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Abstract

A multifunctional fusion protein, IL-13.E13K-D2-NLS, effectively recognizes glioblastoma
(GBM) cells and delivers its portion to the cell nucleus. IL-13.E13K-D2-NLS is composed of a
cancer cell targeting ligand (IL-13.E13K), specialized cytosol translocation bacterial toxin domain
2 of Pseudomonas exotoxin A (D2) and SV40 T antigen nuclear localization signal (NLS). We
have now tested whether we can produce proteins that would serve as a delivery vehicle to
lysosomes and mitochondria as well. Moreover, we examined whether 1L-13.E13K-D2-NLS can
deliver anti-cancer drugs like doxorubicin to their nuclear site of action in cancer cells. We have
thus constructed two novel proteins: 1L-13.E13K-D2-LLS which incorporates lysosomal
localization signal (LLS) of a human lysosomal associated membrane protein (LAMP-1) for
targeting to lysosomes and 1L-13-D2-KK2, which incorporates a pro-apoptotic peptide
(KLAKLAK), (KK2) exerting its action in mitochondria. Furthermore, we have produced
IL-13.E13K-D2-NLS and IL-13.E13K-D2-LLS versions containing a cysteine for site-specific
conjugation with a modified doxorubicin, WP936. We found that single-chain recombinant
proteins IL-13.E13K-D2-LLS and IL-13-D2-KK2 are internalized and localized mostly to the
lysosomal and mitochondrial compartments, respectively, without major trafficking to cells’
nuclei. We also determined that IL-13.E13K-D2-NLS-cys[WP936], IL-13.E13K-D2-LAMP-
cys[WP936] and I1L-13-D2-KK2 were cytotoxic to GBM cells overexpressing IL-13RA2, while
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much less cytotoxic to GBM cell lines expressing low levels of the receptor. 1L-13.E13K-D2-NLS-
cys[WP936] was the most potent of the tested anti-tumor agents including free WP936. We believe
that our receptor-directed intracellular organelle-targeted proteins can be employed for numerous
specific and safer treatment applications when drugs have specific intracellular sites of their

action.

INTRODUCTION

Glioblastoma (GBM), a high-grade astrocytoma (HGA), is the most prevalent and aggressive
primary brain tumor.[X] GBM tumors are very heterogeneous in nature and even the
multimodal therapies such as chemotherapy, radiation, surgical resection and electric fields
result in poor prognosis with a median survival of ~16 months post-diagnosis.[2-81 We have
previously found that interleukin 13 receptor alpha 2 (IL-13RAZ2) is overexpressed in >70%
of GBM tumor specimens.l’-%1 We have shown that IL-13RAZ2 is absent in normal adult
tissue except in the testes and that IL-13RA2 biochemical moiety is a tumor-associated
receptor.l19.11] Upon binding to IL-13RA2, I1L-13 induces receptor-mediated endocytosis.[’]
Hence wild type and mutated IL-13 based fusion cytotoxins containing a derivative of
Pseudomonas exotoxin A (PE), PE38QQR possess potent anti-tumor activity against GBM
tumors /n vitroand in vivo.l.12] The first generation of the cytotoxin demonstrated clinical
efficacy.l1314] An IL-13 mutant, I1L-13.E13K binds specifically to IL-13RA2, but it has
significantly altered affinity towards the IL-13RA1, a subunit of a normal tissue receptor for
IL-13 that is shared with IL-4, IL-13RA1/1L-4A.[12.15] This allows for much more specific
targeting of tumor cells vs. normal cells.

Safe delivery of effective anti-tumor agents is the main goal in cancer therapy.
Anthracyclins, e.g., doxorubicin are among the most effective therapies against hematologic
malignancies and solid tumors.[16-191 However, clinically effective doses of anthracyclins
cause myelosuppression, cumulative cardiotoxicity, stomatitis, and extravasation.[20.21] This
is because oftentimes only a limited amount of the functional drug reaches tumor cells
whereas it also acts on the normal healthy tissues resulting in serious adverse side-effects.
Site specific delivery of the anti-cancer agents like doxorubicin focused to tumor cells could
reduce its adverse effects. One example is the antibody drug/label conjugates. Monoclonal
antibodies (MADb) and their drug conjugates have been successfully implemented in the
treatment of solid tumors and blood malignancies.[22-24] This trend has been only
accelerated in recent years with the approvals of Adcetris and Kadcyla antibody drug
conjugates.[25-28]

Our laboratory has previously developed a single-chain, recombinant proteinaceous agent
that recognizes interleukin-13 receptor alpha 2 (IL-13RA2) and delivers the C-terminal
portion of the protein to a specific subcellular compartment (e.g., nuclei) of the GBM
cells.[29] This was achieved on the basis of specific recognition of tumor cells by
IL-13.E13K, internalization of the agent and proteolytic cleavage in the endocytic
compartment releasing the C-terminal fragment of the protein into cell cytosol, and then
subsequent transport and accumulation in cells’ nuclei facilitated by the nuclear localization
signal (NLS).[2%-31] The protein is termed IL-13.E13K-D2-NLS and could be used for more
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selective delivery of chemotherapeutics which the site of action is in the nuclei, like
doxorubicin. In the current study, we examined whether IL-13.E13K-D2-NLS has potential
to deliver a thiol reactive derivative of doxorubicin, WP936.[32:33]1 Being that IL-13RA2 is
also over-expressed in pancreatic cancer, colorectal cancer, head and neck cancer,
melanoma, and breast cancerl34-401 drug conjugates with chemotherapeutics would be
suitable for targeting this receptor in solid tumors including GBM. Our current results show
that IL-13.E13K-D2-NLS-cys enters the sub-cellular compartment and induces cytotoxicity
in the GBM cells when conjugated with a chemotherapeutic, such as WP936.

Similar to NLS, lysosomal localization sequences (LLS) can be used as a potential drug
trafficking signal. In the current study we also explored whether our delivery vectors
containing a LAMP-1 LLS could distribute fragments of targeted proteinaceous compound
to the targeted organellles. Moreover, a synthetic, pro-apoptotic peptide, (KLAKLAK), is
known to specifically act on the tumor endothelium. (KLAKLAK), is a 14-amino-acid
amphipathic a-helical peptide.[1] Due to its cationic nature, upon internalization, it
selectively disrupts the anionic mitochondrial membrane resulting in a release of cytochrome
C from the electron transport chain, and activation of the pro-apoptotic caspase pathway.[42]
Others have fused (KLAKLAK), with various peptidomimetics such as DPI and
MCA205[43] against murine sarcomas, and with RGD-4C against breast carcinoma cells.[42]
Employing the same strategy as our other targeted proteinaceous agents, we have developed
and constructed IL13-D2-KK2 for targeting IL13RA2-GBM cells. Here, we determined that
these novel molecularly targeted and genetically engineered recombinant proteins selectively
recognize tumor cells and accumulate in the intra-cellular compartments evoking anti-tumor
effect.

METHODS

Cell Culture

GBM cell lines, U87, U-251 MG, LN229 and T98G were obtained from the American Type
Culture Collection (Manassas, VVA) and grown as recommended. SnB19-aslL-13Ra2 are
SnB19 GBM cells transfected with anti-sense /L-13Ra.2 gene with subsequently diminished
expression of the receptor, in contrast to the empty vector-transfected SnB19-pcDNA
cells[?], The transfected SnB19 cell lines were grown in RPMI 1640 (Hyclone, Logan, UT)
with 200 pg/ml of Geneticin. G48a cells were grown and maintained in RPMI 1640 (Lonza,
Walkersville, MD) supplemented with glucose, adjusted to 4 gm/liter of media and 10%
FCS.

Cloning, production and purification of targeted proteins

The 1L-13 mutant recombinant constructs were made by replacing the wild-type IL-13
sequence from the parent plasmid with the mutant IL-13.E13K sequence. The IL-13-D2
plasmid was engineered by subcloning it from a previously generated IL-13-PE38QQR
plasmid. Cysteine residue was added at NLS (NLS-cys) and LLS (LLS-cys) signal peptides
C-terminal end to conjugate with a derivative of doxorubicin by forming disulfide bonds
(Fig. 2A). A duplex primer cloning strategy was then employed wherein NLS-cys, LLS-cys
and (KLAKLAK), 5" and 3" sequence primers were synthesized (Invitrogen) and made into

Cancer Transl Med. Author manuscript; available in PMC 2017 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sonawane et al.

Page 4

duplex DNA (containing Xhol/BamHI ends) by incubating the primers in favorable
annealing conditions. The annealed duplex was then subcloned into the IL-13.E13K-D2
containing plasmid using Xho1/BamH1 at the 3"end to produce IL-13.E13K-D2-NLS-cys or
IL-13.E13K-D2-LLS-cys.

NLS-cys primers—5 - TCG AGT TCA AGT GAC GAT GAA GCC ACA GCG GAC
AGC CAA CAT GCT GCA CCT CCG AAG AAA AAG AGA AAA GTATGT TGA GAG

5" - GAT CCT CTC AAC ATACTT TTC TCT TTT TCT TCG GAG GTG CAG CAT GTT
GGC TGT CCG CTG TGG CTT CAT CGT CAC TTG AAC

Molecular weight: 27510.3 Theoretical pl: 8.69

LLS-cys primers—5" - TCG AGT CGC AAA CGC AGC CAT GCG GGC TAT CAG
ACC ATT TGC TGA GGG

5 -G ATC CCC TCA GCA AAT GGT CTG ATA GCC CGC ATG GCT GCG TTT GCG
AC

Theoretical pl/Mw: 9.30/ 26118.96

(KLAKLAK), duplex primers—5’- TCG AGT AAA CTG GCG AAA CTG GCG AAG
AAG CTG GCC AAA CTG GCC AAG TGA GGG

5-G ATC CCC TCACTT GGC CAG TTT GGC CAG CTT CTT CGC CAG TTT CGC
CAGTTTAC

Theoretical pl/Mw: 9.43 / 26361.43

These recombinant constructs were used to transform DH5a. £.coli cells for amplification.
All the constructs were sequenced at the DNA sequencing laboratory of the Comprehensive
Cancer Center at Wake Forest University and analyzed for their inframe DNA sequence
using an automated sequence analyzer prior to protein expression.

Protein expression was performed under the IPTG-inducible T7 promotor in an £. coli
protein expression system as previously described.[44] In brief, 1L-13.E13K-D2-NLS-cys,
IL-13.E13K-D2-LLS-cys and 1L-13-D2-KK2 recombinant constructs were expressed in
BL21 E.colirespectively and the cells were grown in Luria-broth media supplemented with
100 pg/mL of ampicillin at 37 °C shaker. When Aggg of the bacteria culture media reached
log phase growth (0.7-0.8), the recombinant protein expression in the cells was induced by
addition of IPTG (final concentration 1 mM) and allowed to incubate for a further 90
minutes. The expressed proteins in the inclusion bodies were then denatured using 7 M
guanidine (MP Biomedicals, Salon, OH) and reduced with 1, 4-dithiothreitol (Sigma, St.
Louis, MO). The reduced proteins were then renatured in a 0.1 M Tris buffer containing
arginine/L-glutathione oxidase (Sigma). The protein was further dialyzed and purified by SP
sepharose ion exchange liquid chromatography system (GE Healthcare). The purified
proteins were subsequently run on SDS-PAGE gels to identify of the isolated proteins. All of
the proteins obtained were >90% pure.
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Protein conjugation with WP936, a doxorubicin derivative

A solution of protein was diluted to 100 pM in 50 mM NayHPOg,. Tris-(2-carboxyethyl)
phosphine (TCEP; Molecular Probes. Eugene, Oregon) was added to a 10 fold molar excess.
WP936 was slowly added while mixing to a final concentration of 100 uM and incubated
with continuous stirring overnight at 4 °C. Unreacted label was removed by dialysis with
PBS. Efficiency of labeling on the single cysteine residue was assessed by UV-VIS
spectrophotometry (Nanodrop 1000 spectrophotometer, Thermo).

Determination of conjugation ratio

A calibration was developed to determine the molar conjugation ratio of WP936 to protein
(IL-13.E13K-D2-NLS-cys or IL-13.E13K-D2-LLS-cys) based on the absorbance spectrum
of the conjugate as previously shown to evaluate the WP936 conjugation and Thermo
Scientific technical tip #31.[4546] The extinction coefficient of doxorubicin is 8030 cm™ M~
and those of IL-13.E13K-D2-NLS-cys or 1L-13.E13K-D2-LLS-cys are 20970 M~cm™ and
22460 M~cm™ (at 495nm) when assuming all cysteine residues are reduced by forming
disulfide bond with doxorubicin.[47]

Colorimetric MTT or MTS/PMS cell viability assay

2-2.5 x 103 U87, G48a, U-251 MG, and Snb19 pcDNA GBM cells, over-expressors of
IL-13RA2, T98G, Snb19 A/S RA2 and LN229, which do not over-express the receptor, were
plated per well in triplicates for each concentration to be tested. After 24 hrs of incubation at
37 °C for the cells to attach, increasing concentrations of the IL-13.E13K-D2-NLS-
cys[WP936] or IL-13.E13K-D2-LLS-cys[WP936] ranging from 0.02-2000 nM in 0.02%
F127 (Sigma-Aldrich) were added and the plate was incubated for 48-72 hrs. Cells treated
with cyclohexamide were used as controls.

Due to WP936’s overlapped excitation wavelength with MTS/PMS (495nm), MTT assay
was employed to analyze cell viability treated with WP936 conjugated proteins. Briefly,
after the incubation with WP936 conjugated protein, MTT reagent in phenol red free RPMI
1640 (Gibco, Grand Island, NY) was added to be 1/10 of culture volume. The plate was
incubate at 37 °C for up to 4 hrs in a humidified, 5% CO, atmosphere Equal volume of
acidified iso-propanol was added to stop the reaction. The absorbance was measured at 570
nm. Background absorbance at 690 nm was used as a reference wavelength and was
subtracted from the absorbance at 570 nm before plotting.

Viability of cells treated with IL-13-D2-KK2 in 0.02% of F127 was measured using the
MTS [3-(4, 5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium]/PMS [phenazine methosulfate] dye (Promega, Madison, WI) as per the
manufacturer’s instructions. The absorbance was measured at 490 nm. Both were measured
using Spectra Max 340 PC (Molecular Devices, Sunnyvale, CA) microplate reader, and data
were plotted as percentage of control versus concentration of the agent used.

Direct biotin labeling of IL-13.E13K-D2-LLS-cys and IL-13-D2-KK2

Biotin-XX Microscale Protein Labeling Kit (Invitrogen, Carlsbad, CA) was used to label the
proteins as per the manufacturer’s instructions. The biotin-labeled proteins were separated
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on an SDS-PAGE gel and a Western blot carried out using streptavidin-HRP (Pierce,
Rockford, IL) to detect for biotin-labeled proteins. The number of biotin molecules attached
to the proteins was determined by the FluoReporter Biotin Quantitation assay kit
(Invitrogen) as per the manufacturer’s guidelines. The fluorescent signals were measured
using the BMG Optima plate reader (Ortenberg, Germany) and data was plotted as
concentration of the standard Biocytin in pmoles versus relative fluorescence units.

Immunofluorescence localization studies on IL-13RA2 positive U-251 MG or U87 cells with
biotin-conjugated proteins

1 x 10° U-251 MG or U87 GBM cells were plated on sterilized coverslips per well in a 12-
well plate. The wells were plated in duplicates for each time point. After 24 hrs, 1 uM/well
of biotin-labeled proteins was added for the indicated incubation time. After incubation, the
cells were fixed with 10% buffered formalin for 15 mins at 37 °C and washed 4x with PBS.
The cells were then permeabilized with 0.1% Triton-X-100/0.2% BSA-PBS for 1 min at RT,
and washed 3 times with 1x PBS. For co-localization studies, anti-Lamp-1 (EMD Millipore
Billerica, MA) or anti-ATP synthase (ThermoFisher, Waltham, MA) was applied to the cells
for 1 hr at RT followed by the appropriate Alexa-Fluor conjugated secondary antibodies
(Molecular Probes, Eugene, OR). Location of the biotin conjugates was detected with anti-
streptavidin-555 (Invitrogen) and the nuclei were stained with DAPI (4', 6-diamidino-2-
phenylindole) or Topro-3 iodide (Invitrogen, Carlsbad, CA). F-actin staining was performed
with Phalloidin-Alexa 488 (Invitrogen).

After wells were washed 3 times with 1x PBS, the coverslips were mounted with
Fluoroguard (ScyTek). The coverslips with DAPI stained cells were analyzed under the
fluorescent microscope (Olympus, 1X70, Center Valley, PA and Olympus Fluoview 1200
confocal microscope) and processed using the Image-Pro plus 5.1 and OlyVIA V2.8
software. The coverslips with Topro-3 iodide stained cells were then observed with LSM
510 Zeiss Confocal Microscope (Cellular Imaging Core, Comprehensive Cancer Center, and
Wiake Forest University) and the images processed using Zeiss LSM Image Browser (version
4.2).

Immunoblotting

500 ng of each of the recombinant biotin conjugated proteins were loaded onto a 12% SDS-
PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane (Pierce,
Rockford, IL). Blots were blocked with 5% milk-phosphate buffered saline (PBS) for 1 hr at
room temperature (RT). Biotin-proteins were detected using streptavidin conjugated with
horseradish peroxidase (Thermo Fisher Scientific, Rockford, IL) diluted 1:10000 in blocking
buffer. Detection was performed using the ECL plus Western Blotting Detection System
(Amersham Biosciences, UK). Membranes were exposed to autoradiographic film Kodak
Biomax XR. Films were scanned at 600x dpi and images compiled using Paint Shop X2

Flow cytometry

Cells were treated with 10 nM of the IL-13.E13K ligand and collected at various timepoints
(0 to 24 hrs). IL-13RA2-specific primary antibody and anti-lgG-Alexa Fluor 488 secondary
antibody (Molecular Probes, Eugene, OR) were used for detection. An IgG isotype was used
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as a control. The experiments were performed using BD FACS Calibur or Accuri C6 flow
cytometers (BD Biosciences).

Persistence of IL-13RA2 on cell surface of U-251 GBM cells during treatment with

IL-13.E13K

In our multi-level strategy of delivering drugs to their sites of actions in specific intracellular
compartments of targeted cancer cells, we effectively exploit IL-13RA2 which is
overexpressed in vast majority of patients with GBM.[":9] To ascertain that the receptor is
suitable for long-term delivery of our experimental therapeutics, we treated U-251 GBM
cells with 10 nM of IL-13.E13K, which specifically recognizes IL-13RA2, and examined
the levels of the receptor up to 24 hrs of treatment by flow cytometry (Fig. 1). The presence
of IL-13RA2 on cell surface remained stable and was not down-regulated appreciably in
response to treatment with its ligand, 1L-13.E13K (Fig. 1B). Hence, the receptor can be
suitably utilized for delivery of candidate drugs for a prolonged period of time.

Production and purification of IL-13.E13K-D2-LLS-cys and IL-13.E13K-D2-NLS-cys

After having successfully developed a recombinant, single-chain protein delivering its C-
terminal portion to the nuclei of targeted cells,[2%] we have now constructed a recombinant
protein for potential delivery of drug loads to the lysosomal compartment of cancer cells
over-expressing IL-13RA2. We used lysosome-associated membrane protein 1 (LAMP-1)
lysosomal localization signal sequence (LLS) in combination with 1L-13.E13K ligand and
D2 domain of PE to produce 1L-13.E13K-D2-LLS-cys. We also produced 1L-13.E13K-D2-
NLS-cys for first in class conjugation to a cytotoxic agent, a chemotherapeutic in this case.
IL-13.E13K-D2-NLS-cys and IL-13.E13K-D2-LLS-cys were produced as single-chain
proteins in £.coliand purified by FPLC (Fig. 1C and D, respectively). The isolated proteins
were >90% pure.

Internalization of IL-13.E13K-D2-LLS-cys protein

We biotinylated IL-13.E13K-D2-LLS-cys using biotin-XX sulfosuccinimidyl ester to form a
stable biotinylated conjugate protein, which was detected using an immunoblot assay (Fig.
1E). Only the presence of biotinylated IL-13.E13K-D2-LLS-cys protein was demonstrated
(Fig. 1E, lane 2), whereas no signal was detected for the IL-13.E13K-D2-LLS-cys non-
biotinylated protein (Fig. 1E, lane 1). We then analyzed cell internalization and localization
of biotinylated I1L-13.E13K-D2-LLS-cys protein (1 pM) using anti-streptavidin Alexa
Fluor-555 antibody and fluorescent microscopy (Fig. 1F). We treated U-251 MG GBM cells
with biotinylated protein for 4 hrs; cells were also stained with phalloidin for actin labeling.
We observed that the biotinylated protein effectively internalized after 4 hrs of incubation
(Fig. 1F), which further increased with longer incubation times (8 and 24 hrs, respectively)
(Fig. 1G). We also performed confocal microscopy and Z-stack analysis to examine the
intracellular localization of the protein. IL-13.E13K-D2-LLS-cys internalized into cells with
a clear omission of accumulation in the nuclei (Fig. 1H). The Z-stack analysis confirmed
that 1L-13.E13K-D2-LLS-cys protein internalized into the U-251 MG cells and is localized
primarily in the cytosol and perinuclear regions, but never in the nuclei even after 24 hrs of
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treatment (Fig. 11). This is in sharp contrast to the nuclei trafficking of IL-13.E13K-D2-NLS
seen previously.[29]-

IL-13.E13K-D2-LLS-cys co-localizes with LAMP-1 in GBM cells

We confirmed the binding of biotinylated IL-13.E13K-D2-LLS-cys protein to the lysosomal
compartment by determining its localization near LAMP-1. We first treated the U-251 MG
cells at various time points (5 min, 4, 8, 12 and 24 hrs) with biotinylated IL-13.E13K-D2-
LLS-cys followed by a double immunofluorescence staining against streptavidin and
LAMP-1. The double immunofluorescence staining showed that the studied proteins localize
frequently to the same regions in cells (Fig. 1J).

Conjugation of targeting proteins with a cytotoxic thiol reactive doxorubicin derivative,

WP936

We next examined whether the proteins capable of delivering their portions to two different
intracellular compartments of cells would cause cytotoxicity upon conjugation with a
cytotoxic agent. 1L-13.E13K-D2-NLS-cys was conjugated with thiol reactive doxorubicin
derivative WP936[33] using TCEP, (IL-13.E13K-D2-NLS-cys[WP936]) in a way that the
exact site of conjugation in both components of this anti-tumor agent is known (Fig. 2A).
We also conjugated IL-13.E13K-D2-LLS-cys with WP936 using the same method. The
schematic of both drug conjugates is shown in Fig. 2A. The 1L-13.E13K-D2-NLS-
cys[WP936] and IL-13.E13K-D2-LLS-cys[WP936] conjugates were analyzed using SDS-
PAGE gel and Typhoon scan (Fig. 2B and C). Only the successfully WP936-conjugated
proteins emitted the detectable fluorescence signals at the expected molecular sizes (Fig. 2B
and C).

We further analyzed potential cytotoxic effect of IL-13.E13K-D2-NLS-cys[WP936]
conjugate on U-251 MG cells that over-express the 1L-13RA2. We found that the treatment
increased cell rounding/blebbing resembling pro-apoptotic cells and a diminishing number
of cells using phase contrast microscopy (Fig. 2D). Fluorescent detection of WP936 showed
accumulation of the conjugate in treated cells, which was dose- and time-dependent (Fig.
2D). Similar effects were seen in the G48a GBM cells, also over-expressors of IL-13RA2
(Fig. 2D). In contrast, T98G cells that express low levels of the targeted receptor did not
change significantly in response to treatment with the drug conjugate and little of the
conjugate’s accumulation was observed in cells even at a 2 UM concentration after 48 hrs
(Fig. 2D).

We noted only a slightly present cell rounding/blebbing in the U-251 MG and G48a cells
after treatment with 2 uM of 1L-13.E13K-D2-LLS-cys[WP936] and even much less at a
lower dose (Fig. 2E). However, the conjugate clearly accumulated in the IL-13RA2 over-
expressors like U-251 and G48a cells as evidenced by an increase in fluorescence, especially
at a higher concentration of the conjugate used (Fig. 2E). No effect of IL-13.E13K-D2-LLS-
cys[WP936] on cells was visible nor the accumulation of the conjugate was observed in
T98G cells expressing lower amounts of IL-13RA2 (Fig. 2E). Thus, comparatively the
conjugate delivering the cytotoxic load of a modified anthracyclin to cells nuclei (Fig. 2D)
caused much greater effect in cells than the one directing the drug to lysosomes (Fig. 2E).
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Cells that are not over-expressing IL-13RA2 do not respond to such a treatment in a readily
visible manner (Fig. 2D and E). We have performed additional flow cytometry experiment to
ascertain that the T98G cells do not over-express IL-13RA2 while the other cells under
study do (Fig. 2F)

WP936 conjugate is more cytotoxic than an unconjugated drug

We next examined the cytotoxicity of IL-13.E13K-D2-NLS-cys[WP936] on a panel of GBM
cells using cell viability assay. This included cells over-expressing 1L-13RA2 (G48a, SnB19
pcDNA, and U-87) (Fig. 2G) and cells expressing low levels of the receptor (T98G, SnB19-
AJ/S-RA2 and LN229) (Fig. 2H); the SnB19-A/S-RA2 are the cells transfected with an anti-
sense IL-13RA2 gene with subsequently diminished expression of the 1L-13RA2 receptor,
and the SnB19 pcDNA cells are empty-vector transfected.[48] A potent cytotoxic effect was
observed in cells over-expressing IL-13RA2 with increasing concentration of IL-13.E13K-
D2-NLS-cys[WP936] (Fig. 2G). On the other hand, IL-13.E13K-D2-NLS-cys[WP936]
showed no or little cytotoxicity on cell lines expressing low levels of IL-13RA2 (Fig. 2H).
We analyzed the cytotoxic effect of unconjugated WP936 in the same panel of GBM cells.
All 7 GBM cell lines were treated with unconjugated WP936 and analyzed using MTS-PMS
assay. All the cells responded to the drug independent of the status of IL-13RA2, but at
significantly higher concentrations from the drug conjugate (Fig. 21). We next analyzed the
cytoxicity of 1L-13.E13K-D2-LLS-cys[WP936] conjugate, on IL-13RA2 over-expressors
(G48a and U8T7 cells) and low expressors (LN229 cells). As expected, this WP936
conjugated carrier protein was less active in affecting GBM cells over-expressing the
receptor when compared to 1L-13.E13K-D2-NLS-cys[WP936] and had no action on
receptor-negative cells (Fig. 2J).

Cancer cell targeting fusion protein with pro-apoptotic peptide (KLAKLAK),

(KLAKLAK), is a 14-amino-acid amphipathic a-helical peptide which causes apoptosis in
the cancer cell by mitochondrial-dependent apoptosis. Our first step was to design,
synthesize and produce IL-13-D2-KK2 protein. IL-13-D2-KK2 protein was produced in
BL21 E. colicells and then highly purified using FPLC (Fig. 3A). Further, we wanted to
study the intracellular pathway and subcellular localization of I1L-13-D2-KK2 fusion protein.
Hence, we biotin-conjugated the 1L-13-D2-KK2 at the primary amines, and the biotinylated
protein was detected using HRP-streptavidin (Fig. 3B). Biotinylated IL-13-D2-KK2 protein
effectively internalized into the U-251 MG cells after 24 hrs of incubation (Fig. 3C).

ATP synthase is a large molecular weight enzyme embedded in the inner membrane of
mitochondria. We further confirmed the internalization and localization of IL-13-D2-KK2
protein to the mitochondria by determining the co-localization of the protein with ATP
synthase. We treated the U-251 MG cells at various time points (15 min, 4, and 8 hrs) with
IL-13-D2-KK2 biotinylated protein followed by double immunofluorescence staining
against streptavidin and ATP-synthase. The double immunofluorescence staining result
suggest that the biotinylated protein is able to localize near mitochondrial membranes of
U-251 MG cells as early as 4 hrs after treatment with IL-13-D2-KK2 (Fig. 3D).
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We found that both U-251 MG and G48 cells showed pro-apoptotic effects such as cell
rounding and blebbing after treatment with I1L-13-D2-KK2 protein (Fig. 3C). T98G cells
showed no such responses after treatment with the conjugated protein (Fig. 3C). Next we
compared the cytotoxicity using the MTT cell viability assay where panel of GBM cell lines
were incubated with increasing concentration of IL-13-D2-KK2 protein. We found that after
72 hrs there was an increase in cell cytotoxicity with increasing concentration of the
conjugated protein in cell lines overexpressing IL-13RA2 (U-251 and U87), whereas no
effect was seen in cells expressing low levels of IL-13RA2 (T98G) (Fig. 3F).

DISCUSSION

In the current study, we designed and successfully constructed novel recombinant proteins,
containing 1L-13.E13K ligand targeting IL-13RA2, and either lysosomal compartment
through lysosomal localization signal of LAMP-1, IL-13.E13K-D2-LLS, or a pro-apoptotic
peptide (KLAKLAK),, IL-13.E13K-D2-KK?2, targeting mitochondrial compartment of
tumor cells. We demonstrated that single-chain recombinant proteins 1L-13.E13K-D2-LLS-
cys and 1L-13-D2-KK2 specifically recognize GBM cells, are internalized and localized in
the vicinity or with the targeted lysosomal and mitochondrial compartments without any
detectable protein fragments transport to cells’ nuclei. For effective delivery of the cytotoxic
load to tumor cells, we conjugated derivative of doxorubicin WP936 to the c-terminal
cysteines introduced into our 1L-13.E13K-D2-NLS-cys and IL-13.E13K-D2-LLS-cys fusion
proteins. Not only did IL-13.E13K-D2-NLS-cys[WP936] and I1L-13.E13K-D2-LLS-
cys[WP936] bound to the targeted cells, but they were also able to deliver and accumulate
WP936 within cells and their respective subcellular compartments. The cell viability assays
showed that 1L-13.E13K-D2-NLS-cys[WP936] inhibits growth/kills GBM cells over-
expressing the targeted receptor more potently than either WP936 alone or e.g., IL-13.E13K-
D2-LLS-cys[WP936].

In our previous study, we had developed a novel strategy based on genetic engineering of
proteins and constructed a universal proteinaceous molecule, which recognizes cancer cells
and travels intracellularly specifically to the nucleus.[2%] This recombinant protein targets
IL-13RA2 on GBM cells with a modified receptor ligand, 1L-13.E13K and a specialized
cytosol translocation bacterial toxin domain D2 of Pseudomonas exotoxin A and consists of
a nuclear localization signal from the SV40 T antigen to form the IL-13.E13K-D2-NLS
nuclear delivery vector. We documented directly the journey of a designer protein-based
vector from the cell surface to the nucleus of GBM cells.[2%] This very strategy was
successfully utilized in the current study for delivery of proteins specifically to lysosomal
and mitochondrial compartments, respectively. We have thus achieved the development of
higher multi-specificity order of targeting drug conjugates delivering cytotoxic load in a pre-
programmed way into cellular compartments. We have succeeded in targeting the lysosomal
compartment of tumor cells. An earlier study investigating the presence of lysosomes in
astrocytic brain tumors has suggested high amounts of lysosomes present in GBM
tumors.[301 Hence, targeting of the lysosomes in which drugs could be hydrolyzed to active
forms could potentially be a promising therapeutic strategy against GBM. In the present
study, lysosomal targeting with WP936 served more of a purpose of contrasting control in
the experiments, because the anthracyclin exerts its action in the nucleus. However, some
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degree of hydrolysis, freeing and finding its way to the nucleus by WP936, especially during
prolonged incubation and accumulation of drug conjugates in tumor cells, can be expected
as our results would attest.

The cellular localization experiments strongly suggest a possibility of attaching various
labels/drugs/dyes to our specific targeted proteins for efficient delivery either to nuclei or
lysosomes or mitochondria. We had previously discovered a possibility of targeting cancer
cells and delivery of peptides/proteins into the cell cytosol using modified PE.[3%] Others
have also applied this approach using Diphtheria toxin fragments.[1] In a follow up of these
original experiments, we were able to show the delivery of our subcellular compartment-
directed construct, IL-13.E13K-D2-NLS, to the nucleus. Next, we conjugated IL-13.E13K-
D2-NL S with a derivative of doxorubicin named WP-936, to produce IL-13.E13K-D2-NL S
cys[WP936]. A general idea behind making these novel drug conjugates was to specifically
recognize and affect GBM cells while reducing the access of a chemotherapeutic to normal
tissues. Our data demonstrate significant increase in cytotoxicity with this drug conjugate
construct in cells overexpressing IL-13RA2. On the other hand, WP936 conjugation with
IL-13.E13K-D2-L L S-cys protein, showed some cytotoxic effect on targeted cells, but less
pronounced than by IL-13.E13K-D2-NL S-cys[WP936]. Both of these recombinant proteins
demonstrated much lower or no cytotoxicity in tumor cells expressing low levels of
IL-13RAZ2. Therefore, our novel drug conjugate represents a template for development of
specific cytotoxic anti-GBM agents. Using a similar approach, a monoclonal antibody linked
to the NLS peptide conjugated to the Auger electron emitter was able to recognize cells and
cause cytotoxicity.[52531 More importantly, a lower dose of these protein agent-WP936
conjugates was required to achieve cancer cell cytotoxicity compared to the free WP936
drug. A major potential advantage of these agents would be that a lower dose of the WP936
would be required for chemotherapy, leading to lower systemic load, and likely reduced
side-effects than free WP936.

Another emerging targeted drug delivery system in the treatment of cancer is the
mitochondrial drug delivery system. (KLAKLAK), proapoptotic peptide was found to be
cytotoxic to bacterial4], but it cannot efficiently permeate across eukaryotic plasma
membrane and hence exhibits low mammalian cell cytotoxicity. However, due to the
similarities between the bacterial cell membrane and eukaryotic mitochondrial membrane,
once it enters the cell it causes cytotoxicity by disrupting the mitochondrial membrane. A
recent study conducted using KLA, a variant of (KLAKLAK), proapoptotic peptide, fused
with a linear tumor-penetrating homing peptide iRGD demonstrated that it is internalized
into cultured tumor cells.[?4 Once inside the cells, the peptide leads to apoptosis through
both the mitochondrial-induced apoptotic pathway and the death receptor pathway. Another
study showed that the proapoptotic peptide (KLAKLAK), conjugated to penetratin led to
selective inhibition of tumor cell growth.[5%! To promote delivery of (KLAKLAK),
specifically to the GBM cells, we generated a recombinant protein IL-13-D2-KK2, which
targets IL-13RA2. After biotin conjugation and detection with streptavidin, we showed that
IL-13-D2-KK2 was effectively internalized into the GBM cells and co-localized with ATP-
synthase. We also demonstrated that IL-13-D2-KK2 has cytotoxic properties against a panel
of GBM cell lines, which overexpresses IL-13RA2. Hence our construct could potentially be
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used as a pro-apoptotic anti-cancer therapeutic agent, which will be specific for targeting
mitochondria in GBM tumors.

In summary, in this proof-of-principle study we have generated novel multi-specificity
fusion recombinant proteins for targeting lysosomal and mitochondrial compartments of
IL-13RAZ2 positive GBM tumor cells. We have also produced first-in-class drug conjugates
in which a chemotherapeutic is delivered to the site of its intracellular action. Our drug
candidates were able to successfully carry the WP936 cargo to the intracellular
compartments of the cell and caused significant cytotoxicity. In addition, we have
demonstrated that a specifically delivered proapoptotic peptide caused cytotoxic effect in the
GBM cells. Our novel drug conjugates/fusion proteins may thus provide a highly specific
and thus safer therapeutic option than the existing ones. We will test these and other
chemotherapeutic drug conjugates for their stability, pharmacokinetics and potential to cross
the blood-brain tumor barrier. This is in consideration that the conjugates might be delivered
systemically in patients. Also, recent advances could allow more efficient penetration of
such drugs given systemically through an opening of the blood-brain barrier as reviewed in
Rodriguez et a/[58] The drug conjugates of this type can be also administered to brain tumor
patients loco-regionally, directly to tumor bed using convection-enhanced deliveryl>"]. Local
administration can be repeated many times and drugs can be infused for prolonged periods
of time, which would represent a desirable feature of the treatment plan.[®85 Future pre-
clinical studies will pave the way for clinical evaluation of the conjugates using optimal
mean of their administration.
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Figure 1.
(A,B) Flow cytometry for IL-13RA2 in U-251 GBM cells. Isotype control (A) and (B)

receptor detection at various timepoints. Highly purified 1L-13.E13K-D2-NLS-cys (C) and
IL-13.E13K-D2-LLS-cys (D). (E) Immunoblot of non-biotinylated (lane 1) and biotinylated
(lane 2) IL-13.E13K-D2-LLS-cys probed with streptavidin-HRP. (F,G) Internalization of
biotinylated IL-13.E13K-D2-LLS-cys (1 uM) in U-251 MG cells. The cells were analyzed
using anti-streptavidin Alexa Fluor 555 (red) by fluorescence microscopy. Two different
fields are shown in two column panels. (H) U-251-MG cells were treated with biotin-labeled
IL-13.E13K-D2-LLS-cys (1 uM) and cells were stained for the nuclei and the protein. DIC,
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differential interference contrast. (1) Subcellular localization of 1L-13.E13K-D2-LLS-cys
was monitored using Z-stack analysis. (J) Internalization and intracellular distribution of
IL-13.E13K-D2-LLS-cys. U-251 MG cells were incubated for 8 hrs with 1 uM biotin-
conjugated 1L-13.E13K-D2-LLS-cys (red) with co-staining of LAMP-1 protein (green).
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Figure2.
(A) Schemata of IL-13.E13K-D2-NLS-cys[WP936] and IL-13.E13K-D2-LLS-cys[WP936]

drug conjugates. (B) Analysis of IL-13.E13K-D2-NLS-cys[WP936] drug conjugate.
Coommassie blue stained SDS-PAGE of protein molecular weight standards (lane 1), drug-
free IL-13.E13K-D2-NLS-cys (lane 2), and drug-conjugated IL-13.E13K-D2-NLS-cys (lane
3). Typhoon image (lanes 4-6) as in lanes 1-3. (C) Analysis of IL-13.E13K-D2-LLS-
cys[WP936] drug conjugate. Coommassie blue stained SDS-PAGE of protein molecular
weight standards (lane 1), drug-free (lane 2), and drug-conjugated IL-13.E13K-D2-LLS-cys
(lane 3). Typhoon image (lanes 4-6) as in lanes 1-3. (D) Treatment of U-251-MG, G48a and
T98G cells with IL-13.E13K-D2-NLS-cys[WP936] drug conjugate. Cells were visualized
using phase contrast or fluorescent microscopy after 24 and 48 hrs of treatment. (E)
Treatment of U-251-MG, G48a and T98G cells with IL-13.E13K-D2-LLS-cys[WP936] drug
conjugate. Cells were visualized using phase contrast microscopy after 24 and 48 hrs of
treatment. (F) Flow cytometry of IL-13RA2 expression in GBM cells. (G) Cytotoxic effect
of IL-13.E13K-D2-NLS-cys[WP936] in U-87, G48a and SnB19 pcDNA cells GBM cells
over-expressing IL-13RA2 and (H) in T98G, SnB19-A/SRA2 and LN229 cells expressing
low levels of the receptor. MTT cell viability assay was used. (I) Cytotoxic effect of a
modified unconjugated doxorubicin, WP936, in GBM cells. MTT assay was used. (J)
Cytotoxicity of IL-13.E13K-D2-LLS-cys[WP936] in GBM cells.
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Figure 3.
(A) Purified recombinant IL-13-D2-KK2 protein. SDS-PAGE stained with Coommassie

blue. (B) Immunoblot of biotinylated 1L-13-D2-KK2 probed with Streptavidin-HRP. (C)
Cell internalization of biotinylated IL-13-D2-KK2. The protein was analyzed by using anti-
streptavidin Alexa Fluor 555 and fluorescent microscopy. (D) U-251 cells were treated with
biotinylated IL-13-D2-KK2 for 8 hrs and the co-localization of biotinylated IL-13-D2-KK2
with mitochondrial ATP-synthase enzyme was analyzed by confocal microscopy. (E) IL-13-
D2-KK?2 effect on GBM cell lines U-251 MG, G48a and T98G analyzed using phase
contrast microscopy. (F) GBM cells were treated with IL-13-D2-KK2 for 72 hrs and the
cytotoxicity was measured by an MTS assay.
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