histograms). Solid lines show isotype and secondary control
antibodies. (C) Comparison of mean fluorescence intensity (MFI) of IL13Rα2-negative and IL13Rα2-positive glioma cell lines shown
in panels A and B. (D-E) Distribution plots of Affymetrix gene array expression analyses of (D) IL13Rα2-negative and (E) IL13Rα2-
positive glioma cell lines for mesenchymal, classical, neural and proneural signature gene expression. (F) Correlation of
mesenchymal (MES) versus proneural (PN) average gene expression with RMA normalized IL13Rα2 expression in glioma cell lines.
doi: 10.1371/journal.pone.0077769.g003
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and Hochberg [33]). Pathways for the TCGA signature genes
were based on the mesenchymal (n=216), classical (n=162),
neural (n=129), proneural (n=178) signature genes defined by
Verhaak et al. [5].

Results

Glioma IL13Rα2 is Associated with Increased
Malignancy Grade

IL13Rα2 expression was evaluated with respect to tumor
malignancy grade using a data set combined from Sun et al.
[24] and Gravendeel et al. [20], the two largest studies
including World Health Organization (WHO) grades I-IV tumors
(Table 1). We find that IL13Rα2 levels are 2.8-fold higher in
high-grade (WHO III and IV) than in low-grade (WHO I and II)
tumors, a highly statistically significant difference even after
factoring out potential batch effects (2-way ANOVA with linear
contrast, p=2.4 x 10-4) (Figure 1A). This trend is even stronger
(3.5-fold expression increase) when WHO grade IV
glioblastoma (GBM) are compared to all other tumor grades (2-
way ANOVA with linear contrast, p=1.5 x 10-9). Additionally,
within high-grade gliomas (WHO III and IV), IL13Rα2
expression also increases with malignancy grade, with a 2.5-
fold increase for WHO grade IV versus grade III tumors (p=2.9
x 10-8). These results expand upon previous immunochemical
studies evaluating a smaller tumor sample set showing a
similar increase in the frequency of glioma IL13Rα2 expression
with tumor grade [34].

Since GBM (defined as astrocytomas WHO grade IV)
displayed the highest levels of IL13Rα2 expression, we tested
whether astrocytomas (WHO II and III) over-expressed
IL13Rα2 more frequently than histologically distinct
oligoastrocytomas or oligodendrogliomas of the same grade
(WHO II and III). Astrocytomas did not exhibit a statistically
significant difference in IL13Rα2 expression from
oligoastrocytomas and oligodendrogliomas (p=0.69, 2-way
ANOVA with linear contrast to account for batch effects due to
study) (Figure 1B), and no discernible differences were
observed between the three histological subtypes (p=0.83, 2-
way ANOVA to account for batch effects due to study). We also
examined a possible relationship between IL13Rα2 expression
and tumor recurrence (Figure S1 in File S1), and did not find
significant differences between primary and recurrent tumors
(0.18 ≤ p ≤ 0.35) in the 3 cohorts examined [6,22,23]. These
results indicate that IL13Rα2 expression is associated with
glioma malignancy grade, and is independent of histological
subtype and tumor recurrence.

For the high-grade gliomas analyzed by Sun [24] and
Gravendeel [20], our analysis reveals a clear bimodal
distribution of IL13Rα2 expression for the high-grade gliomas
that is particularly evident for GBM (WHO IV) specimens
(Figure 1A), as also noted by Jarboe et al. [8]. This bimodal
IL13Rα2 distribution was subsequently confirmed for an
expanded data set encompassing eight independent gene-
array studies with a total of 959 GBM samples [5,6,19-25]
(Figure 1C, Table 1). Using these data, we estimated IL13Rα2
over-expression frequency between cohorts by modeling
IL13Rα2 expression as the sum of two normal distributions.

The percentage over-expression in 7 of 8 cohorts was 53-73%
(except Lee et al. [21] at 37%) (Figure 1C, Table S1 in File S1).
Within these multiple, large datasets, the average IL13Rα2
over-expression frequency is estimated to be 58% for GBMs,
which is higher than reported by Jarboe et al. [8] for a smaller
sample set.

Association of Glioma IL13Rα2 with Mesenchymal
Signature Gene Expression

We explored the possibility that biomodal expression of
IL13Rα2 may reflect associations with the distinct molecular
subtypes identified for GBMs. In one approach, Principal
Component Analysis (PCA) was used to evaluate potential
associations of IL13Rα2 with expression of signature genes
identified by Verhaak et al. [5] and Phillips et al. [6] to
distinguish between subclasses of high-grade gliomas.
Considering a cohort of 428 tumors (WHO Grade I-IV)
compiled from Sun et al. [24] and Gravendeel et al. [20], we
find that tumor expression of IL13Rα2 is most closely
associated with expression of the mesenchymal signature gene
sets as defined by both Verhaak and Phillips [5,6] (Figure 2A,
2B and Table S2 in File S1).

In a related analysis, we evaluated correlations between
IL13Rα2 expression and the signature genes identified by
Verhaak [5] and Phillips [6] for a larger sample of 1143 high-
grade tumors from eight independent gene expression studies
[6,19-25]. The silhouette plots in Figure 2C and 2D display all
significant correlation coefficients (FDR < 0.05) grouped by
GBM subclass. Correlation calculations were independently
computed for each gene probe per array per study (eight GBM
cohorts) [6,19-25], so each gene is typically represented more
than once. This probe-level approach was validated for test
genes representative of mesenchymal (CHI3L1), proneural
(DLL3) and classical (EGFR) subtypes (Figure S2 in File S1).
While many probes for these test genes showed non-significant
correlations, the overall pattern of significant correlations were
congruent with their assigned subtypes (Figure S2 in File S1).
For IL13Rα2 many probes also showed non-significant
correlations (Figure S2 in File S1), however similar to the
mesenchymal test gene CHI3L1, IL13Rα2 strongly correlated
with mesenchymal signature genes of both Verhaak [5] and
Phillips [6] with the majority of mesenchymal probes showing at
least one significant positive correlation (FDR < 0.05) (Verhaak:
171 of 215 genes, 79.5% of genes; Phillips: 12 of 15 genes,
80% of genes) (Figure 2C, 2D and Table S3 in File S1; see
Datasets S1 and S2 in File S2 for comprehensive lists).
IL13Rα2 expression also showed a positive correlation with the
majority of proliferative signature genes of Phillips [6] (4 of 5
genes, 80% of genes). Reciprocally, the majority of significant
probe correlations with proneural gene signature genes defined
by Verhaak [5] and Phillips [6] showed at least one negative
correlation (Verhaak: 132 of 178 genes, 74.2% of genes;
Phillips: 13 of 14 genes, 92.9% of genes) (Figure 2C, 2D and
Table S3 in File S1; see Datasets S1 and S2 in File S2 for a
comprehensive list). Glioma IL13Rα2 expression did not
display consistent correlation patterns with genes defining the
neural and classical subclasses of Verhaak [5] (Figure 2C and
2D, and Table S3 in File S1).
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In a third independent but related analysis, IL13Rα2
expression was compared to average subtype signature gene
expression of Verhaak [5] and Phillips [6] for 1318 patient
tumors from 8 studies [6,19-25] . The goal of this analysis was
to test tumor associations independently of prior tumor subtype
classification. For this analysis we selected one array per study
requiring a gene probe to be represented on each of the arrays
chosen, as well as meeting our expression criteria (see
Methods, Datasets S3 and S4 in File S2). Consistent with the
PCA and silhouette analyses, IL13Rα2 expression shows the
strongest positive correlation with average tumor mesenchymal
signature gene expression (Verhaak: r=0.41, p<10-20; Phillips:
r=0.41, p<10-20), and shows almost no or negative correlation
with average tumor proneural signature gene expression
(Verhaak: r=0.065, p=0.018; Phillips: r= −0.072; r=0.0093)
(Figure 2E and 2F). While the strength of this mesenchymal
correlation varied between studies (0.18 < r < 0.46, Figure S3
in File S1), the correlation was always statistically significant.
Also consistent with the silhouette analysis, IL13Rα2
expression positively correlates with a subset of proliferative
signature genes (2 of 5 genes: HMMR and DTL) (Phillips:
r=0.38, p<10-20). The other 3 proliferative genes could not be
included in this analysis because they were not evaluated in all
8 studies (see Methods, Dataset S4). Weaker positive
correlations were observed for the classical and neural
signature genes (Verhaak: CL, r=0.20, p=8-14; NL, r=0.084,
p=0.0022). Consistent with these findings, for the limited set of
tumors with reported subtype classification (Verhaak training
set n=161; Phillips n=77), mesenchymal tumors also express
higher levels of IL13Rα2 (1.68-fold; p = 0.00015 for Verhaak
[6]; 2.44-fold, p = 0.028 for Phillips [5]) than do proneural
tumors (Figure S4 in File S1). In this limited tumor dataset,
IL13Rα2 is also highly over-expressed in the proliferative
subtype of Phillips [5], and the neural subtype of Verhaak [6]
(Figure S4 in File S1).

It is significant to note that the positive correlation of IL13Rα2
expression with average mesenchymal signature gene
expression and the negative correlation with proneural
signature gene expression is consistent across two
independent studies that defined GBM subtypes based on
different criteria — patient survival for Phillips et al. [6] and
unsupervised clustering for Verhaak et al. [5] — and our
findings are similar for both studies despite the relatively small
number of genes common to both subtype-defining signature
gene sets. Only three mesenchymal signature genes (CHI3L1/
YKL40, SERPINE1 and TIMP1), and five proneural signature
genes (DLL3, KLRC3, SCG3, C20orf42, and NCAM1) are
common to both the Verhaak et al. [5] and Phillips et al. [6]
definitions, and none of the five proliferative signature genes of
Phillips [6] are included in any of the subclasses defined by
Verhaak [5]. Our results thus persist independently of the
specific genes defining each subclass, and therefore suggest
that IL13Rα2 expression may be closely related to fundamental
biological differences between mesenchymal and proneural
GBM subtypes.

Interestingly, in parallel with what is seen for IL13Rα2,
mesenchymal signature genes are also up-regulated in high-
grade gliomas (WHO IV vs. III/II/I: 93 of 211 signature genes;

44.1%) (Figure S6B in File S1), and proneural signature genes
are commonly down-regulated in high-grade tumors (WHO IV
vs. III/II/I: 59 of 171 signature genes; 34.5%) (Figure S6B in
File S1). These findings again suggest an underlying biological
basis for the common expression profiles of mesenchymal
signature genes and IL13Rα2.

Taken together, our data demonstrates using three distinct
approaches (Figure 2) that IL13Rα2 expression is most
strongly and consistently associated with mesenchymal
signature gene expression. It should be noted, however, that
IL13Rα2 expression is not restricted to mesenchymal subclass
tumors, and IL13Rα2 expression also consistently correlates
with the proliferative signature genes of Phillips [6]. While the
association between IL13Rα2 and proliferative signature genes
is intriguing, this was difficult to assess further because of the
limited set of five genes defining the proliferative tumor
subtype, and for technical reasons three could not be
evaluated in all of the eight studies queried for this analysis
(see Methods). It should be further noted that IL13Rα2 was not
originally identified as a mesenchymal signature gene, and this
association may not be sufficiently strong to serve as a
signature gene. In comparison to other mesenchymal signature
genes, IL13Rα2 does not typically show as strong an
association with either the average mesenchymal gene
correlation (Figure S5 in File S1) or the differences in
expression between mesenchymal and proneural subclass
tumors (Figure S6A in File S1). Nevertheless, these three
distinct approaches employing the subtype definitions of two
independent studies [5,6] (Figure 2) clearly show significant
and consistent associations between IL13Rα2 and
mesenchymal signature gene expression, and as such suggest
functional consequences for the basic biology of these tumors.

Moving forward, since no significant differences were
observed in the association of IL13Rα2 with mesenchymal
signature gene expression as defined by Phillips et al. [6] or by
Verhaak et al. [5], we focused on the classifications defined by
Verhaak et al. [5] because the greater number of signature
genes differentiating each subclass enabled probing the
potential biological significance of this interaction.

Mesenchymal Signature Gene Expression Correlates
with High IL13Rα2 Expression in Patient-derived
Glioma Cell Lines

A panel of low-passage primary glioma cell lines [11,26]
were used to evaluate whether our findings extend to more
homogeneous populations of malignant GBM cells. IL13Rα2-
positive (n=4) and -negative (n=4) glioma lines derived either
from freshly dispersed human tumor specimens or after
heterotopic passaging of patient tumor tissue in
immunodeficient mice [4,26], along with the established glioma
line U251T, were assessed for expression of mesenchymal
and proneural signature genes. By flow cytometry, the
IL13Rα2-positive glioma cell lines (PBT015, PBT017-4,
PBT030, PBT036, U251T) generally express higher levels of
the mesenchymal adhesion markers CD44 and CD54/ICAM-1
than the IL13Rα2-negative glioma lines (PBT003-4, PBT008,
PBT009, PBT022) (Figure 3A-3C). Moreover, the IL13Rα2-
positive lines frequently display lower CD133 expression than
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do the IL13Rα2-negative lines (Figure 3A-3C), consistent with
previous reports that high CD133 expression by glioma cell
lines grown in neural stem cell media is indicative of a
proneural phenotype [35,36].

Affymetrix expression profiling was then used to test in
greater detail the association between mesenchymal
phenotypes and IL13Rα2 expression in these nine GBM cell
lines. As shown in Figure 3D and 3E, IL13Rα2-negative cell
lines express proneural signature genes at higher levels than
mesenchymal genes, and reciprocally IL13Rα2-positive cell
lines express mesenchymal signature genes at higher levels
than proneural genes. When comparing average TCGA
subtype gene expression levels, mesenchymal signature gene
expression positively correlates most strongly with L13Rα2
expression for each cell line (Figure 3F, r=0.90, p=0.00095),
whereas average proneural gene expression show the
strongest negative correlation (Figure 3F, r= -0.78, p=0.013).
Although the cell lines express varying levels of classical and
neural signature genes (Figure 3D and 3E), strong
mesenchymal gene expression was always associated with
high IL13Rα2 expression in the primary cell lines (Figure 3F).

Systems-Level Analysis of Genes Coexpressed with
IL13Rα2

Ingenuity Pathway Analysis (IPA) was used to assess the
potential biological significance of IL13Rα2 expression in
GBMs. In an unsupervised approach, we first defined two lists:
genes positively correlated with IL13Rα2 expression in at least
four of the eight patient cohorts (all correlations shown in
Dataset S5; FDR <0.05), and genes differentially expressed in
IL13Rα2-positive versus IL13Rα2-negative patient-derived cell
lines (Dataset S6; |fold-change| > 1.5; FDR <0.05). We then
used IPA analysis to identify functional pathways associated
with these two IL13Rα2-linked gene sets, along with pathways
associated with signature genes of Verhaak et al. [5] for
mesenchymal, classical and proneural subclasses (note that no
pathways with FDR < 0.05 were assigned by IPA to neural

signature genes). A matrix of the total numbers of pathways
identified by IPA analysis with FDR <0.05 and overlapping
between different subclasses is presented in Table S4 in File
S1. More detailed examination showed that many IL13Rα2-
associated pathways are enriched in both patient samples and
cell lines [31% (14 of 45) for patient samples; and 61% (14 of
23) for cell lines; Tables S5 and S6 in File S1]. Consistent with
our previous findings, pathways associated with over-
expression of IL13Rα2 in patient samples and patient-derived
cell lines most frequently overlapped with canonical pathways
associated with mesenchymal signature genes, and not those
associated with proneural signature genes. Further, our
analysis indicates that for these two IL13Rα2-associated gene
sets, immune-related pathways are among the most enriched
[44% (20 of 45) for patient samples and 48% (11 of 23) for cell
lines; Tables S5 and S6 in File S1], and that eight immune-
related pathways are among those common to the patient
samples and cell lines (Tables S5 and S6 in File S1). As shown
in Table 2 (excerpted from Tables S5-S7 in File S1), TREM1
Signaling, Antigen Presentation, and Hepatic Fibrosis/Hepatic
Stellate Cell Activation were among the eight most enriched
pathways in both datasets.

As was seen for pathways associated with IL13Rα2
expression in patient samples and cell lines, many (41%; 29 of
71) pathways associated with mesenchymal signature gene
expression [5] were also immune-related (Table S7 in File S1).
In addition, pathways associated with over-expression of
IL13Rα2 in patient samples and cell lines were among the
canonical pathways associated with mesenchymal signature
genes [5] (9 of 71, 13%, for both patients and cell lines, with an
additional 6 for cell lines only (total of 15 of 71 or 21%; Table
S7 in File S1). Further, of the nine pathways associated with all
three gene sets, five are associated with immune system
functions (Table 3). Of these, Hepatic Fibrosis and TREM1
Signaling are particularly highly correlated. Other immune-
related pathways including IL-6 and HMGB, along with NF-κB
signaling, showed qualitatively similar enrichments although
falling just short of the FDR < 0.05 criterion in one of the three

Table 2. IPA Pathways Associated With IL13Rα2 Expression in Patient Tumor Samples, IL13Rα2-positive Cell Lines, and
Mesenchymal Signature Genes.

Study Source Sample Size Grade Age (mean±SD) Gender
Freije [19] GEO; (GSE4412) 74 primary I: 0; II: 0; III: 24; IV: 50 21.5 ± 20.1 Male: 28; Female: 46
Gravendeel [20] GEO; (GSE16011) 276 primary; 8 normal I: 8; II: 24; III: 85; IV: 159 51.5 ± 14.7 Male: 184; Female: 92
Lee [21] GEO; (GSE13041) 191 primary I: 0; II: 0; III: 0; IV: 191 53.8 ± 13.6 Male: 117; Female: 74
Murat [22] GEO; (GSE7696) 70 primary; 11 recurrent; 4 normal I: 0; II: 0; III: 0; IV: 70 51.0 ± 9.2 Male: 51; Female: 19
Petalidis [23] GEO; (GSE1993) 54 primary; 11 recurrent I: 0; II: 6; III: 13; IV: 35 49.9 ± 17.9 Male: 36; Female: 18
Phillips [6] GEO; (GSE4271) 77 primary; 23 recurrent I: 0; II: 0; III: 21; IV: 56 45.5 ± 13.0 Male: 52; Female: 25
Sun [24] GEO; (GSE4290) 157 primary; 23 normal I: 0; II: 57; III: 41; IV: 59 50.9 ± 16.2 Male: 63; Female: 46
TCGA [25] TCGA Data Portal; (11/29/2010) 354 primary I: 0; II: 0; III: 0; IV: 339 56.6 ± 14.5 Male: 211; Female: 128

FDR < 0.05; Immune function-related pathways are indicated in bold.
1 IPA pathways associated with differential gene expression between IL13Rα2-positive and IL13Rα2-negative cell lines (|fold-change| > 1.5; FDR <0.05).
2 IPA pathways associated with differential gene expression for patient samples, define as genes positively correlated with IL13Rα2 in at least 4 independent cohorts.
3 IPA pathways associated with canonical mesenchymal signature genes defined by Verhaak et al. [5]. Note that Hepatic Fibrosis and TREM1 signaling are among the top 8
enriched pathways for all 3 gene lists.
doi: 10.1371/journal.pone.0077769.t002
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groups (Figure S7 in File S1). In contrast, only one pathway
associated with classical-subtype signature genes was
common to IL13Rα2-enriched patient samples and cell lines
(Table S8 in File S1). Notably, this single pathway is immune-
related. No IPA-defined pathways for proneural signature
genes were shared with IL13Rα2 (or were immune related;
Table S9 in File S1), consistent with the antiphase correlation
with IL13Rα2 expression shown by signature genes of the
mesenchymal and proneural tumor sublasses (Figure 2C). The
high associations of IL13Rα2-related pathways as defined by
IPA analysis with immune system functions are consistent with
previous reports of elevated immune activation in
mesenchymal-subtype tumors [37], and suggests that IL13Rα2
over-expression in other glioma subtypes (Figure S4 in File S1)
may be an indicator of on-going immune processes in these
tumors as well.

Expression of IL13Rα2 and Mesenchymal Signature
Genes are Markers of Poor Patient Prognosis

To evaluate whether IL13Rα2 expression impacts patient
prognosis, expression array data from eight studies of WHO
Grade IV GBMs [6,19-25] (Table 1) was aggregated and
stratified based upon frequencies of over-expression
determined using our NLS model (Figure 1C). We observed
that IL13Rα2 over-expression is negatively correlated with
patient outcome, decreasing median patient survival time by
2.5 months (Figure 4A, p=0.00012), with a 13.1 month median

Table 3. Overlapping IPA Pathways Associated with
Expression of Mesenchymal Signature Genes and Genes
Up-regulated in IL13Rα2-positive Cell Lines and IL13Rα2
Over-expressing Patient Samples.

IPA-defined Pathway*

Mesenchymal
Signature Genes
(FDR)

IL13Rα2-
positive Cell
Lines (FDR)

IL13Rα2 Over-
expressing
Patient
Samples (FDR)

Hepatic Fibrosis / Hepatic
Stellate Cell Activation

0.0000054 0.00021 0.0012

TREM1 Signaling 0.000072 0.0036 0.0021

Dendritic Cell Maturation 0.000079 0.049 0.020
Integrin Signaling 0.00096 0.0068 0.014
Agrin Interactions at
Neuromuscular Junction

0.0033 0.045 0.031

Caveolar-mediated
Endocytosis Signaling

0.016 0.00062 0.012

Type I Diabetes Mellitus
Signaling

0.016 0.0091 0.0036

Death Receptor Signaling 0.030 0.0036 0.012

Role of Macrophages,
Fibroblasts and Endothelial
Cells in Rheumatoid
Arthritis

0.042 0.034 0.019

*. Top overlapping IPA pathways with FDR < 0.05. Immune function-related
pathways are indicated in bold.
doi: 10.1371/journal.pone.0077769.t003

survival time for ‘high’ IL13Rα2 expression (CI 95%: 12.1-14.5
mo, n=513) as compared to 15.6 months for ‘low’ IL13Rα2
expression (CI 95%: 13.6 - 18.6 mo, n=357). Additionally, the
‘high’ expression group shows a 34.3% increase (CI 95%:
15.6%-56.2%) in hazard risk as compared to the ‘low’ group.
Further, when the cohort was expanded to include both WHO
III and IV high-grade tumors, ‘high’ IL13Rα2 expression is
associated with a larger (5.8 month) decrease in median
survival time (p=6.8 x 10-10) (Figure S8A in File S1). The
IL13Rα2 survival difference in GBMs (WHO IV) is very
consistent across multiple cohorts. This is reflected in IL13Rα2
expression having a survival impact that is within the top ~1%
of total expression array probes in the combined eight-cohort
GBM dataset when these are ranked by statistical significance
of survival association (ranking 236 of 22,215 gene probes;
Dataset S7). These findings demonstrate for the first time that
IL13Rα2 expression in high-grade gliomas is a prognostic
indicator of poor patient survival, and are in agreement with a
recent finding that high IL13Rα2 expression is also associated
with poor patient prognosis in colorectal cancer [38].

We next assessed whether the decrease in patient survival
associated with IL13Rα2 expression relates to its correlation
with mesenchymal signature gene expression. Verhaak et al.
[5] reported no significant survival differences between the
TCGA subtypes, and our 4-way survival analysis of the TCGA
training dataset was consistent with this conclusion (p=0.255,
Figure S8B in File S1). We noted, however, that the survival
difference between mesenchymal and proneural tumors in the
(relatively small) training dataset is nearly significant
(p=0.0514, Figure S8B in File S1), suggesting that statistical
significance could be reached with a larger patient cohort. We
therefore examined patient survival in the 870 WHO Grade IV
tumor cohort [6,19-25] previously evaluated for the IL13Rα2
survival analysis above. When these data were stratified based
on means of averaged mesenchymal (Figure 4B) and
proneural (Figure 4C) signature gene expression, ‘high’
mesenchymal expression was associated with 1.2 mo survival
decrease (p=0.0020, HR=1.26) and ‘high’ proneural expression
with a 1.6 mo survival increase (p=0.016, HR=0.83). Thus, high
expression of mesenchymal signature genes is associated with
poor prognosis and, conversely, high proneural signature gene
expression is associated with better prognosis. Significantly,
IL13Rα2 single gene expression is associated with a stronger
survival differential than either the averaged mesenchymal or
proneural proneural signature gene sets.

Discussion

Focusing on IL13Rα2, a clinically relevant glioma target
being pursued for therapeutic development [11,28,39-41], we
have taken a bioinformatics approach to better understand the
intrinsic biology of tumors with high IL13Rα2 expression, and to
gain insight into how this may affect inter-patient IL13Rα2
heterogeneity in gliomas. We find that within GBM, IL13Rα2 is
over-expressed in approximately 58% of gliomas (Figure 1C,
Table S1 in File S1), and displays a distinct bimodal expression
pattern (Figure 1A) [8]. Further, IL13Rα2 expression increases
with glioma malignancy grade (Figure 1) [34] and is associated
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with decreased long-term survival, a single gene correlation
stronger than seen for the mesenchymal signature genes
(Figure 4). IL13Rα2 ranks at ~1% level of total gene probes
with regard to patient survival (Dataset S7), thus establishing
IL13Rα2 as a prognostic indicator for poor patient outcome.

Our data also indicate that inter-patient heterogeneity of
IL13Rα2 expression should be viewed in the context of
molecular subtypes of high-grade gliomas [42]. By several
measures, IL13Rα2 expression is most closely correlated, but
not limited to, expression of mesenchymal signature genes
[5,6] as determined by principal component analyses (Figure
2A, B, and Table S2 in File S1), correlation analysis with
subtype signature genes (Figure 2C,D, Table S3 in File S1),
and a cohort of individual patients’ tumors (Figure 2E, 2F).
Further, for a panel of patient-derived IL13Rα2-positive and -
negative cell lines, its expression is closely correlated with
mesenchymal signature gene expression, suggesting that the
association with the mesenchymal subclass can be intrinsic to
tumor cells themselves (Figure 3).  IPA enrichment analysis
also indicates that pathways defined by genes associated with
IL13Rα2 over-expression in patient samples (Table S5 in File
S1) and IL13Rα2-positive cell lines (Table S6 in File S1) are
shared with mesenchymal (Table S7 in File S1), but not
proneural tumor subclasses (Table S9 in File S1), and further
that these shared pathways are often related to immune
system functions (Tables S4-S6 in File S1).

The Verhaak et al. [5] and Phillips et al. [6] signature gene
sets were defined based on different underlying algorithms:
unsupervised clustering for the former and patient prognosis for
the later. We therefore find it interesting that the correlations of
IL13Rα2 expression with mesenchymal and proneural
signature genes for both schemes is anti-phasic: strongly
associated with the mesenchymal subclass and excluded from

the proneural (Figure 2C, 2D). The mesenchymal and
proneural subclasses are the two most molecularly distinct, and
this pattern of IL13Rα2 expression is almost certainly a
reflection of strong differences in the intrinsic biology of these
tumors. At the same time, IL13Rα2 associations with the
intervening subclasses differed [42]. For the Verhaak et al. [5]
analysis, segmenting tumors by unsupervised clustering
yielded two additional tumor classes, classical and neural,
across which IL13Rα2 association was a continuum of
increasing correlation from proneural to mesenchymal (Figure
2E). Phillips et al. [6], however, defined their classes based on
prognosis followed by cluster analysis, with proliferation
(proliferative) and angiogenesis (mesenchymal) associating
with poor patient outcome. In this more physiological tumor
segmentation, IL13Rα2 expression was well correlated with
both the mesenchymal and proliferative signature genes,
consistent with our observations linking IL13Rα2 expression to
poor patient prognosis. Unfortunately, in this bioinformatics
study we could not further explore (for example, by IPA
analysis) the IL13Rα2 related properties of the proliferative
phenotype as defined by Phillips et al. [6], because of the
limited number of gene available for further analyses. Thus we
conclude that while IL13Rα2 expression is not restricted to
mesenchymal subclass tumors, its expression closely
correlates with mesenchymal signature gene expression and
thus presumably mesenchymal properties of a tumor.

Mesenchymal signature gene expression is known to be
associated with immune-related inflammatory responses,
dissemination, angiogenesis, and poor prognosis [5,6,43]. 
Significantly, we find that pathways shared by IL13Rα2 over-
expressing cell lines and tumor samples, and those associated
with mesenchymal signature genes, all show strong enrichment
for immunological processes and inflammation (Tables 2 and 3;

Figure 4.  Over-expression of IL13Rα2 is associated with decreased patient survival.  (A) Kaplan-Meier survival plot for
patients with GBM segregated based on ‘high’ versus ‘low’ IL13Rα2 expression as determined using non-linear least-squares
regression (Table S1 in File S1). Kaplan-Meier plots for the same patient cohort evaluated in panel (A) are segregated based on (B)
mesenchymal signature gene expression or (C) proneural signature gene expression, with ’high‘ and ’low‘ expression determined by
median expression level.
doi: 10.1371/journal.pone.0077769.g004
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Tables S5, S6 and S7 in File S1).  Strong association with the
Hepatic Fibrosis IPA pathway is a finding consistent with
previous studies of IL13Rα2 biology showing it, despite its
assigned role as a decoy receptor, to be associated with
fibrosis [44]. Another consistent association is with genes
linked to TREM1 signaling, a process important in initiation of
inflammatory immune responses [45], and also up-regulated in
glioblastoma tissue [46].  These observations suggest that
enhanced immune activation and inflammatory responses may
underlie the positive association between IL13Rα2 and the
mesenchymal subtype.

Our results indicate that IL13Rα2 is preferentially expressed
at high levels in a subset of patient tumors of high virulence in
the context of mesenchymal-associated genes. Given the
relationship of IL13Rα2 to immune-related pathways indicated
by IPA analysis, the involvement of IL13Rα2 expression in Th2
inflammatory diseases [13,47], and the suggested role of
inflammation in epithelial-to-mesenchymal transition and
cancer progression [48,49], it is tempting to suggest that
IL13Rα2 expression may mark tumor progression [17,38] as a
reflection of activation of inflammation-related signaling
pathways. This work therefore provides a framework within
which future studies can further investigate our hypothesized
association of IL13Rα2 expression and immune pathway
activation.

Immunotherapy strategies targeting IL13Rα2 for brain tumors
are being clinically pursued [11,28,39-41] based on its selective
expression on malignant versus normal brain tissue [7-10]. Our
findings now suggest that IL13Rα2 targeting will be skewed
towards (but not limited to) the mesenchymal glioma subtype.
Our group has developed a platform to target high-grade
gliomas based on IL13Rα2 expression by genetically modifying
T cells to express an IL13Rα2-specific chimeric antigen
receptor (CAR), IL13-zetakine [11,28]. These engineered IL13-
zetakine+ T cells exhibit potent MHC-independent, IL13Rα2-
specific cytolytic activity against both stem-like and
differentiated glioma cells, and induce regression of
established glioma xenografts in vivo [11,28]. Observations
from this current work lead us to infer that IL13-zetakine CTLs
can efficiently target and kill IL13Rα2pos glioblastoma cells
expressing mesenchymal gene signature phenotypes. The
IL13Rα2pos and mesenchymal tumor lines PBT015, PBT017-4,
PBT030 and U251T (Figure 3) were shown in our previous
work to be lysed by IL13-zetakine+ T cells, and co-injected
IL13-zetakine T cells ablate in vivo tumor initiation of these
same lines [11]. Moreover in mice, adoptive transfer of IL13-
zetakine T cells display potent anti-tumor activity against
established IL13Rα2pos PBT017-4 and PBT030-2 xenografts
which express a mesenchymal gene expression profile [11].
Future work will be directed towards evaluating clinical
responses in patients treated in our first-in-human pilot clinical
trials [41] with respect to glioma molecular subtypes and tumor
heterogeneity.

By describing the molecular subset of GBM over-expressing
IL13Rα2 and the intrinsic biology of these tumors, the studies
presented here provide a greater understanding of the potential
therapeutic utility of IL13Rα2-targeting therapies for this patient

population, and provide the foundation for future refinements of
these therapies.
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