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Abstract

Standard treatment, unfortunately, yields a poor prognosis for patients with primary or meta-
static cancers in the central nervous system, indicating a necessity for novel therapeutic
agents. Immunotoxins (ITs) are a class of promising therapeutic candidates produced by
fusing antibody fragments with toxin moieties. In this study, we investigated if inherent resis-
tance to IT cytotoxicity can be overcome by rational combination with pro-apoptotic enhanc-
ers. Therefore, we combined ITs (9.2.27-PE38KDEL or Mel-14-PE38KDEL) targeting
chondroitin sulfate proteoglycan 4 (CSPG4) with a panel of Bcl-2 family inhibitors (ABT-737,
ABT-263, ABT-199 [Venetoclax], A-1155463, and S63845) against patient-derived glioblas-
toma, melanoma, and breast cancer cells/cell lines. In vitro cytotoxicity assays demon-
strated that the addition of the ABT compounds, specifically ABT-737, sensitized the
different tumors to IT treatment, and improved the IC5q values of 9.2.27-PE38KDEL up to
>1,000-fold. Mechanistic studies using 9.2.27-PE38KDEL and ABT-737 revealed that
increased levels of intracellular IT, processed (active) exotoxin, and PARP cleavage corre-
lated with the enhanced sensitivity to the combination treatment. Furthermore, we confirmed
the synergistic effect of 9.2.27-PE38KDEL and ABT-737 combination therapy in orthotopic
GBM xenograft and cerebral melanoma metastasis models in nude mice. Our study defines
strategies for overcoming IT resistance and enhancing specific antitumor cytotoxicity in pri-
mary and metastatic brain tumors.

Introduction

Glioblastoma (GBM), arising from glial cells, is the most frequent and most malignant
primary brain tumor in adults. The median survival (MS) for newly diagnosed GBM patients
treated with the current standard of care, including surgery, radiation, and temozolomide
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chemotherapy, is 15 to 18 months [1, 2]. Conversely, brain metastases occur in 5-7% of
patients with melanoma and breast cancer [3]. The MS for melanoma and breast cancer
patients with brain metastases with the current standard of care, including surgery, radi-
ation, and systemic immunotherapy or chemotherapy is 29 and 2 to 25 months, respectively
[4, 5]. These poor outcomes mandate a need for the development of improved therapeutic
options.

Tumor-targeted therapy is highly desirable due to its high specificity and potency in multi-
ple cancer types [6-8]. Among the targeted therapies under development, immunotoxins (ITs)
have emerged as a class of promising therapeutic candidates [9]. ITs are produced by geneti-
cally fusing single-chain variable-region antibody fragments (scFvs) to a toxin molecule, such
as the 38 kDa truncated mutant form of Pseudomonas exotoxin A (PE38) [10]. An improved
PE38 variant (PE38KDEL), was designed with a C-terminal KDEL addition to increase the
intracellular retention and cytotoxicity of the ITs [11, 12]. ITs bind to cell surface antigens via
the scFv portion. Upon antigen binding, they are internalized into endosomes, and the PE38K-
DEL moiety is cleaved by furin. The catalytically active C-terminal fragment then translocates
to the cytosol via the endoplasmic reticulum (ER), where it inactivates elongation factor 2
(EF2) by ADP-ribosylation of the EF2 diphthamide residue, leading to protein synthesis inhi-
bition and apoptosis [11].

The utility and specificity of ITs are dictated by the targeted tumor antigen. Numerous cell-
surface tumor antigens have been investigated as therapeutic targets in brain tumors. The mel-
anoma- and glioma-associated antigen chondroitin sulfate proteoglycan 4 (CSPG4) is overex-
pressed in 90% of melanomas and gliomas as well as in breast cancer [13-15]. CSPG4 is
expressed on ‘cancer stem-like cell populations’ and promotes radiation resistance in GBM
[16]. CSPG4 is recognized by monoclonal antibodies (mAbs) Mel-14 [13] and 9.2.27 [17].
Mel-14 and 9.2.27 mAbs target different regions of the extracellular domain on CSPG4 and
the anti-tumor efficacy of one mAb over the other is unknown. To determine the utility of
Mel-14 and 9.2.27 mAbs for targeted brain tumor therapy, we developed two CSPG4-targeting
scFv based immunotoxins, Mel-14-PE38KDEL and 9.2.27-PE38KDEL.

Compared to other targeted therapeutic approaches, ITs are attractive due to their excellent
safety profile and potent cytotoxicity in the pM-fM range [11, 12, 18, 19]. Despite these advan-
tages, cancer cells usually do not exhibit homogeneous susceptibility to ITs. Small molecule
Bcl-2 inhibitors (ABT-737, ABT-263, and ABT-199 [Venetoclax]) [20, 21] were proposed to
combat inherent tumor cell resistance to ITs by studies in cervical adenocarcinoma, pancreatic
cancer, and small cell lung cancer [22-24]. ABT-737, along with its analogs ABT-263 and
ABT-199, are BH-3 mimetics that target anti-apoptotic pathways by binding to and neutraliz-
ing the pro-survival members of the Bcl-2 family proteins, such as Bcl-2, Bcl-xL, and Bcl-w,
thereby promoting apoptosis via the release of Bax and Bak proteins [25-27].

In this study, we evaluated the synergistic effect of ITs (Mel-14-PE38KDEL or
9.2.27-PE38KDEL) targeting CSPG4 and one of the five small molecule Bcl-2 family inhibitors,
ABT-737 and ABT-263 (specific for Bcl-2, Bcl-xL, and Bcl-w), ABT-199 (specific for Bcl-2), A-
1155463 (specific for Bcl-xL) [28], or S63845 (specific for Mcl-1) [29, 30] in GBM xenograft
cells, and melanoma and breast cancer cell lines. We determined the in vitro cytotoxicity of the
Bcl-2 family inhibitors/IT monotherapies and combination therapies using a colorimetric cell
proliferation assay (WST-1). Further, we established the in vivo efficacy of the ABT-737 and
9.2.27-PE38KDEL combination in intracranial GBM patient-derived xenograft (PDX) and
melanoma brain metastasis models. Mechanistic studies revealed the factors contributing to
the efficacy of ABT-737/9.2.27-PE38KDEL combination therapy in GBM, melanoma, and
breast cancer cells.
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Materials and methods
Xenografts and cell lines

Human GBM xenografts (D-10-0021 MG, D-245 MG, and D-08-0326 MG) were established
from patient tumors obtained through informed consent. The subcutaneous xenografts were
harvested when the tumors reached an average volume of 500 mm? to 750 mm?; tumor harvest
date was between 30-45 days post-implantation. None of the subcutaneous tumors succumbed
to ulceration or blistering. The maximum tumor volume threshold for the subcutaneous xeno-
grafts was set at 1500 mm? per our approved animal protocol A049-17-02.

Human melanoma cell line (H350) were maintained in our laboratory. Human melanoma
cell lines (DM440 and DM443) [31] were kindly provided by Dr. Douglas S. Tyler at Duke
University. Human breast cancer cell lines (SUM159, SUM159-R113, and Hs 578T) [32] were
kindly provided by Dr. Robin Bachelder at Duke University. All cells were cultured in an incu-
bator at 37°C, 5% CO,, and passaged when reached confluence with Accutase Cell Detach-
ment Solution (BD Biosciences #561527). All GBM xenografts and the melanoma cell line
H350 were maintained in 1x MEM ZINC Option media (Gibco #05-0009DJ) supplied with
10% fetal bovine serum (FBS). DM440 and DM443 cells were cultured in DMEM media
(Gibco #11995) supplied with 10% FBS. SUM159 and SUM159-R113 cells were grown in
Ham’s F-12 base media (Gibco #11765) with the addition of 5% FBS, 1 pg/ml hydrocortisone,
and 5 pg/ml human insulin. Hs 578T cells were maintained in DMEM media (Gibco #11995)
with the addition of 10% FBS and 10 pg/ml human insulin.

Western analysis

Preparation of total cell lysates. Cells were harvested and solubilized in polysomal lysis
buffer (100 mM KCl, 5 mM MgCl,, 10 mM HEPES pH7.0, and 0.5% NP-40) supplemented
with Halt Protease & Phosphatase inhibitor cocktail (Thermo Scientific #78440). Protein con-
centrations were determined using the Bradford protein assay (Bio-Rad #5000001). Equal
amounts (5-10 ug) of total protein were loaded onto NuPAGE 4%-12% Bis-Tris gels (Invitro-
gen #NP0321) and transferred to nitrocellulose membranes (GE #10600000) for staining.

Preparation of cell fractionations. Cells were harvested and resuspended in a cytosol
extraction buffer [110 mM KOAc, 25 mM K-HEPES (pH 7.5), 25 pM MgCl,] supplemented
with 1 mM DDT, 150 pug/ml digitonin (Sigma #D141) and protease inhibitor cocktail. Cells
were incubated on ice for 15 min, then the supernatant containing the cytosolic fraction was
harvested by centrifugation at 10000 g for 10 min. The permeabilized cells were washed and
centrifuged at 500 g for 2 min at 4°C. The pellets were resuspended in an ER-solubilization
buffer [200 mM KCI, 25 mM K-HEPES (pH 7.5), 10 mM MgCl2] supplemented with 1 mM
DDT, 20 mg/ml n-dodecyl-b-D- maltoside (Sigma # D4641) and protease inhibitor cocktail.
After a 30-min incubation on ice, the mixture was centrifuged at 10000 g for 10 min to remove
nuclei, mitochondria, and incompletely solubilized cellular debris.

Global translation inhibition assay. Cells were treated with 5 uM puromycin (Tocris
#4089) for 15 min, then washed twice and immediately lysed in polysomal lysis bufter supple-
mented with protease inhibitor cocktail.

Drugs and antibodies. ABT-737 was prepared using the same method as described in the
WST-1 assay. Primary antibodies against the following targets were purchased from Cell Sig-
naling Technology: p-FAK(#8556), FAK (#7143), p-AKT (#2965), AKT (#9272), p-PKCo.
(#9375), PKCo. (#2056), GAPDH (#2118), Bcl-2 (#4223), Bel-xL (#2764), Mcl-1 (#5453),

Bim (#2933), Bax (#5023), and PARP (#9542). Antibodies against puromycin (Millipore
#MABE343) and furin (ProteinTech #18413-1-AP) were also obtained. An anti-PE38 antibody
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capable of binding to both intact and cleaved PE38 toxins was kindly provided by Dr. Ira
Pastan’s laboratory at National Institutes of Health (NIH). All experiments were repeated at
least 2 times.

Animal work approval

All animal work described in the manuscript have been reviewed and approved by the follow-
ing animal research ethics committee of Duke University Medical Center: Duke Occupational
and Environmental Safety Office, Duke Office of Animal Welfare Assurance, Duke Veterinary
Committee, and finally the Duke Institute of Animal Care and Use Committee. The protocol
number for the approved animal work is A049-17-02.

Anesthesia

Isoflurane anesthesia (Absolute Anesthesia Inc.) via inhalation was used during surgical proce-
dures as it stabilizes the mice during surgery and allows for efficient post-surgical recovery.

Euthanasia

CO,, inhalation followed by decapitation was used for euthanasia. All animals were euthanized
in accordance with the established humane endpoints listed in our approved animal protocol
A049-17-02. For subcutaneous tumors, the humane endpoint is reached when tumor burden
reaches 1500 mm”. For intracranial tumors, the humane endpoint is reached using neurologi-
cal symptoms and body weight loss of 15% or the animals’ inability/desire to move (the mouse
does not move forward two steps when prompted gently).

Intracranial tumor models

All experiments were done in accordance with the Institutional Animal Care and Use Com-
mittee of Duke University Medical Center (A049-17-02). Animals were group-housed, main-
tained in a barrier facility, under pathogen-free conditions according to NIH guidelines. Nude
mice (~22-30 g, 6-8 weeks, female:male = 1:1, Duke University, Division of Laboratory Ani-
mal Resources) were anesthetized by isoflurane inhalation and mounted onto the stereotactic
frame (Stoelting Co.). The anterior cranial region was shaved, and an incision ~1 c¢m in length
was made in the skin over the skull. A 25-gauge needle attached to a 25-pl Hamilton syringe
was used to pierce through the skull at coordinates 2.0 mm left lateral of the sagittal and 0.5
mm anterior to the bregma. The needle was inserted vertically to a depth of 2.5 mm from the
dura mater. A total of 1x10° D-10-0021 MG GBM cells freshly dissociated from a subcutane-
ous mouse xenograft, or 1x10° DM440 melanoma cells harvested from culture, were injected
in 5 ul of 1xPBS containing 2% methylcellulose (Sigma #M0512).

Five days post-tumor implantation, the animals were randomized into four treatment
groups, with 9-10 mice per group: vehicle control, 9.2.27-PE38KDEL, ABT-737, and
9.2.27-PE38KDEL/ABT-737 combination therapy, randomized according to initial weight.
For each mouse in the study, a brain infusion cannula (Alzet #0008851) attached to a subcuta-
neously implanted mini-osmotic pump (Alzet #1007D) was inserted directly into the intracra-
nial tumor site for intratumoral delivery of the vehicle solution or the drugs, at a rate of 0.5 pl/
h for 72 hours. The vehicle control group received the PBS-based solution containing 5% Cap-
tisol and 2% mouse serum albumin. The IT monotherapy group received a total dose of 0.1 pg
0f9.2.27-PE38KDEL diluted in the vehicle solution. The ABT-737 group received a total dose
0f 2.93 pg of ABT-737 (equivalent to 36 pl of the 100 uM of ABT-737 diluted in the vehicle
control solution). The combination group received both 9.2.27-PE38KDEL and ABT-737 at
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the doses indicated above. During the surgery, animals in different groups were treated in a
random order. Animals were observed twice daily for signs of distress. Survival endpoint is
defined as the onset of neurologic symptoms (lethargy, seizure, repetitive circling, difficulty
breathing, and hunched posture), greater than 15% loss of body weight, or death, whichever
comes first. When endpoint was reached, mice were euthanized as described earlier. Kaplan-
Meier survival curves were plotted and compared using log-rank test. Each study was repeated
at least twice.

Results

Expression of CSPG4 on tumor cells and in vitro cytotoxicity of IT, ABT,
A-1155463, and S63845 monotherapies

Flow cytometry analysis (FACS) revealed the presence of CSPG4 on all GBM, breast cancer,
and melanoma cell lines tested, albeit at varying levels (Fig 1A-1C). Q-FACS analysis showed
that the surface density of CSPG4 was lowest in SUM159-R113 cells (100,000 molecules per
cell) and highest in DM440 cells (=700,000 molecules per cell) (Fig 1D). Despite abundant
CSPGH4 cell surface expression, in vitro cytotoxicity assays demonstrated that all GBM xeno-
grafts, all breast cancer cell lines, and the DM443 melanoma cell line were highly resistant to
both Mel-14-PE38KDEL and 9.2.27-PE38KDEL ITs (IC5, >100 ng/ml) (Tables 1 and 2). Only
the H350 melanoma cells were susceptible to the cytotoxicity of 9.2.27-PE38KDEL (IC5, of
11.67 ng/ml; Table 2). Both H350 (ICsq = 42.50 ng/ml) and DM440 (ICs = 68.30 ng/ml) mela-
noma cells showed weak cytotoxicity upon Mel14-PE38KDEL treatment alone (Table 1).
These data suggest substantial inherent resistance to CSGP4-targeting ITs in the majority of
cancer cells expressing the target. To explore the utility of pro-apoptotic enhancers in counter-
ing this resistance, we first evaluated the sensitivity of the cell lines in our panel to ABT-737,
ABT-263, ABT-199, A-1155463, or 563845 at a concentration of 5-20 uM (see S1, S2A, S2B
and S2C Figs for the ICs, values). The absorbance of ABT/A-1155463/563845-treated (Test)
vs. vehicle-treated cells (0.5% DMSO in media) (Control) was used to calculate cell viability. A
concentration of ABT/A-1155463/S63845 compound that yielded at least 70% cell viability
(sub-therapeutic dose) in all three cell lines from GBM, melanoma, or breast cancer was se-
lected for combination therapy. Thus, the concentration of ABT-737 chosen for combination
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Fig 1. CSPG-4 expression in human tumors. A-C. Flow cytometry analysis of CSPG-4 expression on GBM
xenografts (A), melanoma cell lines (B), and breast cancer cell lines (C). D. Quantitative flow cytometry (Q-FACS)
analysis of CSPG-4 binding capacity on selected xenografts and cell lines. The values represent the average of 2
experiments, and the error bars represent SEM.

https://doi.org/10.1371/journal.pone.0210608.g001
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Table 1. In vitro cytotoxicity (ICso ng/ml) of ABT-737, ABT-263, or ABT-199 in combination with Mel-14-PE38KDEL immunotoxin.

Xenografts/Cell Lines Mel-14-PE38KDEL | Mel-14-PE38KDEL+ ABT-737* | Mel-14-PE3SKDEL+ ABT-263" | Mel-14-PE38KDEL+ ABT-199°

GBM D-245 MG >100 4.00+0.71 >100 85.00+25.98
D-10-0021 MG >100 3.83+2.02 >100 >100
D-08-0326 MG >100 11.25+9.54 >100 >100

Melanoma H350 42.50+18.48 0.67+0.31 1.25+1.06 11.00+1.41
DM440 68.30+14.43 1.67+0.58 13.50+2.12 37.50+3.54
DM443 >100 28.33+11.55 52.50+10.61 96.00+5.66

Breast Cancer | SUM159 >100 19.50+0.71 64.50+7.78 >100
SUM159-R113 >100 43.0+2.83 >100 >100
Hs 578T >100 >100 >100 >100

Purple: fold of improvement in cytotoxicity (ICso ng/ml) >2. Green: fold of improvement in cytotoxicity (ICso ng/ml) >20. ICs, values in all colored blocks were
significant when compared to that of the immunotoxin alone group (p <0.05).

* ABT-737 concentration used for GBM and melanoma: 20 uM; for breast cancer: 10 uM.

® ABT-263 concentration used for GBM and breast cancer: 5 uM, for melanoma: 10 uM.

© ABT-199 concentration used for GBMs and melanoma: 10 pM; for breast cancer: 5 uM.

https://doi.org/10.1371/journal.pone.0210608.t001

with the I'Ts was 20 uM (GBM, melanoma), and 10 pM for breast cancer cell lines (S1A, S1B
and S1C Fig). For ABT-263 combinations, we chose concentrations of 5 uM (GBMs, breast
cancer), and 10 uM for the melanoma cell lines (S1D, S1E and SIF Fig). For ABT-199, the con-
centrations were 10 pM (GBMs, melanoma), and 5 pM for the breast cancer models (S1G,
S1H and S1I Fig). Finally, a concentration of 10 uM (GBM, breast cancer) and 20 uM (mela-
noma) were chosen for A-1155463 while 5 uM (GBM, breast cancer) and 10 uM were chosen
for S63845 (melanoma) S2A, S2B and S2C Fig.

In vitro cytotoxicity of IT and ABT combination therapies

The cytotoxicity (ICsq) of IT monotherapies or Mel-14-PE38KDEL/9.2.27-PE38KDEL+ABT
or 9.2.27-PE38KDEL+A-1155463/563845 combination therapies are summarized in Tables 1
and 2, and S2D Fig. In all cell lines tested, except for Hs 578T, 9.2.27-PE38KDEL produced

Table 2. In vitro cytotoxicity (ICso ng/ml) of ABT-737, ABT-263, or ABT-199 in combination with 9.2.27-PE38KDEL immunotoxin.

Xenografts/Cell Lines 9.2.27-PE38KDEL 9.2.27-PE38KDEL+ ABT-737" 9.2.27-PE38KDEL+ ABT-263" 9.2.27-PE38KDEL+ ABT-199¢

GBM D-245 MG >100 0.078+0.063 >100 6.75+0.35
D-10-0021 MG >100 0.045+0.007 9.00£1.41 8.00£2.83
D-08-0326 MG >100 0.40+0.14 >100 >100

Melanoma H350 11.67+2.89 0.21£0.11 0.23£0.11 3.25£1.06
DM440 >100 0.52£0.17 8.00£1.41 >100
DM443 >100 1.77+0.87 4.25+1.06 15.00+7.07

Breast Cancer SUM159 >100 50.00+21.21 >100 >100
SUM159-R113 >100 5.75£0.35 >100 >100
Hs 578T >100 >100 >100 >100

Purple: fold of improvement in cytotoxicity (ICso ng/ml) >2. Green: fold of improvement in cytotoxicity (ICso ng/ml) >20. Blue: fold of improvement in cytotoxicity
(ICsp ng/ml) >100. Orange: fold of improvement in cytotoxicity (ICso ng/ml) >1000. IC5, values in all colored blocks were significant when compared to that of the
immunotoxin alone group (p <0.05).

* ABT-737 concentration used for GBM and melanoma: 20 uM; for breast cancer: 10 uM.

® ABT-263 concentration used for GBM and breast cancer: 5 uM, for melanoma: 10 uM.

© ABT-199 concentration used for GBMs and melanoma: 10 pM; for breast cancer: 5 uM.

https://doi.org/10.1371/journal.pone.0210608.t002
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stronger synergy with all three ABT compounds than Mel-14-PE38KDEL (Tables 1 and 2).
With the 9.2.27-PE38KDEL+A-1155463/S63845 combinations, overall a lower efficacy
(DM440-ICs, = 8-23 ng/ml and D-10-0021 MG-IC5, = 160-200 ng/ml) or no efficacy
(SUM159-R113-ICs, = >100 ng/ml), compared to the 9.2.27-PE38KDEL+ABT combinations
was observed (S2D Fig). Of the three ABT compounds tested, ABT-737 produced the most sig-
nificant improvement in ICs, values with both ITs (Tables 1 and 2). As such, 9.2.27-PE38K-
DEL+ABT-737 combination induced varying degrees of synergy among the different tumor
cell lines (Table 2): for breast cancer models, the 9.2.27-PE38KDEL+ABT-737 combination
synergy was most robust in SUM159-R113 (ICs, = 5.75 ng/ml), representing a 17.4-fold
improvement of cytotoxicity compared to IT monotherapy. Within the melanomas, the
9.2.27-PE38KDEL+ABT-737 combination worked best in DM440 (ICs, = 0.52 ng/ml),
enhancing the IT monotherapy cytotoxicity by at least 192-fold. The most potent synergy
among all 12 tumor cells tested was observed with the GBM xenograft D-10-0021 MG (IC5¢ =
0.045 ng/ml), yielding a >1,000-fold improvement of the ICs, Furthermore, Combination
Index analysis in D-10-0021 MG showed that even at the lowest IT concentration tested (0.1
pg/ml), the 9.2.27-PE38KDEL+ABT-737 combination demonstrated strong synergistic activity
(CI =0.135) (S1 Table). Moderate synergy (CI = 0.622 to 0.719) was observed in DM440 cells
with the 9.2.27-PE38KDEL+ABT-737 combination at concentrations of <0.1 ng/ml (S1
Table). For the SUM159-R113 cells, synergy with the combination therapy was observed only
at concentrations of >10 ng/ml (CI = 0.0172) (S1 Table).

Basal expression of furin and selected Bcl-2 family proteins in GBM,
melanoma, and breast cancer cells

To mechanistically unravel the observed synergistic effects, the basal expression levels of furin,
Bcl-2, Bcl-xL, and Mcl-1 were analyzed in our panel of GBM, melanoma, and breast cancer
cells (S3 Fig). Compared to both GBM and breast cancer cells, the melanoma cell lines DM440
and DM443 demonstrated higher expression of furin (S3 Fig). Pro-survival Bcl-2 family pro-
teins Bcl-2 and Bcl-xL are targets of both ABT-737 and ABT-263 while ABT-199 exhibits high
specificity to Bcl-2 [26]. Expression of Bcl-2 was only detected in DM440. Varying levels of
Bcl-xL expression was detected in all cell lines tested while higher expression levels were obvi-
ous in SUM159 and DM440 cell lines (S3 Fig). Mcl-1 is a pro-survival Bcl-2 family protein
with a short half-life [33]. While Mcl-1 is not a direct target of any of the ABT compounds, its
expression level exhausts rapidly upon treatment with agents that induce protein synthesis
inhibition, such as the PE38 ITs [33]. Mcl-1 expression was noted in all cell lines tested with
higher levels seen in DM440, DM443, and D-10-0021 MG (S3 Fig).

Assessment of prosurvival and proapoptotic Bcl-2 family proteins
following 9.2.27-PE38KDEL/ABT-737 mono or combination therapy

The difference in the susceptibility of D-10-0021 MG, DM440, and SUM159-R113 cells to the
9.2.27-PE38KDEL, ABT combinations impelled us to examine the role of selected prosurvival
(Bcl-xL and Mcl-1) and proapoptotic (Bim and Bax) Bcl-2 members in potentiating tumor cell
death (S4 Fig). Our analysis indicated no significant difference either in the basal or post-treat-
ment levels of all four Bcl-2 family members in all three cell lines tested. A notable decrease in
the levels of all four proteins corresponding with PARP cleavage and induction of apoptosis
was observed in D-10-0021 MG, DM440, and SUM159-R113 cells. Thus, 9.2.27-PE38KDEL
+ABT-737 combination therapy resulted in protein synthesis inhibition followed by degrada-
tion of Bcl-xL, Mcl-1, Bim, and Bax in all three cell lines thereby excluding the participation of
these proteins in 9.2.27-PE38KDEL+ABT-737 mediated cell death.
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(PE38KDEL). The values represent the average of 3 experiments, and the error bars represent SEM.

https://doi.org/10.1371/journal.pone.0210608.g002

Internalization of the 9.2.27-PE38KDEL alone or in combination with
ABT-737

Next we investigated the role of CSPG4 internalization to account for the difference in the sen-
sitivity of tumor cells to the 9.2.27-PE38KDEL, ABT combinations. Flow cytometry analysis
revealed that D-10-0021 MG, DM440, and SUM159-R113 cells internalized 95.5%, 74%, and
46% of the surface-bound 9.2.27-PE38KDEL by 4 h, respectively (Fig 2A). 9.2.27-PE38KDEL
internalization was the least efficient in Hs 578T cells, with only 11.5% of IT internalized at 4 h
(Fig 2A). Internalization of 9.2.27-PE38KDEL was examined by western analysis of D-10-0021
MG cells treated with 9.2.27-PE38KDEL, ABT-737, or the combination at different intervals
(Fig 2B). One hour post-treatment, 41% and 61% of intact IT was internalized with the
9.2.27-PE38KDEL and 9.2.27-PE38KDEL+ABT-737 therapies, respectively. The maximal level
of intact IT internalization with either monotherapy or the ABT-737 combination was reached
at 4 h post-treatment (the relative band intensity of which was arbitrarily set as 100% for com-
parison). Notably, when compared to IT monotherapy, ABT-737 addition did not significantly
affect the maximum level of intracellular, intact I'T at 2-4 h post-treatment. An antibody
against the ADP-ribosylating catalytic domain of Pseudomonas exotoxin was used to deter-
mine intact IT internalization and the rate of intracellular IT cleavage by furin. The 38 kDa
cleaved IT fragment, was detected 1 h post-treatment with 9.2.27-PE38KDEL alone or in com-
bination with ABT-737 (Fig 2B). A gradual increase in the accumulation of the cleaved exo-
toxin was observed up to 6 h of treatment. However, only 9-12% of the maximal level of
intact, internalized IT was cleaved after 4 h of treatment (Fig 2B).

Since the maximal level of intact 9.2.27-PE38KDEL was detected intracellularly at 4 h post-
treatment, we extended the time course study to 24 h for examining the accumulation of
intact/cleaved IT (Fig 2C). The results confirmed that for D-10-0021 MG cells treated with
either the IT monotherapy or the combination, the intracellular level of intact IT gradually
declined after 4 h post treatment. Accumulation of cleaved exotoxin continued to increase till
8 h post-treatment, after which it began to decline, possibly due to proteasomal or/and cas-
pase-dependent degradation (Fig 2C).
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Inhibition of global translation and poly ADP ribose polymerase (PARP)
cleavage by mono and combination therapies

Since IT-mediated cytotoxicity is through protein synthesis inhibition followed by apoptosis [11],
puromycylation assays were conducted to assess the rate of global protein synthesis inhibition
upon IT treatment in D-10-0021 MG, DM440, and SUM159-R113 cells. At 8 h post-treatment of
D-10-0021 MG, the 9.2.27-PE38KDEL/ABT-737 combination inhibited global translation by
69%, compared to 36% or 13% with 9.2.27-PE38KDEL and ABT-737 monotherapies, respectively
(Fig 3A). Similarly, DM440 (8 h post-treatment) and SUM159-R113 cells (16 h post-treatment),
exhibited global protein synthesis reduction to a much greater extent in the combination therapy
group compared to either of the monotherapies (Fig 3B and 3C).

Caspase-dependent PARP cleavage, which is often associated with apoptosis, was observed
as early as 16 h post combination treatment in D-10-0021 MG, where the majority of intact
PARP was cleaved (Fig 3A). On the other hand, neither monotherapy was able to induce
detectable PARP cleavage, even at 24 h post-treatment (Fig 3A). Likewise, in both DM440 (Fig
3B) and SUM159-R113 cell lines (Fig 3C), a significantly greater extent of PARP cleavage was
observed in the combination therapy compared to the monotherapies. However, near-com-
plete cleavage of PARP (around 90%) was only observed 24 h post combination therapy in
DM440 (Fig 3B), and 30 h post combination therapy in SUM159-R113 (Fig 3C). Complete
PARP cleavage with the 9.2.27-PE38KDEL/ABT-737 combination at earlier time points in the
D-10-0021 MG GBM cells compared to DM440 and SUM159-R113 cell lines, corresponds to
elevated in vitro cytotoxicity noted with the combination therapy in this model (Table 2).
Time course analysis of global translation inhibition and total intact PARP levels (100% intact
PARP levels were observed at ~70-80% translation inhibition) in D-10-0021 MG, DM440,
and SUM159-R113 cells confirmed that inhibition of protein synthesis by processed IT
resulted in PARP cleavage and apoptosis (S5 Fig).

Relative amount of cleaved exotoxin following the combination treatment
0f 9.2.27-PE38KDEL and ABT-737

Upon receptor binding and internalization, ITs are activated by furin cleavage. To determine
IT activation following 9.2.27-PE38KDEL (750 ng/ml) and ABT-737 (10 uM) combination,
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Fig 3. ABT-737 and 9.2.27-PE38KDEL induced changes in global translation and PARP in D-10-0021 MG,
DM440, and SUM159-R113 cells. A-C. Inhibition of global translation and cleavage of PARP in D-10-0021 MG (A),
DM440 (B) and SUM159-R113 (C) at various time points following the treatment of 10 uM ABT-737, 0.75 pg/ml
9.2.27-PE38KDEL, or the combination. During the last 15 min of the incubation interval, the cells were treated with
5 uM puromycin. Upper panels in A-C represent western blot analysis with GAPDH, puromycin, and PARP
antibodies. Lower panels in A-C show the time course of global translation. The values represent the average of 3
experiments, and the error bars represent SEM.
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Fig 4. Detection of Bcl-xL, Mcl-1, PARP cleavage, intact IT, and intracellular localization of cleaved exotoxin at
indicated time points following the treatment of ABT-737 and 9.2.27-PE38KDEL combination in D-10-0021 MG,
DM440, and SUM159-R113. A. Expression of Bcl-xL, Mcl-1, cleaved PARP, and cleaved IT at various time points
following the combination treatment of 10 uM ABT-737 and 0.75 pg/ml 9.2.27-PE38KDEL in D-10-0021 MG, DM440,
and SUM159-R113 cells. The total intracellular extract was used for the analysis. Upper panel represents western blot
analysis, and the lower panel displays relative accumulation of furin processed exotoxin in different cell lines. B.
Distribution of intact IT and cleaved exotoxin in the cytosol, ER, and total lysates of D-10-0021 MG and DM440 cells,
at 4 h post treatment of 0.75 pug/ml 9.2.27-PE38KDEL alone or in combination with 10 uM ABT-737. Upper panel
represents western blot analysis and the lower panel displays relative localization of cleaved exotoxins in the cytosolic
and ER compartments. The values represent the average of 3 experiments, and the error bars represent SEM, and the
asterisks indicate significance determined by Student’s t-test (*: p<0.05, **: p<0.01).

https://doi.org/10.1371/journal.pone.0210608.9004

relative amounts of the intact and cleaved exotoxin were analyzed in D-10-0021 MG, DM440,
and SUM159-R113 cells. At 4 h post treatment, D-10-0021 MG demonstrated 2-fold and
7.5-fold more intact intracellular IT than DM440 and SUM159-R113, respectively (Fig 4A).
Cleaved exotoxin in D-10-0021 MG cells was detected at 2 h post-treatment and reached maxi-
mum levels at 8 h post-treatment. In contrast, significantly lower levels (5-20%) or no cleaved
exotoxin was observed in DM440 and SUM159-R113, respectively (Fig 4A). Again, at 16 h
post combination therapy, near-complete PARP cleavage was detected in D-10-0021 MG cells,
while there was minimal PARP cleavage in both DM440 and SUM159-R113 cell lines (Fig 4A).
Bcl-xL levels declined at the 16 h time point in D-10-0021 MG cells, which could be due to cas-
pase-dependent degradation (in correlation with PARP cleavage). No significant change in
Bcl-xL levels were observed in DM440 and SUM159-R113 cells (Fig 4A). Total loss of Mcl-1
was noted at 16 h post combination therapy after the appearance of cleaved exotoxin in D-10-
0021 MG cells (Fig 4A).

Since furin-processed exotoxin needs to translocate from the ER to cytosol to inhibit pro-
tein synthesis, the relative amounts of intact and cleaved exotoxin in the cytosol and ER frac-
tions of D-10-0021 MG and DM440 cells were investigated. Cell lysates were fractionated into
cytosolic, ER, and total fractions. Immunoblot analysis of marker protein distributions con-
firmed the presence of tubulin only in cytosolic fractions, and the ER-membrane protein Mcl-
1 only in the ER fraction (Fig 4B), thus establishing proper separation of the different cellular
fractions. At 4 h post-treatment for both D-10-0021 MG and DM440 cells, intact I'Ts were pre-
dominantly located in the ER fraction (Fig 4B). In D-10-0021 MG, cleaved exotoxins were
detected in both ER and cytosolic fractions, whereas in DM440 cells, they were observed only
in the ER fraction (Fig 4B). Our data indicate that both internalization and furin-dependent
cleavage of IT was ineffective for SUM159-R113 cell line (Fig 4A). In DM440 cell line, internal-
ization of IT was efficient, but cleavage and translocation of cleaved exotoxin from ER to
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cytosol was significantly lower than that of D-10-0021 MG cells (Fig 4A). A minimal increase
(=1.6 fold) observed in the cleaved exotoxin in cytosolic fractions of D-10-0021 MG cells fol-
lowing 9.2.27-PE38KDEL+ABT-737 treatment, might contribute to the higher sensitivity of
the GBM cells to combination therapy. Thus, in the GBM PDX D-10-0021 MG, rapid internal-
ization (1-2 h) of IT, efficient cleavage (2-8 h) and translocation of cleaved (active) exotoxin
from ER to cytosol, complete PARP cleavage, and Bcl-xL and Mcl-1 degradation resulted in
robust response to 9.2.27-PE38KDEL+ABT-737 therapy. Taken together the mechanistic stud-
ies show that the levels of intracellular IT, processed exotoxin, and PARP cleavage determine
the sensitivity of tumor cells to the combination treatment. Our study provides a rationale for
the difference in the in vitro efficacy of GBM, melanoma, and breast cancer cells to the
9.2.27-PE38KDEL+ABT-737 combination (Table 2).

In Vitro analysis of 9.2.27-PE38KDEL+ABT-737 therapy on CSPG4
mediated signaling pathways

Since CSPG4 activated signaling pathways are known to be involved in tumor cell growth,
adhesion, migration, and chemoresistance [34-36] we analyzed the in vitro effect of
9.2.27-PE38KDEL/ABT-737 mono or combination therapy on FAK, PKCo, and AKT path-
ways in D-10-0021 MG, DM440, and SUM159-R113 cells (S6 Fig). An initial increase of p-
FAK at earlier time points specifically in 9.2.27-PE38KDEL and 9.2.27-PE38KDEL+ABT-737
therapy groups in D-10-0021 MG and DM440 cells was followed by a decrease at later time
points (S6A and S6B Fig). However, these changes were not significant. The levels of p-FAK
did not change after treatment in SUM159-R113 cell line (S6C Fig). A significant drop in p-
AKT was observed as early as 1 h in D-10-0021 MG GBM cells and by 4-8 h in DM440 and
SUM159-R113 cell lines (S6 Fig). We did not observe any change in the levels of p-PKCo or
PKCoa in D-10-0021 MG and SUM159-R113 cells while the levels were extremely low for
detection in DM440 levels (S6 Fig). Our data indicate no difference in the CSPG4 downstream
signaling pathways in D-10-0021 MG, DM440, and SUM159-R113 cells post combination
therapy.

In vivo efficacy of 9.2.27-PE38KDEL and ABT-737 combination therapy

Orthotopic mouse model of primary brain tumors were established using GBM patient-
derived xenograft D-10-0021 MG cells. Histological analysis of brains five days post-tumor
implantation demonstrated the presence of tumor mass in D-10-0021 MG model (Fig 5A).
Thus, day five post-implantation was chosen for treatment initiation. Convection-enhanced
delivery (CED), utilizing osmotic pumps, has been successfully used to bypass the blood-brain
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Fig 5. An Intracranial model of GBM xenograft D-10-0021 MG treated with 9.2.27-PE38KDEL, ABT-737, or the
combination. A. H&E staining of a representative mouse brain section harvested on Day 5 post-tumor implantation.
B. Survival curve post-therapy and statistical analysis. C. H&E staining of a representative brain section harvested from
one of the cured mice post 9.2.27-PE38KDEL and ABT-737 combination therapy.

https://doi.org/10.1371/journal.pone.0210608.g005
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barrier and to deliver ITs directly into brain tumors [18]. The toxicity of 9.2.27-PE38KDEL
was evaluated by CED at a total dose of 0.1 pg or 0.3 ug in mice bearing DM440 intracranial
tumors. Toxicity events at an occurrence rate of 1-2 mice per every ten mice were observed
only in the 0.3 pg 9.2.27-PE38KDEL group. A total dose of 100 uM (2.93 pg) of ABT-737 by
CED was found to be safe for the mice without causing any toxicity. Therefore, a total dose of
0.1 pg 0f 9.2.27-PE38KDEL and 100 uM of ABT-737 were chosen for the in vivo combination
studies.

In the D-10-0021 MG model, orthotopic delivery of 100 uM of ABT-737 did not improve
MS compared to the vehicle control (p = 0.2871, Fig 5B). The 9.2.27-PE38KDEL (0.1 pg)
monotherapy exhibited a modest 10.7% increase in MS compared to the control but failed to
reach statistical significance (p = 0.0716). Compared to the vehicle control, the 9.2.27-PE38K-
DEL+ABT-737 combination therapy prolonged the MS by 60.7% (p = 0.0012). The survival
benefit of the combination was also statistically significant when compared to the
9.2.27-PE38KDEL (p = 0.0100) or ABT-737 (p = 0.0198) monotherapies. More importantly, 2/
9 (22.2%) mice in the combination therapy group were tumor-free, as confirmed by the H&E
staining of their brains (Fig 5C) at the termination of the study (Day 81).

Orthotopic mouse model of metastatic brain tumor was established using DM440 mela-
noma cells. Histological analysis of DM440 brains (Fig 6A) five days post-tumor implantation
demonstrated the presence of tumor mass. In the DM440 model, neither 9.2.27-PE38KDEL
(p =0.1667) nor ABT-737 monotherapies improved MS (p = 0.1822) (Fig 6A). However, com-
pared to the vehicle control, there was an 18.2% increase in MS for the combination group
(p<0.0001). The survival benefit with the 9.2.27-PE38KDEL+ABT-737 combination was also
statistically significant compared to the ABT-737 (p = 0.0004) or the 9.2.27-PE38KDEL
(p = 0.0002) monotherapies.

Discussion

Brain tumors are composed of highly heterogeneous tumor cell populations that frequently
harbor inherent resistance to therapeutic agents, resulting in incomplete eradication of tumor
cells and tumor recurrence. Thus, sensitizing tumor cells is critical for improving the efficacy
of IT-based therapies. By combining CSPG#4 targeting ITs with ABT-737, targeting Bcl-2 fam-
ily members, we were able to overcome widespread, inherent IT resistance in a panel of GBM,
melanoma, and breast cancer cell lines. The IT+ABT-737 combination improved in vitro ther-
apeutic efficacy up to >1,000-fold (Tables 1 and 2). The ability of ABT-737 to sensitize cancer
cells to 9.2.27-PE38KDEL-mediated cytotoxicity was mechanistically confirmed through west-
ern analysis, where the combination therapy, but not the monotherapies, enhanced exotoxin
cleavage, induced global translation inhibition, and PARP cleavage. Accordingly, only the
combination therapy generated significant improvement in MS, and in some cases even cures,
in mouse models of primary or metastatic brain tumors (Figs 5 and 6).

Our in vitro studies demonstrated variability in the sensitivity of individual cell lines/xeno-
grafts to 9.2.27-PE38KDEL+ABT-737 combination, i.e., cytotoxicity (ICs) improvement of
>1000-fold (D-10-0021 MG), >200-fold (DM440), and >17-fold (SUM159-R113) (Table 2).
Interestingly, while Hs 578T and D-10-0021 MG cells expressed similar levels of CSPG4 (Fig
1), Hs 578T failed to show improvement in cytotoxicity with all of the combinations tested
(Tables 1 and 2), demonstrating that the surface CSPG4 density is not a critical determinant of
tumor cell sensitivity to combination therapy. Examination of selected prosurvival and proa-
poptotic Bcl-2 family proteins at basal level and following 9.2.27-PE38KDEL/ABT-737 mono
or combination therapy failed to correlate directly with the sensitivity of tumor cells to the
combination therapy (S3 and S4 Figs). Our in vitro studies also excluded the participation of
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Fig 6. An Intracranial model of melanoma cell line DM440 treated with 9.2.27-PE38KDEL, ABT-737, or the
combination. A. H&E staining of a representative mouse brain section harvested on Day 5 post-tumor implantation.
B. Survival curve post-therapy and statistical analysis.

https://doi.org/10.1371/journal.pone.0210608.9006

CSPG4 signaling pathways in sensitizing the tumor cells to the combination therapy (S6 Fig).
However, flow cytometry assay (Fig 2A) revealed that the internalization rate of 9.2.27-PE38K-
DEL is a major determinant of tumor cell sensitivity to combination therapy.

Once internalized, ITs are processed by furin in the endosome and translocated from ER to
the cytosol for ADP ribosylation of EF2 and protein synthesis inhibition. Western analysis
revealed that at 8 h post combination treatment there was a 12-fold increase in cleaved exo-
toxin in D-10-0021 MG compared to DM440 (Fig 4A). Moreover, cell fractionation studies
revealed that at 4 h post-treatment (9.2.27-PE38KDEL or 9.2.27-PE38KDEL+ABT-737),
cleaved exotoxins were found in both cytosolic and ER fractions of D-10-0021 MG cells, while
they were detected only in the ER fractions of DM440 (Fig 4B). Thus, increase in cytosolic lev-
els of cleaved exotoxin in D-10-0021 MG compared to DM440 cells corresponds to their
enhanced sensitivity to 9.2.27-PE38KDEL and 9.2.27-PE38KDEL+ABT-737 therapies.

In D-10-0021 MG cells, compared to 9.2.27-PE38KDEL monotherapy there was ~1.6 fold
increase in cleaved exotoxin levels post 9.2.27-PE38KDEL+ABT-737 combination (Fig 4B).
Thus, in contrast to previous studies [22], our results in the GBM xenograft D-10-0021 MG
demonstrate that the addition of ABT-737 does not significantly alter the translocation of
cleaved exotoxin from ER to cytosol. However, we observed PARP cleavage in all three tumor
models (D-10-0021 MG, DM440, and SUM159-R113) post combination therapy, but not with
9.2.27-PE38KDEL or ABT-737 monotherapies (Fig 3). The efficiency of PARP cleavage corre-
lated well with in vitro and in vivo efficacy of the combination therapy.

In the D-10-0021 MG model, compared to vehicle control, 9.2.27-PE38KDEL+ABT-737
combination therapy increased MS by 60.7% (p = 0.0012). The efficacy of combination therapy
was highly significant when compared to ABT-737 (p = 0.0198) and 9.2.27-PE38KDEL mono-
therapies (p = 0.0100; Fig 5A). Furthermore, the combination therapy generated cures in 2/9
mice, as verified by histological staining (Fig 5C). Consistent with the lower sensitivity of
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DM440 cell line to the combination therapy in vitro, a modest increase in survival post combi-
nation was observed in vivo. Collectively, these data confirmed that the 9.2.27-PE38KDEL
+ABT-737 combination therapy was able to overcome tumor cell resistance to I'T monother-
apy in vivo, delayed tumor growth, and, in some cases, generated cures.

While several groups have tried to gain mechanistic insights into various immunotoxin
+Bcl-2 inhibitor anticancer therapies, only two studies [23, 33] have shown modest antitumor
efficacy (improvement in survival by several days without cures), in in vivo subcutaneous
small cell lung cancer and melanoma tumor models. To achieve this modest improvement in
survival, the authors utilized a total of eight doses of 50 mg/kg of ABT-737 + 0.4 mg/kg immu-
notoxin [23] or a total of two doses of 50 mg/kg of ABT-737 and 0.031 mg/kg immunotoxin
[33]. Importantly, in our current intracranial study, we were able to generate 22% cures and
improvement in survival utilizing a single dose of 0.147 mg/kg of ABT-737 and 0.005 mg/kg
immunotoxin against the aggressive glioblastoma tumor. The ABT-737 and immunotoxin
doses in the current study are ~680-2,700-fold and ~12-6,400-fold lower, respectively than
the previous studies.

In conclusion, our in vitro studies, using a panel of GBM, melanoma, and breast cancer cell
lines showed that Bcl-2 inhibitor ABT-737 reversed the resistance of tumor cells to IT treat-
ment. We further confirmed the ability of 9.2.27-PE38KDEL+ABT-737 combination to over-
come tumor resistance in orthotopic models of brain tumors. Mechanistic studies using
9.2.27-PE38KDEL and ABT-737 mono- and combination therapy revealed that that increased
levels of intracellular IT, cleaved exotoxin, and PARP cleavage were determinants of enhanced
sensitivity of tumor cells to the combination. Addition of ABT-737 had little effect on the rate
of IT internalization but generated a small increase in the translocation of cleaved exotoxin
from ER to cytosol. Our study provides insights into employing IT+ABT combinations for
overcoming therapy resistance in primary and metastatic brain tumors.

Supporting information

S1 Checklist. NC3Rs ARRIVE guidelines checklist.
(PDF)

S1 Fig. In vitro cytotoxicity of ABT compounds on human tumor cells. A-I. Cytotoxicity of
ABT-737, ABT-263, or ABT-199 monotherapy on GBM xenografts (A-C), melanoma cell lines
(D-F), and breast cancer cell lines (G-I). IC5, values were labeled beside each figure.

(TTF)

S2 Fig. In vitro cytotoxicity of A-1155463 and S63845 on human tumor cells. A-C. Cytotox-
icity of A-1155463 and S63845 monotherapy on GBM xenograft D-10-0021 MG (A), mela-
noma cell line DM440 (B), and breast cancer cell line SUM159-R113 (C). ICs, values were
labeled beside each figure. D. Cytotoxicity of 9.2.27-PE38KDEL and 9.2.27-PE38KDEL+A-
1155463/S63845 combinations on D-10-0021 MG, DM440, and SUM159-R113 cells.

(TIF)

S3 Fig. Basal level expression of furin and selected Bcl-2 family proteins in melanoma,
breast cancer, and GBM cells. The relative level of furin, Bcl-xL, and Mcl-1 in each cell line is
presented below the corresponding panel.

(TIF)

S4 Fig. ABT-737 and 9.2.27-PE38KDEL induced changes in prosurvival and proapoptotic
Bcl-2 family proteins in D-10-0021 MG, DM440, and SUM159-R113 cells. A-C. Expression
of prosurvival and proapoptotic Bcl-2 family proteins at various time points following the
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combination treatment of 10 uM ABT-737 and 0.75 pg/ml 9.2.27-PE38KDEL in D-10-0021
MG (A), DM440 (B), and SUM159-R113 (C) cells. Cell lysates were analyzed by western blot
with indicated antibodies.

(TIF)

S5 Fig. Quantification of ABT-737+9.2.27-PE38KDEL induced changes (relative amounts)
in global translation and PARP in D-10-0021 MG, DM440, and SUM159-R113 cells. A-C.
Inhibition of global translation and intact PARP levels in D-10-0021 MG (A), DM440 (B) and
SUM159-R113 (C) at various time points following 10 uM ABT-737+ 0.75 pg/ml 9.2.27-
PE38KDEL combination treatment. Data from Fig 3 were quantified. The values represent the
average of 3 experiments.

(TTF)

S6 Fig. ABT-737 and 9.2.27-PE38KDEL mediated changes in CSPG4 signaling pathways in
D-10-0021 MG, DM440, and SUM159-R113 cells. A-F. Analysis of CSPG4 activated signaling
pathways in D-10-0021 MG (A, D), DM440 (B, E) and SUM159-R113 (C, F) at various time
points following the treatment of 10 uM ABT-737, 0.75 ug/ml 9.2.27-PE38KDEL, or the combina-
tion. Panels A, B, and C represent western blot analysis with indicated antibodies, and p-AKT/
AKT ratios were quantified and averaged between 3 assays (panels D, E, and F, respectively). The
error bars represent SEM, and asterisks indicate significance (p<0.05) by Student’s t-test.

(TIF)

S1 Table. Combination index (CI) values of ABT-737 and 9.2.27-PE38KDEL combinations
on D-10-0021 MG, DM440, and SUM159-R113 cells.
(DOCX)

S1 Materials and methods.
(DOCX)

Acknowledgments

We thank Steven Clayton for his assistance in cell culture and processing the xenograft
tumors.

Author Contributions
Conceptualization: Vidyalakshmi Chandramohan.

Formal analysis: Xin Yu, Mikhail Dobrikov, Matthias Gromeier, Darell D. Bigner, Vidya-
lakshmi Chandramohan.

Funding acquisition: Darell D. Bigner, Vidyalakshmi Chandramohan.
Investigation: Xin Yu, Mikhail Dobrikov.
Methodology: Xin Yu, Mikhail Dobrikov.

Resources: Stephen T. Keir, Ira H. Pastan, Ralph Reisfeld, Darell D. Bigner, Vidyalakshmi
Chandramohan.

Supervision: Vidyalakshmi Chandramohan.
Writing - original draft: Xin Yu, Mikhail Dobrikov, Vidyalakshmi Chandramohan.

Writing - review & editing: Mikhail Dobrikov, Stephen T. Keir, Matthias Gromeier, Ira H.
Pastan, Darell D. Bigner, Vidyalakshmi Chandramohan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210608 January 9, 2019 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210608.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210608.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210608.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210608.s009
https://doi.org/10.1371/journal.pone.0210608

®PLOS | one

Immunotoxin and Bcl-2 family inhibitor combinations for brain tumors

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Chinot OL, Wick W, Mason W, Henriksson R, Saran F, Nishikawa R, et al. Bevacizumab plus radiother-
apy-temozolomide for newly diagnosed glioblastoma. N Engl J Med. 2014; 370(8):709-22. Epub 2014/
02/21. https://doi.org/10.1056/NEJMoa1308345 PMID: 24552318.

Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT, Vogelbaum MA, et al. A randomized
trial of bevacizumab for newly diagnosed glioblastoma. N Engl J Med. 2014; 370(8):699-708. Epub
2014/02/21. https://doi.org/10.1056/NEJMoa1308573 PMID: 24552317; PubMed Central PMCID:
PMCPMC4201043.

Barnholtz-Sloan JS, Sloan AE, Davis FG, Vigneau FD, Lai P, Sawaya RE. Incidence proportions of
brain metastases in patients diagnosed (1973 to 2001) in the Metropolitan Detroit Cancer Surveillance
System. J Clin Oncol. 2004; 22(14):2865-72. Epub 2004/07/16. https://doi.org/10.1200/JC0O.2004.12.
149 PMID: 15254054.

Tazi K, Hathaway A, Chiuzan C, Shirai K. Survival of melanoma patients with brain metastases treated
with ipilimumab and stereotactic radiosurgery. Cancer Med. 2015; 4(1):1-6. Epub 2014/08/29. https://
doi.org/10.1002/cam4.315 PMID: 25164960; PubMed Central PMCID: PMCPMC4312111.

Leone JP, Leone BA. Breast cancer brain metastases: the last frontier. Exp Hematol Oncol. 2015; 4:33.
Epub 2015/11/26. https://doi.org/10.1186/s40164-015-0028-8 PMID: 26605131; PubMed Central
PMCID: PMCPMC4657380.

Schepisi G, Farolfi A, Conteduca V, Martignano F, De Lisi D, Ravaglia G, et al. Inmunotherapy for Pros-
tate Cancer: Where We Are Headed. Int J Mol Sci. 2017; 18(12). Epub 2017/12/06. https://doi.org/10.
3390/ijms 18122627 PMID: 29206214.

Vanderlugt CL, Miller SD. Epitope spreading in immune-mediated diseases: implications for immuno-
therapy. Nature reviews Immunology. 2002; 2(2):85-95. https://doi.org/10.1038/nri724 PMID:
11910899.

Edward V. Colapinto MRZ, Gerald E. Archer, Michael A. Noska, Henry S. Friedman, Stefan Carrel,
Bigner aDD. Radioimmunotherapy of Intracerebral Human Glioma Xenografts with 1131-labeled Fab2
Fragments of Monoclonal Antibody Mel-14. Cancer Res. 1990; 50:1822—7. PMID: 2407345

Pai LH, Pastan I. Immunotoxin therapy for cancer. JAMA. 1993; 269(1):78-81. Epub 1993/01/06.
PMID: 8416411.

Pastan |, Hassan R, Fitzgerald DJ, Kreitman RJ. Immunotoxin therapy of cancer. Nat Rev Cancer.
2006; 6(7):559-65. Epub 2006/06/24. https://doi.org/10.1038/nrc1891 PMID: 16794638.

Ira Pastan RH, David J. FitzGerald, Robert J. Kreitman. Immunotoxin therapy of cancer. Nat Rev Can-
cer. 2016; 6:559-65.

Knechtle SJ. Treatment with immunotoxin. Philosophical transactions of the Royal Society of London
Series B, Biological sciences. 2001; 356(1409):681-9. https://doi.org/10.1098/rstb.2001.0839 PMID:
11375071; PubMed Central PMCID: PMC1088455.

Carrel S, Schreyer M, Schmidt-Kessen A, Mach JP. Reactivity spectrum of 30 monoclonal antimela-
noma antibodies to a panel of 28 melanoma and control cell lines. Hybridoma. 1982; 1(4):387-97. Epub
1982/01/01. https://doi.org/10.1089/hyb.1.1982.1.387 PMID: 6208135.

Hsu NC, Nien PY, Yokoyama KK, Chu PY, Hou MF. High chondroitin sulfate proteoglycan 4 expression
correlates with poor outcome in patients with breast cancer. Biochem Biophys Res Commun. 2013; 441
(2):514-8. Epub 2013/11/02. https://doi.org/10.1016/j.bbrc.2013.10.093 PMID: 24177010.

Kurpad SN, Zhao XG, Wikstrand CJ, Batra SK, McLendon RE, Bigner DD. Tumor antigens in astrocytic
gliomas. Glia. 1995; 15(3):244-56. Epub 1995/11/01. https://doi.org/10.1002/glia.440150306 PMID:
8586461.

Svendsen A, Verhoeff JJ, Immervoll H, Brogger JC, Kmiecik J, Poli A, et al. Expression of the progenitor
marker NG2/CSPG4 predicts poor survival and resistance to ionising radiation in glioblastoma. Acta
Neuropathol. 2011; 122(4):495-510. https://doi.org/10.1007/s00401-011-0867-2 PMID: 21863242;
PubMed Central PMCID: PMCPMC3185228.

Morgan AC Jr., Galloway DR, Reisfeld RA. Production and characterization of monoclonal antibody to a
melanoma specific glycoprotein. Hybridoma. 1981; 1(1):27-36. Epub 1981/01/01. https://doi.org/10.
1089/hyb.1.1981.1.27 PMID: 6208119.

Chandramohan V, Bao X, Keir ST, Pegram CN, Szafranski SE, Piao H, et al. Construction of an immu-
notoxin, D2C7-(scdsFv)-PE38KDEL, targeting EGFRwt and EGFRuvIII for brain tumor therapy. Clin
Cancer Res. 2013; 19(17):4717-27. https://doi.org/10.1158/1078-0432.CCR-12-3891 PMID:
23857604; PubMed Central PMCID: PMCPMC3766439.

Powell DJ, Felipe-Silva A, Merino MJ, Ahmadzadeh M, Allen T, Levy C, et al. Administration of a CD25-
Directed Immunotoxin, LMB-2, to Patients with Metastatic Melanoma Induces a Selective Partial

PLOS ONE | https://doi.org/10.1371/journal.pone.0210608 January 9, 2019 16/17


https://doi.org/10.1056/NEJMoa1308345
http://www.ncbi.nlm.nih.gov/pubmed/24552318
https://doi.org/10.1056/NEJMoa1308573
http://www.ncbi.nlm.nih.gov/pubmed/24552317
https://doi.org/10.1200/JCO.2004.12.149
https://doi.org/10.1200/JCO.2004.12.149
http://www.ncbi.nlm.nih.gov/pubmed/15254054
https://doi.org/10.1002/cam4.315
https://doi.org/10.1002/cam4.315
http://www.ncbi.nlm.nih.gov/pubmed/25164960
https://doi.org/10.1186/s40164-015-0028-8
http://www.ncbi.nlm.nih.gov/pubmed/26605131
https://doi.org/10.3390/ijms18122627
https://doi.org/10.3390/ijms18122627
http://www.ncbi.nlm.nih.gov/pubmed/29206214
https://doi.org/10.1038/nri724
http://www.ncbi.nlm.nih.gov/pubmed/11910899
http://www.ncbi.nlm.nih.gov/pubmed/2407345
http://www.ncbi.nlm.nih.gov/pubmed/8416411
https://doi.org/10.1038/nrc1891
http://www.ncbi.nlm.nih.gov/pubmed/16794638
https://doi.org/10.1098/rstb.2001.0839
http://www.ncbi.nlm.nih.gov/pubmed/11375071
https://doi.org/10.1089/hyb.1.1982.1.387
http://www.ncbi.nlm.nih.gov/pubmed/6208135
https://doi.org/10.1016/j.bbrc.2013.10.093
http://www.ncbi.nlm.nih.gov/pubmed/24177010
https://doi.org/10.1002/glia.440150306
http://www.ncbi.nlm.nih.gov/pubmed/8586461
https://doi.org/10.1007/s00401-011-0867-2
http://www.ncbi.nlm.nih.gov/pubmed/21863242
https://doi.org/10.1089/hyb.1.1981.1.27
https://doi.org/10.1089/hyb.1.1981.1.27
http://www.ncbi.nlm.nih.gov/pubmed/6208119
https://doi.org/10.1158/1078-0432.CCR-12-3891
http://www.ncbi.nlm.nih.gov/pubmed/23857604
https://doi.org/10.1371/journal.pone.0210608

®PLOS | one

Immunotoxin and Bcl-2 family inhibitor combinations for brain tumors

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Reduction in Regulatory T Cells In Vivo. The Journal of Immunology. 2007; 179(7):4919-28. https://doi.
org/10.4049/jimmunol.179.7.4919 PMID: 17878392

Giedt RJ, Sprachman MM, Yang KS, Weissleder R. Imaging cellular distribution of Bcl inhibitors using
small molecule drug conjugates. Bioconjug Chem. 2014; 25(11):2081-5. Epub 2014/10/22. https://doi.
org/10.1021/bc500433k PMID: 25333750; PubMed Central PMCID: PMCPMC4240345.

Jane EP, Premkumar DR, DiDomenico JD, Hu B, Cheng SY, Pollack IF. YM-155 potentiates the effect
of ABT-737 in malignant human glioma cells via survivin and Mcl-1 downregulation in an EGFR-depen-
dent context. Molecular cancer therapeutics. 2013; 12(3):326-38. Epub 2013/01/18. https://doi.org/10.
1158/1535-7163.MCT-12-0901 PMID: 23325792; PubMed Central PMCID: PMCPMC3596447.

Antignani A, Sarnovsky R, FitzGerald DJ. ABT-737 promotes the dislocation of ER luminal proteins to
the cytosol, including pseudomonas exotoxin. Molecular cancer therapeutics. 2014; 13(6):1655-63.
https://doi.org/10.1158/1535-7163.MCT-13-0998 PMID: 24739394.

Mattoo AR, FitzGerald DJ. Combination treatments with ABT-263 and an immunotoxin produce syner-
gistic killing of ABT-263-resistant small cell lung cancer cell lines. Int J Cancer. 2013; 132(4):978-87.
Epub 2012/07/24. https://doi.org/10.1002/ijc.27732 PMID: 22821746; PubMed Central PMCID:
PMCPMC3527691.

Kevin Hollevoet AA, David J. FitzGerald, Ira Pastan. Combining the Antimesothelin Immunotoxin SZP
With the BH3-mimetic ABT-737 Induces Cell Death in SS1P-resistant Pancreatic Cancer Cells. J
Immunother. 2014; 37(1):8—15. https://doi.org/10.1097/CJI.0000000000000010 PMID: 24316551

Tagscherer KE, Fassl A, Campos B, Farhadi M, Kraemer A, Bock BC, et al. Apoptosis-based treatment
of glioblastomas with ABT-737, a novel small molecule inhibitor of Bcl-2 family proteins. Oncogene.
2008; 27(52):6646—56. Epub 2008/07/30. https://doi.org/10.1038/onc.2008.259 PMID: 18663354.

Vogler M, Furdas SD, Jung M, Kuwana T, Dyer MJ, Cohen GM. Diminished sensitivity of chronic lym-
phocytic leukemia cells to ABT-737 and ABT-263 due to albumin binding in blood. Clin Cancer Res.
2010; 16(16):4217—25. Epub 2010/07/06. https://doi.org/10.1158/1078-0432.CCR-10-0777 PMID:
20601444; PubMed Central PMCID: PMCPMC2921948.

Karpel-Massler G, Ishida CT, Zhang Y, Halatsch ME, Westhoff MA, Siegelin MD. Targeting intrinsic apo-
ptosis and other forms of cell death by BH3-mimetics in glioblastoma. Expert Opin Drug Discov. 2017; 12
(10):1031—40. Epub 2017/07/18. https://doi.org/10.1080/17460441.2017.1356286 PMID: 28712306.

Tao ZF, Hasvold L, Wang L, Wang X, Petros AM, Park CH, et al. Discovery of a Potent and Selective
BCL-XL Inhibitor with in Vivo Activity. ACS Med Chem Lett. 2014; 5(10):1088-93. Epub 2014/10/15.
https://doi.org/10.1021/mI5001867 PMID: 25313317; PubMed Central PMCID: PMCPMC4190639.

Adams JM, Cory S. The BCL-2 arbiters of apoptosis and their growing role as cancer targets. Cell
Death Differ. 2018; 25(1):27—-36. Epub 2017/11/04. https://doi.org/10.1038/cdd.2017.161 PMID:
29099483; PubMed Central PMCID: PMCPMC5729526.

Kotschy A, Szlavik Z, Murray J, Davidson J, Maragno AL, Le Toumelin-Braizat G, et al. The MCL1 inhib-
itor S63845 is tolerable and effective in diverse cancer models. Nature. 2016; 538(7626):477—82. Epub
2016/10/28. https://doi.org/10.1038/nature 19830 PMID: 27760111.

Zipfel PA, Brady DC, Kashatus DF, Ancrile BD, Tyler DS, Counter CM. Ral activation promotes melano-
magenesis. Oncogene. 2010; 29(34):4859-64. Epub 2010/06/22. https://doi.org/10.1038/onc.2010.
224 PMID: 20562921; PubMed Central PMCID: PMCPMC2928877.

Nelson ER, Li S, Kennedy M, Payne S, Kilibarda K, Groth J, et al. Chemotherapy enriches for an inva-
sive triple-negative breast tumor cell subpopulation expressing a precursor form of N-cadherin on the
cell surface. Oncotarget. 2016; 7(51):84030—42. Epub 2016/10/22. https://doi.org/10.18632/
oncotarget.12767 PMID: 27768598; PubMed Central PMCID: PMCPMC5356642.

Risberg K, Fodstad O, Andersson Y. Synergistic anticancer effects of the 9.2.27PE immunotoxin and
ABT-737 in melanoma. PLoS One. 2011; 6(9):e24012. Epub 2011/09/15. https://doi.org/10.1371/
journal.pone.0024012 PMID: 21915275; PubMed Central PMCID: PMCPMC3168478.

Yang J, Price MA, Neudauer CL, Wilson C, Ferrone S, Xia H, et al. Melanoma chondroitin sulfate pro-
teoglycan enhances FAK and ERK activation by distinct mechanisms. J Cell Biol. 2004; 165(6):881-91.
Epub 2004/06/24. https://doi.org/10.1083/jcb.200403174 PMID: 15210734; PubMed Central PMCID:
PMCPMC2172406.

Makagiansar IT, Williams S, Dahlin-Huppe K, Fukushi J, Mustelin T, Stallcup WB. Phosphorylation of
NG2 proteoglycan by protein kinase C-alpha regulates polarized membrane distribution and cell motil-
ity. J Biol Chem. 2004; 279(53):55262—70. Epub 2004/10/27. https://doi.org/10.1074/jbc.M411045200
PMID: 15504744.

Chekenya M, Krakstad C, Svendsen A, Netland IA, Staalesen V, Tysnes BB, et al. The progenitor cell
marker NG2/MPG promotes chemoresistance by activation of integrin-dependent PI3K/Akt signaling.
Oncogene. 2008; 27(39):5182—94. Epub 2008/05/13. https://doi.org/10.1038/onc.2008.157 PMID:
18469852; PubMed Central PMCID: PMCPMC2832310.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210608 January 9, 2019 17/17


https://doi.org/10.4049/jimmunol.179.7.4919
https://doi.org/10.4049/jimmunol.179.7.4919
http://www.ncbi.nlm.nih.gov/pubmed/17878392
https://doi.org/10.1021/bc500433k
https://doi.org/10.1021/bc500433k
http://www.ncbi.nlm.nih.gov/pubmed/25333750
https://doi.org/10.1158/1535-7163.MCT-12-0901
https://doi.org/10.1158/1535-7163.MCT-12-0901
http://www.ncbi.nlm.nih.gov/pubmed/23325792
https://doi.org/10.1158/1535-7163.MCT-13-0998
http://www.ncbi.nlm.nih.gov/pubmed/24739394
https://doi.org/10.1002/ijc.27732
http://www.ncbi.nlm.nih.gov/pubmed/22821746
https://doi.org/10.1097/CJI.0000000000000010
http://www.ncbi.nlm.nih.gov/pubmed/24316551
https://doi.org/10.1038/onc.2008.259
http://www.ncbi.nlm.nih.gov/pubmed/18663354
https://doi.org/10.1158/1078-0432.CCR-10-0777
http://www.ncbi.nlm.nih.gov/pubmed/20601444
https://doi.org/10.1080/17460441.2017.1356286
http://www.ncbi.nlm.nih.gov/pubmed/28712306
https://doi.org/10.1021/ml5001867
http://www.ncbi.nlm.nih.gov/pubmed/25313317
https://doi.org/10.1038/cdd.2017.161
http://www.ncbi.nlm.nih.gov/pubmed/29099483
https://doi.org/10.1038/nature19830
http://www.ncbi.nlm.nih.gov/pubmed/27760111
https://doi.org/10.1038/onc.2010.224
https://doi.org/10.1038/onc.2010.224
http://www.ncbi.nlm.nih.gov/pubmed/20562921
https://doi.org/10.18632/oncotarget.12767
https://doi.org/10.18632/oncotarget.12767
http://www.ncbi.nlm.nih.gov/pubmed/27768598
https://doi.org/10.1371/journal.pone.0024012
https://doi.org/10.1371/journal.pone.0024012
http://www.ncbi.nlm.nih.gov/pubmed/21915275
https://doi.org/10.1083/jcb.200403174
http://www.ncbi.nlm.nih.gov/pubmed/15210734
https://doi.org/10.1074/jbc.M411045200
http://www.ncbi.nlm.nih.gov/pubmed/15504744
https://doi.org/10.1038/onc.2008.157
http://www.ncbi.nlm.nih.gov/pubmed/18469852
https://doi.org/10.1371/journal.pone.0210608

