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Abstract
Background. Treatment for glioblastoma (GBM) remains an unmet need in medicine. Novel therapies that address 
GBM complexity and heterogeneity in particular are warranted. To this end, we target 4 tumor-associated receptors 
at a time that span virtually all of the GBM microenvironment including bulk tumor cells, infiltrating tumor cells, 
neovasculature, and tumor-infiltrating cells with one pharmaceutical agent delivering a cytotoxic load.
Methods. We engineered multivalent ligand-based vector proteins termed QUAD with an ability to bind to 4 of the 
following GBM-associated receptors: IL-13RA2, EphA2, EphA3, and EphB2. We conjugated QUAD with a modified 
bacterial toxin PE38QQR and tested it in vitro and in vivo.
Results. The QUAD variants preserved functional characteristics of the respective ligands for the 4 receptors. The 
QUAD 3.0 variant conjugate was highly cytotoxic to GBM cells, but it was nontoxic in mice, and the conjugate ex-
hibited strong antitumor effect in a dog with spontaneous GBM.
Conclusion. The QUAD addresses, to a large extent, the issues of intra- and intertumoral heterogeneity and, at 
the same time, it targets several pathophysiologically important tumor compartments in GBM through multiple 
receptors overexpressed in tumors allowing for what we call “molecular resection.” QUAD-based targeted agents 
warrant further pre- and clinical development.

Key Points

• GBM heterogeneity can be addressed by employing multivalent vectors targeting several 
receptors at once.

• Multivalent protein that targets IL-13RA2, EphA2, EphA3, and EphB2 receptors can be 
produced and can safely and effectively deliver cytotoxic load to tumors.

Glioblastoma (GBM) accounts for 57.3% of all gliomas and 14.6% 
of all primary brain tumors.1 Despite the standard treatment of 
surgery, chemotherapy, radiation therapy, and recently intro-
duced tumor-treating fields (TTFs), an overall median survival 
of patients with GBM up to 20.9 months have been reported.2 
The challenges in treating GBM include resistance to chemo and 
radiation therapy, presence of the blood–brain barrier (BBB), 

location of the tumor, infiltrative nature of the tumor,3 and ge-
netic, molecular, and functional heterogeneity4,5 of the tumor 
and its microenvironment.6

Tumor-associated antigens (TAA) offer an array of thera-
peutic opportunities that allow effectors to be targeted only 
to tumor cells and spare the normal cells of the CNS7; many 
of these TAA are plasma membrane receptors. Several of 
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the receptors that have been used to selectively target 
glioma include interleukin-13 receptor α2 (IL-13RA2),8 
erythropoietin-producing human hepatocellular (Eph) 
receptors,9,10 epidermal growth factor receptor,11 and 
transferrin receptor,12 among others. Some of the ex-
perimental therapeutic approaches used include vac-
cines,13 immune checkpoint inhibitors,14 chimeric antigen 
receptor (CAR T-cells),15 viral and gene therapies16 and 
ADC.7,12 However, all of these targetable receptors are 
overexpressed in less than 100% of patients with GBM and 
much less than all supportive cells of the tumor microen-
vironment. We have been advocating to introduce combi-
nation therapies in order to obtain more comprehensive 
and longer-lasting responses.17 Some of these therapies 
would eventually be delivered using convection-enhanced 
delivery (CED), which has shown to be an efficient, mini-
mally invasive method to bypass the BBB and administer 
therapeutic agents directly to the tumor.12,18 Newly en-
gineered catheters optimize drug delivery by preventing 
infusate refluxes, utilize multiple tips or hollow fibers es-
pecially designed to deliver therapy to most of the tumor 
volume.17,19,20 Importantly, a real-time monitoring of in-
fusion helps to ascertain proper drug delivery while the 
deliveries are shortened. Also of high importance, the 
nonenhancing tumors can be infused.19

IL-13RA2 was found to be a glioma TAA, and the ex-
pression of the receptor is negligible in normal cells of 
the CNS.8 Over 30 variations of targeted therapies have 
utilized IL-13RA2 as a single target in GBM.7,15 IL-13RA2 
is overexpressed in up to 75% of GBM patients21 and 
is associated with higher-grade glioma, poor patient 
prognosis, and cells exhibiting a mesenchymal pheno-
type.22,23 Furthermore, elimination of IL-13RA2-positive 
cells within a GBM microenvironment has shown to 
render the tumor less tumorogenic.24 Glioma cells may 
express up to 4,000,000 IL-13RA2 sites per GBM cell.25 
Thus, IL-13RA2 remains an attractive target for anti-GBM 
therapies.

The other targets that we identified in GBM are the Eph 
receptors, the largest family of eukaryotic receptor tyro-
sine kinase receptors.9,10,26 They bind to the ligand ephrin 
(Eph family receptor interacting proteins) As and Bs and 
are internalized within minutes of ligand binding and 

ensuing clustering.9,27 For example, EphA2 receptor is 
overexpressed in 60% of GBM tumors with increased ex-
pressions with higher grades of glioma.10,21,27,28 Recent re-
ports have also associated EphA2 with invasive behavior 
of glioma stem-like cells in vivo.29,30 The EphA2 receptor 
is also expressed in tumor neovasculture.31 Of interest, 
we noticed that IL-13RA2 and EphA2 overexpression 
is only partially overlapping, making more than 90% of 
GBM enriched at least in one of the receptors.9,21 Similarly 
to EphA2, EphA3 is another TAA that is overexpressed 
in up to 60% of GBM patients.9 The expression of 
EphA3 spans not just glioma cells but the infiltrating 
tumor cells, tumor-initiating cells, invasive rings, and 
niches within the tumor blood vessels.9,32,33 A  ligand-
bacterial cytotoxin conjugate has effectively targeted 
EphA3 receptor–positive GBM cells.9 Again, the expres-
sion of EphA2 and EphA3 is only partially overlapping. 
Additionally, the EphB2 receptor has been shown specif-
ically overexpressed in GBM and important in regulating 
proliferation, invasion, and migration of GBM cells.34,35 
Considering the patterns of overexpression for EphA2, 
EphA3, and EphB2 receptors along with IL-13RA2, we 
stipulate that combinatorial targeting of these receptors 
would effectively address tumor heterogeneity as close to 
100% of the tumor microenvironment could be targeted 
this way (Figure 1). This development follows our initial 
proposal to target IL-13RA2 and EphA2 with a cocktail of 
targeted cytotoxins17 or, EphA2, EphA3, and EphB2 with 
one cytotoxin.23 Also, antigen loss due to single-target 
therapy would be in all likelihood avoided while targeting 
as many as 4 receptors at a time.36

Of high interest, dogs develop spontaneous gliomas 
like humans with prominent overexpression of IL-13RA2, 
EphA2, and EphA3, and serve as an excellent model to 
test for targeted therapies.37–39 A  phase I  clinical trial in 
dogs with spontaneous gliomas using a cocktail of ligand-
bacterial cytotoxin conjugates that target IL-13RA2 and 
EphA2 receptors has shown overall meaningful clinical 
responses. No dose-limiting toxicity (DLT) was found up 
to 3.2 µg/mL dose. The cocktail was able to produce sev-
eral exceptional objective responses (up to 95% tumor 
shrinkage), restore the quality of life in canine patients, and 
extend overall survival38 (manuscript submitted).

Importance of the Study

GBM is a complex and heterogeneous tumor 
that is sustained by a dynamic, locally spreading 
oncogenic microenvironment. Specific 
targeting of GBM using tumor-associated 
antigens is promising although a drawback of 
single antigen targeting has been either insuf-
ficient coverage of the tumor and/or targeted 
antigen loss. It is therefore imperative that 
therapies address tumor heterogeneity as pro-
posed by us more than a decade ago. We have 
demonstrated that a multivalent vector protein, 
QUAD, can target the following 4 receptors: 

IL-13RA2, EphA2, EphA3, and EphB2 at once. 
The combined expression of these receptors is 
almost 100% of the tumor and its microenviron-
ment and spans tumor cells, tumor-initiating 
cells, neovasculature, infiltrating cells and 
tumor cells of monocytic origin. Our data dem-
onstrate that QUAD can be conjugated with a 
toxin and that the conjugate instills potent cy-
totoxic effects selectively to tumor cells in vitro 
and in vivo. We anticipate that the QUAD conju-
gate will be further developed for human clin-
ical trials.
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Materials and Methods

Here, we utilize a ligand-based protein, QUAD that is able 
to bind to all the following 4 receptors: IL-13RA2, EphA2, 
EphA3, and EphB2 at once. QUAD is composed of IL-13.
E13K (a modified version of the IL-13 ligand that more se-
lectively binds the IL-13RA2 vs. the physiological receptor 
IL-13RA1/IL-4RA)40 and ephrin A5 that binds to EphA2, 
EphA3, and EphB2 receptors.9 Our data demonstrate 
that QUAD can be conjugated to a modified version of 
Pseudomonas exotoxin A (PE), PE38QQR,9,10 and is highly 
cytotoxic to GBM. It is a prototype of a single pharma-
ceutical off-the-shelf agent, which could be even applied 
without receptor status verification in GBM patients.

Cell Lines and Reagents

U-251 MG and human umbilical vein endothelial cells 
(HUVECs) were received from American Type Culture 
Collection (ATCC) and cultured as recommended by ATCC. 
G48a cells were isolated from a human primary high-grade 
astrocytoma in our laboratory.41 BTCOE 4795 and BTCOE 
4525 were obtained from GBM patients within 20 min of 
resection, validated and cultured as described previously7 
(Wake Forest IRB protocol #8427). They were authenticated 
back to the patient tumor by IDEXX Bioanalytics. Canine 
GBM cells, G06-A, were gift from Dr. Peter Dickinson at UC 
Davis.

Design, Expression, and Purification of QUAD 
Variants and PE38QQR

Genes for IL-13.E13K,40 human IgG1 (cloned in-house), 
and eA59 were cloned into pMIB V5 His A vector (Thermo 
Fischer). The QUAD DNA were optimized for the production 

in insect cells.42 High Five cells (Thermo Fischer) were 
transfected with the QUAD plasmids using Cellfectin II re-
agent (Thermo Fischer) according to the manufacturer’s 
protocol. Media from cells selected with blasticidin were 
collected over time. Proteins were isolated using HiTrap 
Protein G HP in AKTA (GE) fast protein liquid chromatog-
raphy (FPLC) system. PE38QQR was produced in our labo-
ratory as described previously.9,10

ELISA

Human recombinant IL-13RA2, EphA2, EphA3, and EphB2 
proteins (Sino Biologicals) were used to coat the ELISA 
plates. ELISA was performed as described previously.43 
Peroxidase-conjugated Anti-Human IgG antibody (Jackson 
ImmunoResearch Inc.) was used, and 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) (Sigma 
Aldrich) was used as a detection agent. Absorbance values 
(405 nm) were plotted using the GraphPad prism software.

Flow Cytometry

Cells were detached with Versene (Invitrogen) counted and 
resuspended in 100 µL phosphate buffered saline (PBS) con-
taining 1% bovine serum albumin (BSA). Cells were blocked 
with PBS/1% BSA for 1 h on ice. Two micrograms of QUAD 
3.0, EphA3 antibody (house made),9 EphA2, EphB2 (R&D 
Systems), or IL-13RA2 (Biolegend) was added and incubated 
for 2 h on ice with occasional mixing. Cells incubated with 
isotype antibody served as controls. Cells were washed with 
PBS/1% BSA prior to the addition of Alexa-Fluor-labeled sec-
ondary antibodies. Cells were incubated on ice for an addi-
tional 1 h with occasional mixing. After washing with PBS/1% 
BSA, cells were postfixed with 10% buffered formalin. Cells 
were analyzed on an Accuri 6 flow cytometer. Data were ana-
lyzed using the FCS Express software (DeNovo Software).

  

IL-13RA2    EphA2 EphA3 DAPI

BTCOE 4637 BTCOE 10250 µm 50 µm

Figure 1. IL-13RA2, EphA2, and EphA3 receptors cover conjointly nearly 100% of the heterogeneous glioblastoma (GBM) microenvironment. 
Immunofluorescent staining of IL-13RA2 (purple), EphA2 (red), EphA3 (green) and nucleus (4′,6-diamidino-2-phenylindole [DAPI], blue) in sections 
of 2 GBM specimens.
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Cultured Cells Doubling Time

Cells were plated in duplicate in 6-well dishes. Cells were 
counted daily for 7 days. The population doubling time was 
calculated during log phase growth using the equation 
(t2−t1)/3.32 × (log n2−log n1), where t = time and n = number 
of cells.

EphA2 and EphA3 Downregulation Assays and 
Western Blots

The downregulation of EphA2 and EphA3 was investi-
gated as described previously.43 Western blots for testing 
the presence of receptors were also performed as de-
scribed previously.9 Three independent experiments 
were performed for each QUAD version and the EphA2 
and EphA3 receptors. Density of immunoreactive bands 
was measured on an AI600 RGB imager (GE). Data from 
3 independent experiments were normalized to the corre-
sponding β-actin and analyzed in Prism GraphPad.

Chemical Conjugation, Purification, and Cell 
Viability Assays

Chemical conjugation of the QUAD variants with PE38QQR 
was performed according to the protocol described pre-
viously.9,10 In particular, QUAD 2.0 version and PE38QQR 
were modified using succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC) and succinimidyl 
3-(2-pyridyldithio)propionate) (SDPD)/tris(2-carboxyethyl)
phosphine (TCEP), which modifies the lysines to reactive 
maleimide and thiol derivatives, respectively. QUAD 3.0 
version was designed to have a cysteine at the C-terminal 
end of the molecule so that it provides a reactive thiol 
group for conjugation without any chemical modifications 
of the QUAD 3.0 itself. PE38QQR was derivatized using 
SMCC to form a maleimide derivative and combined with 
QUAD 3.0 to form stable thioether bonds. The conjugated 
proteins were purified from their unconjugated counter-
parts using sizing exclusion chromatography with HiPrep 
16/60 Sephacryl S-200 HR (GE) column. Cell viability as-
says were performed using Thiazolyl blue tetrazolium bro-
mide MTT assay (GoldBio) according to the manufacturer’s 
protocol in technical quadruplicates. Cell viability was 
measured 72 h after addition of the conjugate and vehicle 
control. The desired concentrations of the conjugates were 
prepared in PBS/0.1% BSA solutions. The controls indicate 
the cells that were treated with the PBS/0.1% BSA vehicle 
control. The doubling time of the cell lines is as follows: 
24 h for U-251 and HUVEC cells, 25 h for BTCOE 4525, 22 h 
for BTCOE 4795, and 22 h for G48a cells. The BTCOE 4525 
and BTCOE 4795 cells were cultured in serum-free condi-
tions with EGF and FGF.

Toxicity

In order to investigate the toxicity of the QUAD 
3.0-PE38QQR conjugate, 0.1 µg, 0.5 µg, and 1.0 µg of the 
conjugate in 5  µL was intracranially injected in C57BL/6 
mice. The conjugate was stereotactically injected 2.0-mm 

deep into the caudate putamen at a rate of 1 µL/min. The 
mice were monitored for pain, neurological symptoms, 
regular physical and grooming activities and weighed 
daily for 2 weeks after the completion of the surgery.

Hematoxylin and Eosin Staining of Mouse Brain

Mouse brains were fixed in 10% buffered formalin prior 
to embedding in paraffin. Coronal sections of 5 micron 
were affixed slides. H & E staining was performed by the 
Tumor Tissue and Pathology Shared Resource Core of 
the Comprehensive Center. Whole slides were digitally 
scanned, and images were captured using the OlyVia 
Software V 2.8 (Olympus)

QUAD 3.0-PE38QQR Infusion in Canine 
Spontaneous GBM Model

A dog with a large mass (6.84 cm3) of spontaneous GBM 
in left parietotemporal region was treated with one cycle 
infusion of QUAD 3.0-PE38QQR over 2.25 h under real-time 
MRI monitoring. The CED treatment was performed in July 
2019, and the coverage with infusate was 71% of T2/FLAIR 
tumor volume.

Statistical Analysis

The following nonparametric tests were performed: Mann–
Whitney test, 2-tailed, and Kolmogorov–Smirnov test.

Results

Overexpressed IL-13RA2, EphA2, EphA3, and 
EphB2 Receptors Cover GBM Microenvironment

TAA IL-13RA2 is highly overexpressed in GBM tumors 
but not in normal brain.8,21–23 We and others have also 
shown that primary brain tumors overexpress EphA2, 
EphA3, and EphB2 receptors,9 in addition to IL-13RA2 
(Figure 1). Moreover, at least one of these 4 receptors is 
overexpressed in a patient, but in vast majority of cases, 
at least 2 are in a nonoverlapping manner as previously 
reported in more detail.9 Hence, by targeting all 4 recep-
tors at once using the QUAD, we are able to target glioma 
cells in almost all of the patient population while sparing 
normal brain (Table 1).

QUAD Variants Were Produced in Insect Cells

Three different variants of the QUAD recombinant pro-
tein were produced. These variants contain a human IgG1 
CH2-CH3 Fc region as a scaffold, ligand ephrinA5 (eA5) that 
binds to receptors EphA2, EphA3, and EphB2,9 and a IL-13.
E13K ligand containing a glutamic acid to lysine modifica-
tion in the 13th amino acid of the IL-13 ligand that makes 
it more specific to IL-13RA2.40 The QUAD variant DNAs 
were cloned into a pMIB/V5-His A  vector (Figure  2A). 
QUAD variants were designed as shown in Figure  2B. 
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Both Sf9 (Spodoptera frugiperda) and High Five insect 
cells (Trichoplusia ni, BTI-TN-5B1-4) were used to produce 
the QUAD proteins (Figure  2C). Using FPLC, these pro-
teins were isolated from the insect cell media (Figure 2D) 
and purified to homogeneity. While QUAD 1.0 produced 
a characteristic double band in SDS–PAGE and western 
blot analyses, by reversing the ligand sequence from 
N-terminal to C-terminal, a single-banded protein was 

produced as QUAD 2.0 (Figure 2C and 2D). Furthermore, 
adding a Cysteine to the C-terminal end for QUAD 3.0 still 
produced a single-band protein in SDS–PAGE and western 
blot analyses (Figure 2C and 2D). A QUAD 3.1 variant was 
also generated, which is a QUAD 3.0, but its gene was fully 
optimized for protein production in insect cells for higher 
yields of protein. Due to higher protein expression, High 
Five cells in suspension cultures were ultimately used for 
protein expression.

QUAD Variants Are Functional

The functionality of the QUAD variants was tested with 
ELISA and western blot analyses for downregulation of the 
Eph receptors. ELISA results showed that the QUAD vari-
ants retain their ligand properties and bound effectively to 
all IL-13RA2, EphA2, EphA3, and EphB2, receptors with pM 
range KD values (Table 2, Figure 3A). The affinity of QUAD 
variants is comparable to, if not better, than some of the 
antibody–drug conjugates (ADC) currently approved by 
the FDA. For instance, the KD value of Kadcyla to HER-2 re-
ceptor is 1.08 nM,44 that of Adcetris to CD30 is 2.48 nM,45 
and that of Besponsa to CD22 is 120–150 pM.46 The KD 
values of QUAD variants effectively demonstrate that they 
bind better than most of the FDA approved drugs. Among 
the 4 receptors tested, all the QUAD variants bound the 
least to EphB2 receptor. While the KD values for both 

  

OpIE2 eA5 or
IL-13.E13K

CH2
CH3

STOP

EM7

modified pMIB/V5-His A vector 

BA

C

e45

CH2-CH3

IL-13.E13K

C C

eA5 or
IL-13.E13K

250

150

D

250
150

100
75

50

37

QUAD 1.0 QUAD 2.0 QUAD 3.0

kDa

kDa

QUAD 1.
0

QUAD 2
.0

QUAD 3
.0

QUAD 1.
0

QUAD 2
.0

QUAD 3
.0

BlasticidinR

HBM

RR
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Table 1. Distribution of the 4 Pharmaceutically Targetable Receptors 
Within the GBM Microenvironment

Tumor  
Compartment

IL-13RA2 EphA2 EphA3 EphB2

Differentiated tumor 
cells

+ + + +

Infiltrating tumor 
cells

+ + + +

Glioma-stem like 
cells

+ + + +

Neovascular − + − −

Tumor-infiltrating 
cells

− + + −

Linked to survival + + + +

Normal brain − − − −
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QUAD 1.0 and QUAD 3.0 binding to EphB2 were still less 
than 1 nM, that for QUAD 2.0 was the highest among the 
3 variants.

The internalization of the receptor is important as it al-
lows the cytotoxic agent conjugated with the ligand to 
enter tumor cells to deliver its cytotoxic load.9,10,40 The 
eA5 ligand of high concentrations of the QUAD variants 
downregulated both the EphA3 and EphA2 receptors as 
these receptors were internalized when exposed to QUAD 
versions 1.0–3.0 (Figure 3B and 3C; Supplementary Figure 
1). It appears that the EphA2 receptor was downregulated 
more efficiently that the EphA3 receptor, which may be 
related to the fact that the EphA3 receptor is also signif-
icantly expressed intracellularly and thus unavailable for 
binding to a targeted ligand (Supplementary Figure 1 and 
ref. 9) Importantly, ABC toxin-based cytotoxins to which PE 
belongs, require minutes to attach to cells, which lead to 
irreversible cell death.47 Eph receptors have been shown to 

be recycled back/re-expressed to plasma membrane,7 pro-
viding a therapeutic opportunity for multiple intermittent 
treatment options. IL-13RA2 plasma membrane levels, on 
the other hand, are not affected by the ligand-induced in-
ternalization at all.48

QUAD Variants Conjugation With PE38QQR and 
the Binding of a QUAD 3.0-PE38QQR Conjugate 
to the Receptors

PE38QQR is a modified version of the PE that lacks the 
toxin’s receptor-binding domain. When conjugated to a re-
ceptor ligand, it is internalized into a cell and can deliver 
its cytotoxic load.9,10 We conjugated QUAD variants suc-
cessfully to PE38QQR, as described.9,10 We have focused 
on the QUAD 3.0-PE38QQR conjugate as QUAD 3.0 does 
not require any chemical modification for conjugation. The 
purified QUAD3.0-PE38QQR conjugate bound all 4 recep-
tors with similar affinities as the unconjugated QUAD 3.0 
protein (Figure 4).

QUAD-PE38QQR Is Cytotoxic to GBM Cells

QUAD-PE38QQR conjugates were tested on established 
and patient-derived GBM cells and normal human cells 
for cytotoxicity (Figure 5). These cells express the targeted 
receptors at various levels (Supplementary Figure 2). We 
observed that both QUAD 1.0-PE38QQR (Figure  5A), and 
QUAD 2.0-PE38QQR (Figure  5B) conjugates were cyto-
toxic to established U-251 GBM cells. Assuming a 1:1 con-
jugation of the QUAD with the PE38QQR, the IC50 values 
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Table 2. KD Values of QUAD Variants Binding to the IL-13RA2, 
EphA2, EphA3, and EphB2 Receptors

Protein QUAD 1.0 QUAD 3.0 QUAD 3.0

Receptor    

 IL-13RA2 167 pM 285 pM 224 pM 

 EphB2 917 pM 4200 pM 716 pM 

 EphA2 83 pM 131 pM 123 pM 

 EphA3 167 pM 208 pM 166 pM 

  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa107#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa107#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa107#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa107#supplementary-data
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of the QUAD 1.0-PE38QQR and QUAD 2.0-PE38QQR con-
jugates are around the range of 1  nM. Similarly, QUAD 
3.0-PE38QQR conjugate was also cytotoxic to U-251 cells 
with IC50 value of 1 × 10−10M (Figure 5C (i)). Because con-
jugation of the QUAD 3.0 with the PE38QQR does not in-
volve any chemical modification of QUAD 3.0, we used 
QUAD 3.0-PE38QQR to test for its cytotoxic activity. 
QUAD 3.0-PE38QQR was highly cytotoxic to established 
glioma cell lines U-251 and G48a (Figure  5C (ii)). QUAD 
3.0-PE38QQR was also cytotoxic to patient-derived glioma 
cells (Figure 5C (iii–iv)), but not to normal HUVEC (Figure 5C 
(v)). Light microscopy revealed few mostly necrotic cells 
remaining after the treatment with QUAD-PE38QQR 
(Figure 5D). Also, the canine GBM cells were recognized by 
QUAD 3.0 by flow cytometry (Figure 5E (i)), and they were 
killed potently by QUAD-PE38QQR (Figure 5E (ii)). We then 
tested the behavior of the QUAD 3.0-PE38QQR in vivo.

QUAD-PE38QQR Is Safe in Mice

We used QUAD 3.0-PE38QQR to test for toxicity in mice. 
Intracranial injections of QUAD 3.0-PE38QQR in C57BL/6 
mice at different concentrations: 0.1, 0.5, and 1.0  µg of 
the conjugate in 5  µL per mouse did not produce any 
signs of neuro-toxicity or significant changes in weight 
(Supplementary Figure 3). The mice showed no changes in 
grooming patterns and behaved normally in both the control 

and treated groups. The H&E staining of the injected brains 
and the vicinity of the needle tips were free of necrosis and 
other signs of potential toxicity (Supplementary Figure 3). 
Thus, the QUAD 3.0-PE38QQR is safe in C57BL/6 mice.

Treatment of Spontaneous Canine GBM With 
QUAD-PE38QQR

Canine gliomas demonstrate remarkable similarities 
with human disease thus providing a faithful large an-
imal model to investigate the efficacy of potential 
antitherapeutic agents in GBM.37 A dog with spontaneous 
GBM was treated with QUAD 3.0-PE38QQR. The treatment 
lasted for 2.25 h; 3 catheters were used with infusion rates 
of 1–20 µL/min. The dose chosen, 1.6 µg/mL, was the second 
highest used in a Phase I trial with a cocktail of IL-13RA2- 
and EphA2-targeted cytotoxins in which we did not reach 
a DLT.38 There were no signs of any toxicity related to treat-
ment with QUAD 3.0-PE38QQR at this dose. Furthermore, 
repeat MRI of the dog showed ~60% less tumor volume at 
7 months post-treatment (Figure 6A), and the dog is alive 
a year after a single treatment. For comparison, surgical 
treatment alone offers ~2  months of life in these dogs, 
and the mean overall survival in the cocktail trial was 
224 days.38 The CED was performed under real-time MRI 
monitoring with a single infusion of QUAD 3.0-PE38QQR 
(Figure  6B). The immunohistochemistry (IHC)-confirmed 
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GBM was positive for IL-13RA2 and EphA3 and negative 
for the EphA2 receptor in the biopsied area (Figure  6C). 
This naturally represents situation to be encountered in 
the clinic when not all 4 receptors might be present for the 
targeting entity. Thus, the QUAD 3.0-PE38QQR is showing 
highly promising antitumor activity in vivo as a single 
pharmaceutical agent, which will be further evaluated.

Discussion

We utilized a ligand-based protein, QUAD that is able to 
bind to 4 TAA receptors at once. QUAD is engineered to 
contain human IgG regions CH2 and CH3 as a scaffold, 
IL-13.E13K, which binds to IL-13RA2, and ephrin A5, which 
binds to the EphA2, EphA3, and EphB2 receptors. We have 
designed different variants of the QUAD, one of which con-
tains a cysteine at the C-terminal end of the protein making 
it ready for conjugation without any chemical modification 
of the protein, QUAD 3.0. QUAD 3.0 preserves its expected 
biological activities in binding to the respective receptors 
and inducing molecular changes. QUAD 3.0 was success-
fully conjugated to a modified version of PE, PE38QQR. The 
conjugate is highly cytotoxic to both human and canine 
GBM cells. PE or its conjugates have also been reported 

to cause immunogenic cell death rendering the tumor im-
munologically active.49 This opens another treatment op-
portunity to potentially administer immunotherapies that 
could enhance the therapeutic effects of the conjugate. This 
opportunity to induce additional therapeutic effect through 
immune responses in yet untreated patients can be at least 
partially lost with surgical intervention implemented first. 
Moreover, surgery may promote local infiltration by tumor 
cells in an animal model.50

The advantages of using a multivalent protein-bacterial 
cytotoxin conjugate-like QUAD to target GBM are multifold: 
(a) selective targeting of only glioma and its supportive cells 
within the heterogeneous tumor microenvironment can be 
achieved and (b) not only the glioma bulk tumor cells, but the 
critically important tumor initiating, infiltrative, immune, and 
vascular components of the heterogeneous tumor microen-
vironment that not only sustains GBM, but is responsible for 
its invasive and therapy resistant can be targeted.

One of the challenges in treating GBM with TAA-targeted 
therapies is tumor heterogeneity as none of the targetable 
receptors/antigens is overexpressed in 100% of tumor cells 
specifically and at sufficient levels.7,9 Furthermore, there is 
both intrapatient and interpatient heterogeneity in GBM 
TAA expression. In order to address tumor heterogeneity 
in GBM, aggressive profiling of GBM specimens has been 
warranted leading to studies that have adopted strategies 
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to devise personalized therapy for GBM patients. One such 
example is a recently published trial of Glioma Actively 
Personalized Vaccine Consortium (GAPVAC).51 Based on 
the immunopeptidomes and transcriptomes of individual 
GBM patients, APVAC-1 and APVAC-2 vaccines were de-
signed that were derived from a premanufactured library 
of unmutated antigens and targeted neoepitopes respec-
tively. While APVAC-1 vaccines elicited immune responses 
of CD8+ and CD4+ T cells,51 the clinical effectiveness of the 
approach remains to be established.

The other challenge is the loss of antigens in response 
to treatment that gives rise to acquired resistance to 
therapy.36 Hypothetically, using combinatorial therapies 
that target more than one TAA at a given time is more at-
tractive and potentially efficient way to not only deliver 
cytotoxic effects selectively to various compartments 
of tumors, but also to override resistance to therapy and 
address tumor heterogeneity.17,23 While IL-13RA2 is an ex-
cellent target with studies showing significant regression 
of tumors after the targeting of IL-13RA2, reports have 
also suggested that the tumor loses IL-13RA2 over time 
describing a phenomenon called, “antigen loss or ex-
haustion” when the receptor is targeted alone.52 Although 
antigen loss of IL-13RA2 may have its own benefits,24 ther-
apies that mitigate antigen loss are warranted.38,52

The last 2 decades of research have established that 
IL-13RA2, EphA2, EphA3, and EphB2 receptors are attrac-
tive targets in GBM. These receptors in addition to being 
present in tumor cells are also found in the supportive 
GBM microenvironment that not only sustains the tumor 
but also renders it aggressive (Table 1). This is based on the 
studies analyzing the databases such as REMBRANDT and 

TCGA, using gene micro array and TMAs, IHC and immuno-
fluorescence (IF) staining, Western immunoblotting, gene 
knockdowns, and other cellular and molecular techniques.

In summary, our data demonstrate that a multivalent vector 
protein, QUAD that targets multiple receptors in GBM can be 
produced, purified, and conjugated to a bacterial toxin load. 
Additionally, we demonstrate that the conjugate is highly 
effective in preclinical evaluation. Thus, this potent, single 
pharmaceutical off-the-shelf agent will be further developed 
preclinically in canine spontaneous glioma model38 and sub-
sequently examined in patients with malignant gliomas.

Supplementary Data

Supplementary data are available at Neuro-Oncology 
Advances online.
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tumor heterogeneity
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