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Abstract

The bottlenecks of current chemotherapy in the treatment of colorectal cancer lie in the
ineffectiveness of the existing anti-cancer small molecule drugs as well as the dose-limiting
toxicity caused by the nonselective action on normal tissues by such drugs. To address these
problems, we introduce a novel therapeutic strategy based on tumor targeting using a non-
internalizing anti-carcinoembryonic antigen (CEA) monoclonal antibody (mAb) and intracellular
delivery of the extremely potent yet cell-impermeable protein toxin gelonin via the aid of a cell-
penetrating peptide (also termed as protein transduction domain; PTD). A chimeric TAT-gelonin
fusion protein was genetically engineered, and it displayed remarkably enhanced anti-cancer
activity against human colorectal cancer cells, with 1Cgq values being several orders of magnitude
lower than the unmodified gelonin. On the other hand, a chemically synthesized conjugate of
heparin and a murine anti-CEA mAb, T84.66 (termed T84.66-Hep) was found able to bind highly
specifically to CEA over-expressing LS174T colorectal cancer cells. When mixing together, TAT-
gelonin and T84.66-Hep could associate tightly and automatically through an electrostatic
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interaction between the cationic TAT and anionic heparin. In preliminary in vivo studies using
LS174T s.c. xenograft tumor bearing mouse, selective and significantly augmented (58-fold)
delivery of TAT-gelonin to the tumor target was observed, when compared with administration of
TAT-gelonin alone. More importantly, efficacy studies also revealed that only the TAT-gelonin/
T84.66-Hep complex yielded a significant inhibition of tumor growth (46%) without causing
gelonin-induced systemic toxicity. Overall, this study suggested a generic strategy to effectively
yet safely deliver potent PTD-modified protein toxins to the tumor.
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1. Introduction

In the United States, colorectal cancer is the third most commonly diagnosed cancer
(estimate of 140,000 new cases in 2014), as well as the second leading cause of cancer
related deaths (estimate of 50,000 deaths in 2014) for both men and women [1]. Despite of
certain successes in improving the survival rates of patients by early cancer detection and
appropriate surgical intervention (average 67%), cure is yet elusive specifically for
metastasized cancers which are unable to be removed by surgery (survival rate: 13 %) [1].
The difficulty to treat those metastasized cancers with currently approved small anticancer
drugs mainly lies in the lack of targeting and low therapeutic efficacy of the drugs, as well
as the toxic effects caused by the non-selective drug action on normal tissues [2, 3]. For
example, 5-FU (or fluorouracil) is a pyrimidine analogue drug that has been prescribed for
colorectal cancer therapy over 40 years [4]. Although 5-FU still remains the primary choice
for treatment, its therapeutic effect is strictly limited (10 — 15% response rate and at most 6 —
8 months extension of life-span) [4, 5]. Thus, to overcome the low efficacy, 5-FU has
frequently been used in combination with 1 or 2 other drugs. Although this combination
therapy is more effective than treatment by 5-FU alone, its therapeutic outcome (20 month
of extension of life span) is yet far from ideal and, further, the combination therapy
frequently induces more severe toxicity [5, 6].

To overcome the therapeutic limitation of currently existing small anti-cancer drugs, there
has been a rising interest on the use of macromolecular drugs, such as proteins and genes,
which possess unmatched therapeutic efficiencies as well as repetitive reaction mechanisms
[7-9]. A typical example of such macromolecular drugs is the plant-derived protein toxin,
gelonin, which is a 30 kDa size glycoprotein first derived from the seeds of Gelonium
multiflorum. Gelonin is a member of N-glycosidase family, and it inhibits protein synthesis
via the cleavage of a single adenine residue (As324) in the 28S ribosomal RNA [10]. The
potency of gelonin to inhibit protein translation is so high that even a single gelonin
molecule, assuming to be able to access the target ribosomes, can kill one tumor cell [11].
Nevertheless, despite of the exceptional potency of gelonin, its clinical translation yet
remains a formidable challenge due to its poor cellular uptake [11, 12].
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The discovery of potent protein transduction domains (PTD) has shed light of finally
overcoming the challenge of the cell membrane barrier [13]. Taking TAT as an example, it
is an 11-mer basic peptide derived from an HIV viral protein and has been demonstrated
both invitro and in vivo for its ability to translocate attached cargos (e.g., proteins, genes,
nanoparticles, etc.) into almost all types of organ cells including the brain [14, 15].
However, this potent cell-penetrating ability of PTD has also been related as a double-edged
sword, because of the nonselective nature of PTD-mediated cell transduction. Without
proper regulation, unwanted toxic side effects will inadvertently occur, due to internalization
of the PTD-drug into normal tissues [13, 16].

To date, various approaches based on different drug carriers (e.g., antibodies, nanoparticles,
tumor homing peptides or small molecule ligands) have been attempted in the pursuit of a
safer way to direct PTD-modified drugs to only the diseased cells [13, 16]. Specifically
when it comes to cancer therapy, monoclonal antibodies (mAb) have been recognized as one
of the most attractive targeting vehicles, due to their selective binding affinity to specific
antigens that are over-expressed on certain tumor cell surfaces [17, 18]. A typical example
of those tumor associated antigens is the carcinoembryonic antigen (CEA) which is a GPI-
linked highly glycosylated cell surface protein (MW: ~ 200 kDa) first isolated from human
colon cancer extracts. The CEA was reported to be over-expressed in various human
adenocarcinomas including colon, ovarian, lung, breast and pancreatic cancers [19, 20],
while it was minimally expressed in normal tissues (e.g., columnar epithelial cells and
goblet cells in the colon) [20]. Due to this distinctive expression profile, CEA has been
recognized as a highly attractive target for drug delivery [21-23].

In this research, we proposed a novel strategy to achieve effective yet safe colorectal cancer
therapy by linking a PTD-modified gelonin toxin to a heparin-conjugated anti-CEA mAb
(i.e. T84.66) via reversible electrostatic interaction (Fig. 1). Here, we reported the successful
synthesis of a recombinant PTD-fused chimeric toxin, TAT-gelonin, and a heparin-
conjugated T84.66 anti-CEA mAD (i.e. T84.66-Hep). In vitro characterization displayed a
high retention of the anti-cancer activity of TAT-gelonin as well as the CEA binding affinity
of T84.66-Hep. Preliminary and proof-of-concept animal studies were conducted using a
relevant LS174T s.c. xenograft tumor mouse model to demonstrate the feasibility, utility,
efficacy and the systemic toxicity of this delivery system in treating colorectal cancer.

2. Materials and methods

2.1. Materials

Carbenicillin and isopropyl-p-thiogalactopyranoside (IPTG) were purchased from Fisher
Scientific (Pittsburg, PA). Heparin sulfate and rhodamine B isothiocyanate (TRITC), Traut’s
reagent (2-iminothiolane), MES (2-(N-morpholino) ethanesulfonic acid), EDC (1-Ethyl-3-
[3-dimethylaminopropyl] carbodiimide Hydrochloride), goat anti-mouse-1gG (Fc specific)-
alkaline phosphatase, rat plasma and nonspecific murine IgG were purchased from Sigma-
Aldrich (St. Louis, MO). Competent Escherichia Coli (E. coli) strains (BL21star (DE3)),
ACTEV™ protease, PBS (pH 7.4), Dulbecco’s Modified Eagle Medium (DMEM),
Hybridoma serum free medium (SFM), fetal bovine serum albumin (FBS) were purchased
from Invitrogen (Carlsbad, CA). One-step PNPP, Dylight 679-C5 and Dylight 775-B4 were
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purchased from Thermo Scientific (Rockford, IL). Polyethylene glycol (NH,-PEG-MAL;
3.5 kDa) was purchased from JenKem Technology USA Inc. (Allen, TX). Recombinant
CEA (rCEA) was purchased from R&D SYSTEMS (Minneapolis, MN). Restriction
endonucleases (BamHI & Xhol) were purchased from New England Biolabs (Ipswich, MA).
The pET28a-Gel vector for the expression of recombinant gelonin was a kindly gift from Dr.
Wolfgang. E. Trommer (TU Kaiserslautern, Germany) [24].

2.2. Synthesis of chimeric TAT-gelonin fusion protein

2.2.1. Construction of TAT-gelonin expression vector (pET-TAT-Gel)—Full
length of TAT-gelonin gene (810 bp) was constructed by PCR using pET-Gel vector
(pPET28a-Gel) as the template. The PCR primers (NT-forward & NT-backward) are shown
in Table S1 (see online supporting information). After reaction, the PCR product was
purified by 1% agarose gel electrophoresis and inserted into a pEXP-5-NT/TOPO vector
using the vendor’s protocol (Invitrogen, Carlsbad, CA). The pET-TAT-Gel vector (pET21a-
TRX-TAT-Gel) designed for co-expression of TAT-gelonin with a thioredoxin-6xHis tag
(i.e., TRX-TAT-gelonin) was prepared via 3-step sequential PCR reactions using the
prepared pEXP-5-NT/TOPO-Gel vector as the initial template. All the primers (pET-
forward 1-3 and pET-backward 1-3) used for these PCR reactions are also summarized in
Table S1. The final PCR product (5’-BamHI-6xHis-TEVp-TAT-gelonin-Xhol-3’)
encompassing the codons that sequentially encode a BamHI cleavage site, a 6xHis tag, a
TEV protease cleavable peptide (TEVp), TAT-gelonin, and an Xhol cleavage site was
double digested (BamHI & Xhol), purified by 1% agarose gel electrophoresis, and then
inserted into a pET21a-TRX vector (ProMab Biotechnologies, Inc., Richmond, CA)
containing thioredoxin (TRX) gene. The constructed pET-TAT-Gel vector was submitted
for DNA sequencing analysis.

2.2.2. Expression and purification of TAT-gelonin—For production of TAT-gelonin,
a single colony of BL21 (DE3) E. coli transformed with pET-TAT-Gel was picked and
inoculated into 40 mL of LB medium. The starter culture was incubated for overnight at
37°C with shaking at 250 rpm and then diluted to 1 L fresh LB medium. The large (1L)
culture was incubated under the same condition as above, until the optical density at 600 nm
reached 1. The expression of TAT-gelonin was induced by addition of IPTG (to final 0.5
mM). The culture was further incubated under the same condition for 6 h, and then E. coli
cells were harvested by centrifugation at 4000 rpm for 20 min. The cells were re-dispersed
in 20 mM PBS (300 mM NacCl, pH 7), lysed by sonication (4 x 30 s with 50% output on ice)
and, after centrifugation at 15,000 rpm for 30 min, the supernatant fraction which contained
the soluble TRX-TAT-gelonin was collected and loaded onto Ni-NTA resins (HisPure® Ni-
NTA resin, Bio-Rad Laboratories, Hercules, CA). After incubation for 2 h at 4°C, the resins
were washed with 20 mM PBS (300 mM NaCl, pH 7), and TRX-TAT-gelonin was eluted
with the elution buffer (20 mM PBS, 300 mM NaCl, 400 mM imidazole, pH 7). For removal
of the fusion tag (thioredoxin-6xHis), TRX-TAT-gelonin was incubated with TEV protease
(ACTEV™ protease), and TAT-gelonin was acquired after heparin column purification
(HiTrap Heparin HP, GE Healthcare Bio-Sciences, Pittsburgh, PA) by salt gradient elution
(0 to 2 M NacCl at a rate of 0.02M/min, flow rate: 1 mL/min). The final TAT-gelonin
product was kept at —80°C until further use. Recombinant gelonin was expressed from BL21
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(DE3) E. cali strain transformed with pET-Gel and purified following the identical
procedures described by Shin et al [12].

2.2.3. Protein Assays—Expression of soluble TRX-TAT-gelonin was examined by SDS-
PAGE and western blot analysis of the supernatants of pET-TAT-Gel transformed E. coli
cell lysates, and further purification steps of TAT-gelonin were monitored by SDS-PAGE on
10% Tris-HCI gel. The quantity of final TAT-gelonin product was determined by BCA
assay, and the purity was assessed by densitometry analysis of the observed band relevant to
the TAT-gelonin (31 kDa) from the SDS-PAGE results using imageJ software (National
Institutes of Health, Bethesda, MD).

2.3. Chemical conjugation and purification of T84.66-heparin (T84.66-Hep)

T84.66, a murine anti-CEA monoclonal antibody (mAb), was produced from hybridoma
cells (American Type Culture Collection (ATCC) # HB-8747, Manassas, VA) cultured in
serum free media (Hybridoma SFM, Invitrogen), and purified by using protein G resins
(Protein G Sepharose™ 4 Fast Flow, GE Healthcare Biosciences, Pittsburg, PA) following
the procedures described by Urva et al [25]. The prepared T84.66 was conjugated with
heparin via a thioether bond utilizing a heterobifunctional polyethylene glycol (NH»-PEG-
MAL, 3.5 kDa) as the cross-linker. The conjugation scheme is depicted in Fig. 2. T84.66
was derivatized with thiol groups by mixing the T84.66 (10 mg/mL in 50 mM HEPES
buffer, 5 mM EDTA, pH 8) with 10-fold molar excess of Traut’s reagent and incubating for
1 h at room temperature (RT). The unreacted Traut’s reagent was removed by ultrafiltration
using a centrifugal filtration device (molecular weight cut off: 10 kDa, Amicon®
Centricon® Centrifugal Filter Devices, Millipore Corporation, Billerica, MA), and the
generated thiol groups were quantified by Ellman’s assay [26]. To introduce thiol reactive
maleimide groups to heparin, heparin (40 mg/mL in 0.1 M MES buffer 1 mL, pH 5) was
mixed with 5-fold molar excess of NH,-PEG-MAL (40 mg/mL in 0.1 M MES buffer 1 mL)
and EDC (40 mg/mL in 0.1 M MES buffer 0.5 mL) and then incubated for 2 h at RT. After
incubation, the reactant was loaded onto an anion exchange column (Bio-Scale™ Mini
UNOsphere™ Q Cartridge, Bio-Rad Laboratories, Hercules, CA) connected to HPLC
(Alltech 526 HPLC pump, Deerfield, IL), and the heparin-PEG-MAL was eluted with salt
gradient (0 to 2 M NaCl at a rate of 0.02M/min, flow rate: 1 mL/min). The amounts of
heparin and PEG contained in the eluent were quantified by azure A [27] and barium iodide
assay [28], respectively. The prepared heparin-PEG-MAL was slowly added to thiol-
activated T84.66 (T84.66-SH) solution, and the conjugation reaction was carried out at RT
for overnight. After reaction, T84.66-Hep was purified from unreacted T84.66-SH on the
anion exchange column with elution by a salt gradient (0 to 2 M NaCl at a rate of 0.02M/
min, flow rate: 1 mL/min, detection: 280 nm). Separated peak fractions were collected and
loaded onto a 10% SDS-PAGE gel for identification. In addition, the amounts of both
T84.66 and heparin contained in each peak fraction were quantified by measuring the optical
density at 280 nm (OD»gg) and azure A assay [27], respectively. Any unreacted heparin and
heparin-PEG-MAL were further removed from T84.66-Hep by ultrafiltration (molecular
weight cut off: 100 kDa). Nonspecific mouse 1gG-heparin conjugate (nlgG-Hep) was also
prepared using the identical method described for synthesis of T84.66-Hep.
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2.4. Synthesis of T84.66-gelonin chemical conjugate

T84.66-gelonin conjugate was synthesized via a disulfide bond utilizing a PEG (NHS-PEG-
OPSS, 2 kDa) cross-linker. T84.66 was conjugated with the PEG by mixing T84.66 (10
mg/mL in 20 mM PBS, pH 7) with 5-fold molar excess of NHS-PEG-OPSS and incubation
for 3 h at RT. The unreacted PEG was removed by ultrafiltration (MWCO: 10 kDa), and the
OPSS groups were quantified by P2T assay. To introduce thiol groups to gelonin, gelonin (5
mg/mL in 20 mM PBS buffer, 50 mM triethanolamine, 5 mM EDTA, pH 8.5) was mixed
with 5-fold molar excess of Traut’s reagent (2-Iminothiolane) and incubated for 1 h at RT.
After incubation, unreacted excessive Traut’s reagent was removed by ultrafiltration
(MWCO: 10 kDa), and the thiol groups generated on gelonin were quantified by Ellman’s
assay. The prepared T84.66-PEG-OPSS and thiol-activated gelonin (gelonin-SH) were
mixed together by a 1:5 molar ratio and incubated for 4 h at 4°C. After incubation, the
T84.66-gelonin was purified from unreacted T84.66-PEG-OPSS by using a cation exchange
column (HiTrap CM-FF, GE Healthcare Bio-Sciences, Pittsburgh, PA) with elution by a salt
gradient (0 to 2 M NaCl at a rate of 0.02 M/min, flow rate: 1 mL/min, detection: 280 nm).
Any unreacted gelonin-SH contained in the T84.66-gelonin peak fraction was further
removed from T84.66-gelonin by ultrafiltration (MWCO: 100 kDa).

2.5. Cell culture

LS174T and HCT116 human adenocarcinoma cells, MDCK (Madin-Darby canine kidney)
and 293 HEK (human embryonic kidney) cells were purchased from American Type Culture
Collection (ATCC) (Manassas, VA). The cells were cultured in DMEM with 2 mM L-
glutamine, high glucose, 1% (v/v) penicillin-streptomycin, and 10% FBS, and maintained in
a humidified atmosphere of 5% CO5 at 37°C.

2.6. Cytocidal activity of TAT-gelonin

LS174T, HCT116, MDCK and 293 HEK cells were separately seeded onto 96 well plates
(5x103 cells/well) and incubated for overnight in complete medium containing 10% FBS.
When the cells were attached to the bottom of the plates, they were treated with varied
concentrations of either gelonin or TAT-gelonin (107> — 10711 M) and incubated for 72 h at
37°C in a humidified atmosphere with 5% CO,. After incubation, the cells were washed
three times with PBS and the relative cell viability was measured by using XTT assay
following the vendor’s protocol (Roche Applied Science, Indianapolis, IN).

2.7. In vitro characterization of T84.66-Hep

2.7.1. Specific cell binding—Specific binding of T84.66-Hep to CEA overexpressed
cancer cells (e.g. LS174T) was examined by using fluorescence microscopy. For imaging,
T84.66-Hep was labeled with a fluorescence dye, rhodamine isothiocyanate (TRITC), by
mixing T84.66-Hep (5 mg/mL in 50 mM sodium bicarbonate buffer, pH 9.3) with 5-fold
molar excess of TRITC and incubation at RT for 2 h. The unreacted TRITC was removed by
using dye removal resins (Bio-Rad Laboratories, Hercules, CA).

CEA high expression (LS174T) and low expression (HCT116) cells were seeded onto 24-
well plates (5x10% cells/well) and incubated for overnight in complete medium with 10%
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FBS. When the cells were attached to the bottom of the plates, TRITC-labeled T84.66-Hep
(final concentration of 5 M) was incubated with the cells for 1 h at 37°C in a humidified
atmosphere with 5% CO,. In addition, a separate group of LS174T cells were first incubated
with 10-fold molar excess of unlabeled T84.66 for 1 h and then incubated with the TRITC-
labeled T84.66-Hep for 1 h. After incubation, cells were washed with PBS, and the images
of the cells were acquired by Nikon TE2000S epifluorescence microscope with a 20x
objective (Nikon Instruments Inc., Melville, NY) and analyzed by Metamorph software
(Molecular Devices Corporation, Sunnyvale, CA).

2.7.2. ELISA (Enzyme-linked immunosorbent assay)—The relative binding affinity
of T84.66-Hep to CEA compared with that of unmodified T84.66 was examined by ELISA
following the procedures described by Urva et al. with modification [25]. Briefly, 96-well
plates (96 well EIA/RIA clear flat bottom polystyrene high bind microplate, Corning Inc.,
Tewksbury, MA) were coated with recombinant CEA (rCEA, 400 ng/mL in 20 mM
phosphate buffer, 250 puL/well) by incubation at 4°C for overnight. After incubation, the
unbound rCEA was removed, and the wells were washed three times with PB-Tween (20
mM phosphate buffer with 0.05% Tween 20) and twice with MQ water (EMD Millipore,
Billerica, MA). After wash, varied concentrations (0, 10, 25, 50, 75 and 100 ng/mL) of
T84.66 and T84.66-Hep were added to the wells (200 uL/well) and incubated for 2 h at RT.
The wells were then washed, and goat anti-mouse-I1gG (Fc specific)-alkaline phosphatase
(1:1000 in PB-Tween, 100 pL/well, Sigma-Aldrich) was added to the wells and incubated
for 2 h at RT. After wash, 100 uL of p-nitrophenyl phosphate (1-step PNPP, Thermo
Scientific, Rockford, IL) was added to the wells and the change in absorbance at 405 nm
was monitored by a microplate reader (BioTek Synergy, BioTek co., Winooski, VT) using a
kinetic mode. The absorbance values of the wells were measured every minute for total 6
minutes, and the initial rates (slope; dA/dt) were calculated by linear regression using Prism
software (Prism version 5.0, GraphPad, San Diego, CA).

2.8. Physical Characterization of TAT-gelonin/T84.66-Hep complex

Physical characteristics of the TAT-gelonin/T84.66-Hep complex were examined by
dynamic light scattering (DLS) and binding/release studies. The hydrodynamic size and zeta
potential of the complex were measured by using a Nano ZS90 particle-sizer (Malvern,
Worcestershire, UK), and the size stability of the complex was assessed by measuring the
hydrodynamic size of the complex along a time course (0, 1, 4, 8, 24, 48 and 72 h) during
incubation in plasma. To assess the capacity and efficiency of TAT-gelonin binding with
T84.66-Hep, T84.66-Hep was biotinylated and immobilized to neutravidin-coated resins
(avg. 1 mg of biotinylated T84.66-Hep/500 uL of resins), and then incubated with different
amounts of Dylight 679-C5 (a.k.a. C5)-labeled TAT-gelonin (100, 200, 300, 500, 750, 1000
and 1250 mg). After incubation for 1 h at RT, the resins were centrifuged, and the
fluorescence intensities of the supernatants were measured and used to quantify the unbound
TAT-gelonin-C5 content. The binding TAT-gelonin content was calculated by subtracting
the unbound TAT-gelonin-C5 content from the fed amount, and the binding efficiency (%)
was by dividing the binding TAT-gelonin content by the fed amount and then multiplying it
by 100. The plasma release of TAT-gelonin from T84.66-Hep was examined by incubation
of the TAT-gelonin-C5/T84.66-Hep-bound neutravidin resins with rat plasma and
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quantification of the released TAT-gelonin-C5 along the time. At intended time points (0, 2,
6, 12, 24, 48 and 72 h), the complex-bound resins were centrifuged (1000 rpm for 3 min),
and the fluorescence intensities of the supernatants were measured to quantify the released
TAT-gelonin-C5 content. The bound TAT-gelonin-C5 was calculated by subtracting the
amount of released TAT-gelonin-C5 from the total loaded TAT-gelonin-C5 onto the resins.

2.9. Analysis of the cellular behavior of TAT-gelonin/T84.66-Hep complex

LS174T cells were seeded onto Nunc™ Lab-Tek™ Chambered Coverglass (Thermo
Scientific) at a density of 10* cells per well and incubated at 37°C. When the cells were
attached to the bottom of the chambers, TRITC-labeled gelonin, TRITC labeled-TAT-
gelonin, TRITC labeled-T84.66-gelonin conjugate and TRITC labeled-TAT-gelonin/Dylight
488 labeled-T84.66-Hep complex (prepared by 2:1 molar ratio) were separately added to the
wells and then incubated at 37°C. Gelonin and TAT-gelonin were incubated with cells for 4
h, and T84.66-gelonin conjugate and TAT-gelonin/T84.66-Hep complex were incubated
with cells up to 48 h. After incubation, the cells were washed with PBS, and the images of
the live cells were acquired by a Nikon Al confocal laser microscope (Nikon Instruments
Inc., Melville, NY) with a Plan Apo 60x 1.4 NA oil immersion lens and a diode based laser
system under two fluorescent channels (excitation/emission wavelength for the green
channel: 488 nm/525 + 50 nm, the red channel: 561 nm/596 + 50 nm). Images were
analyzed with the NIS-Elements 3.2 confocal software (Nikon Instruments Inc., Melville,
NY).

2.10. Animal studies

Animal experiments were conducted according to the protocol approved by the University
of Michigan Committee on Use and Care of Animals (UCUCA,; protocol No. 08945-3).

2.10.1. Determination of maximum tolerable dose (MTD)—The MTD of TAT-
gelonin and TAT-gelonin/T84.66-Hep complex were tested on C57BL/6 mice (body weight:
26 - 29 g, 6 weeks old, Charles Rivers Laboratories). The MTD was defined as the
maximum drug dose administered once bolus to non-tumor bearing mice without causing
mortality within 24 h period of post drug administration. Mice were administered with
escalating dose of either TAT-gelonin (dose: 9 mg/kg, 18 mg/kg, 36 mg/kg or 72 mg/kg) or
TAT-gelonin/T84.66-Hep complex (dose: TAT-gelonin 9 mg/kg /T84.66-Hep 20 mg/kg,
TAT-gelonin 18 mg/kg/T84.66-Hep 40 mg/kg or TAT-gelonin 36 mg/kg/T84.66-Hep 80
mg/kg) via tail vein injection (N = 3), and the mortality of mice was monitored. TAT-
gelonin/T84.66-Hep complex was prepared by mixing TAT-gelonin with T84.66-Hep and
incubation at RT for 30 min.

2.10.2. LS174T s.c. xenograft tumor mouse model—Male athymic nude mice (body
weight: 21 - 25 g; Charles Rivers Laboratories, Raleigh, NC) were housed in sterile animal
facilities and fed by standard chow diet. At day O (three days after arrival), LS174T cells
(5%x108 cells/mouse) were injected (s.c.) into the left flank of mice. Specifically for the mice
used for live animal imaging, after tumor implantation, they were fed by special alfalfa-free
diet (AIN-76A rodent diet, gamma-irradiated, Research Diets, Inc, New Brunswick, NJ) to
reduce the background autofluorescence [29]. Tumor size was measured using a vernier
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caliper, and the volume was calculated by using the formula of V (mm3) = (w2 x 1) / 2,
where V is the volume, w is the width and | is the length of the tumor.

2.10.3. Live animal imaging—T84.66-Hep-mediated tumor targeting of TAT-gelonin
was examined using live animal imaging technique. For simultaneous monitoring of the
behavior of both the components in a same mouse, TAT-gelonin and T84.66-Hep were
labeled with different near infrared (NIR) dyes, Dylight 775-B4 (abbreviated B4) and
Dylight 679-C5 (abbreviated C5), respectively, following the vendor’s protocol (Thermo
Scientific, Rockford, IL).

When the average tumor size reached 200 mm3, LS174T s.c. xenograft tumor bearing mice
were randomly divided into 4 groups (N = 5) and administered with either: 1) PBS, 2) TAT-
gelonin-B4 (135 g of B4-labeled TAT-gelonin), 3) TAT-gelonin-B4/nlgG-Hep complex
(135 pg of TAT-gelonin-B4/400 ug of nlgG-Hep) or 4) TAT-gelonin-B4/T84.66-Hep-C5
complex (135 pg of TAT-gelonin-B4/400 pg of T84.66-Hep-C5). Both the TAT-gelonin-B4/
nlgG-Hep and TAT-gelonin-B4/T84.66-Hep-C5 complexes were prepared by mixing the
two components and incubation at 4°C for 1 h. The test compounds were administered via
tail vein injection, and the fluorescent images of mice were acquired at 5 min, 30 min, 1h, 2
h,6h, 24 h, 48 h, 72 h, 96 h and 120 h after injection of the test compounds by using IVIS®
spectrum imaging system (Xenogen, Alameda, CA). Apart from the live imaging,
representative images of the tumors dissected from mice euthanized 6 h after administration
of the test compounds were also acquired by the IVIS® spectrum imaging system.

2.10.4. Biodistribution—LS174T s.c. xenograft tumor bearing mice were administered
with either TAT-gelonin-B4 (135 pug), TAT-gelonin-B4/nlgG-Hep (135 pg/400 pug) or TAT-
gelonin-B4/T84.66-Hep (135 pg/400 pg) via tail vein injection, when the average tumor size
reached 500 mm3. At 2 h and 24 h post-administration, the mice were euthanized, and the
major organs (e.g., tumor, heart, liver, spleen and kidney) were harvested. The fluorescence
intensities of the organs were acquired by using IVIS® spectrum imaging system (Xenogen,
Alameda, CA).

2.10.5. Imaging analysis—Mice images were collected using ICG filter (EX/Em: 745
nm/800 nm; for detection of TAT-gelonin-B4) and Cy5.5 filter (ExX/Em: 675 nm/720 nm; for
detection of T84.66-Hep-C5) with identical illumination settings, such as exposure time (1
s), binning (8), f/stop (2 for TAT-gelonin-B4 and 4 for T84.66-Hep-C5) and fields of view
(25 cm x 25 cm). The images were analyzed with Living Image 2.5 software (Xenogen,
Alameda, CA), and signals were normalized to photon per second per centimeter squared
per steradian (p/s/cm?/sr). For the live animal imaging analysis, tumors were designated as
the regions of interest (ROIs), and the mean fluorescence intensities (M.F.1.s) were
quantified by measuring the fluorescence intensities of ROIs and subtracting the
fluorescence intensity of the corresponding ROI on the control blank mice. The M.F.1.s that
correspond to the amounts of TAT-gelonin-B4 in the tumors were plotted as a function of
time, and the area under the curve (AUC) for each plot was calculated using Prism software
(Prism version 5.0, GraphPad, San Diego, CA). For the biodistribution analysis, the M.F.1.s
of the dissected major organs were calculated by designating the organs as the ROIs and

J Control Release. Author manuscript; available in PMC 2015 November 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shin et al.

Page 10

subtracting the fluorescence intensities of the corresponding ROIs on the control blank
mouse. The M.F.l.s were further normalized by the weight of the organs.

2.10.6. Efficacy and systemic toxicity—Three days after tumor implantation (at day 3)
when average tumor size reached 40 mms3, LS174T s.c. xenograft tumor mice were
randomly divided into 5 groups and administered with either: 1) PBS, 2) T84.66-Hep (21
mg/kg), 3) TAT-gelonin (7 mg/kg), 4) T84.66-gelonin conjugate (7 mg/kg as gelonin) or 5)
TAT-gelonin/T84.66-Hep complex (7 mg/kg TAT-gelonin/21 mg/kg T84.66-Hep). The
mice were treated three times with the above recipe at day 3, 6 and 9 via tail vein injection.
The tumor size and body weight of the mice were monitored daily.

2.11. Statistical analysis

3. Results

All data were expressed as mean + standard deviation (mean + SD). Statistical significant
differences among groups were compared by using either 1-way ANOVA (with Tukey’s
multiple comparison test as post hoc test) or Student’s t-test (Prism version 5.0, GraphPad,
San Diego, CA). Results yielding p < 0.05 were considered statistically significant.

3.1. Expression and purification of chimieric TAT-gelonin fusion protein

Thioredoxin-6xHis tagged TAT-gelonin (a.k.a. TRX-TAT-gelonin) was successfully
expressed as a soluble protein from E. coli. As shown in Fig. 3, the TRX-TAT-gelonin
purified by Ni-NTA chromatography was identified from the SDS-PAGE gel by the
presence of an intense band at 44 kDa, and further confirmed by specific recognition of the
band by an anti-His antibody (data not shown). TAT-gelonin was acquired after removal of
the thioredoxin-6xHis tag by incubation with TEV protease (ACTEV™ protease, Invitrogen)
and subsequent purification using a heparin column. The final TAT-gelonin product,
confirmed by SDS-PAGE analysis (Fig. 3), had a yield of 2.7 mg per L culture, and a purity
measured by densitometry analysis using the imageJ software of over 95%.

3.2. Preparation and purification of T84.66-heparin conjugate (T84.66-Hep)

T84.66 was successfully expressed and purified by using protein G resins. The average yield
of T84.66 based on measuring the optical density at 280 nm (ODgg) was 2 mg per L culture
and the purity based on densitometry analysis using imageJ software was over 95% (Fig. S1;
see online supporting information). The prepared T84.66 was conjugated to heparin via a
thioether bond using a heterobifunctional PEG (NH,-PEG-MAL, 3.5 kDa) as the cross-
linker (Fig. 2). Briefly, T84.66 was first derivatized with Traut’s reagent, resulting in the
introduction of approximately 5 thiols per antibody based on the Ellman’s assay. At the
same time, a thiol-active maleimide group was introduced to the heparin molecule via
conjugation of NH,-PEG MAL using EDC chemistry. The heparin-PEG-MAL conjugates
were purified from unreacted PEG by anion exchange chromatography. The average
heparin-to-PEG molar ratio was determined to be 1:0.4, based on the Azure A (for
quantification of heparin) and barium iodide (for quantification of PEG) assay results. After
preparation, T84.66-SH and heparin-PEG-MAL were mixed together and incubated at RT
for overnight. The T84.66-Hep product was then purified from unreacted T84.66-SH by
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anion exchange chromatography using a NaCl salt gradient. As shown in Fig. 4, three peaks
(F#1; retention time: 3 min, F#2; retention time: 28 min, F#3; retention time: 50 min) were
observed and found to elute at no salt, 0.36 — 0.5 M NaCl and 0.8 — 1.8 M NaCl,
respectively. Based on the quantification of the amounts of T84.66 and heparin in these
peaks, F#1 was confirmed to contain unreacted T84.66-SH only; as evidenced by the
absence of heparin, while F#2 and F#3 consisted of a mixture of T84.66-Hep, unreacted
heparin, and heparin-PEG-MAL. The presence of T84.66-Hep conjugates in F#2 & F#3
were further confirmed by SDS-PAGE analysis (data not shown). The elution of T84.66-
Hep from the anion exchange column as broad and even separate (F#2 & F#3) peaks are
likely explained by the heterogeneity in the size of the commercial heparin (Sigma Aldrich)
as well as the conjugation ratios between T84.66 and heparin, resulting in synthesis of
T84.66-Hep conjugates with varied binding affinity to anion exchange resins. Given the
favorable stronger binding affinity of T84.66-Hep contained in F#3 to anion exchange resins
compared with that in F#2, T84.66-Hep in F#3 was chosen for further studies and purified
from both the unreacted heparin and heparin-PEG-MAL by ultrafiltration. The final T84.66-
Hep product had a yield of 25% and a T84.66-to-heparin molar ratio of 1:3.

3.3. Synthesis of T84.66-gelonin chemical conjugate

T84.66 and gelonin were successfully conjugated via a disulfide bond. For the conjugation
reaction, T84.66 was conjugated to a heterobifunctional PEG (NHS-PEG-OPSS; 2 kDa),
and gelonin was thiol-activated by using Traut’s reagent. According to the P2T assay results,
each T84.66 molecule was conjugated with average of 3 PEGs in the purified T84.66-PEG-
OPSS, and approximately 5 thiol groups were introduced to gelonin based on Ellman’s
assay. The conjugation reaction was carried out by mixing T84.66-PEG-OPSS with thiol
activated-gelonin (gelonin-SH) by 1:5 molar ratio and incubation for 4 h at 4°C. The
T84.66-gelonin was purified from unreacted T84.66-PEG-OPSS by cation exchange
chromatography with a NaCl salt gradient, and the unreacted gelonin-SH was further
removed by ultrafiltration (MWCO: 100 kDa). The final T84.66-gelonin product had a yield
of 17% (1.7 mg conjugated T84.66 from initially 10 mg T84.66) and a T84.66-to-gelonin
molar ratio of 1:1.3 determined by SDS-PAGE (data not shown).

3.4. Cytocidal activity of TAT-gelonin

Cytocidal activity of TAT-gelonin was assessed against human colon cancer cells (LS174T
and HCT116) and noncancerous cells (MDCK and 293 HEK) by using the XTT assay. As
shown in Fig. 5 and also Table 1, in all cell lines tested, gelonin displayed cytotoxicity only
at above micro-molar concentrations; presumably by internalization via fluid phase
pinocytosis [30]. However, in sharp contrast, TAT-gelonin yielded significantly augmented
cytotoxicity (229-fold for LS174T; 391-fold for HCT116; 93-fold for MDCK and 108-fold
for 293 HEK) than gelonin, apparently due to indiscriminative and efficient TAT-mediated
cell transduction and uptake. These results demonstrated the utility of PTD in improving the
anti-cancer activity of the otherwise poorly internalizing protein toxins, shedding light of the
potential of these protein drugs for clinical applications.
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3.5. Specific binding of T84.66-Hep to carcinoembryonic antigen (CEA)

To examine the binding specificity and affinity of T84.66-Hep to CEA, we performed a cell
binding assay and also the ELISA measurement. The cell binding assay was conducted with
TRITC-labeled T84.66-Hep on human colon cancer cell lines with high CEA expression
(LS174T) and low expression (HCT116). Fluorescence images of these cells are shown in
Fig. 6A. As seen, selective binding of T84.66-Hep to LS174T cells as opposed to HCT116
cells was clearly observed; as strong fluorescence signal was visible only from the LS174T
cells, but not the HCT116 cells. Under competitive condition, when the LS174T cells were
incubated with 10-fold molar excess of unlabeled T84.66 (for 1 h) prior to their incubation
with TRITC-labeled T84.66-Hep, only minimal fluorescence signal was observed;
suggesting a complete blockage on the binding of TRITC-labeled T84.66-Hep to CEA
through the action of T84.66. These results confirmed that selective binding of T84.66-Hep
to the CEA-overexpressed LS174T cells is specifically mediated by interaction with CEA.
The relative binding affinity of T84.66-Hep to CEA was evaluated via ELISA and compared
with unmodified T84.66. As shown in Fig. 6B, at various T84.66 concentrations of 10, 25,
50, 75 and 100 ng/mL, the binding affinities of T84.66-Hep were about 72.9%, 68.8%, 64%,
68.6% and 71.5%, respectively, of those of intact T84.66, with an overall average of
approximately 69.2% (+ 3.4) of that of native T84.66. Overall, both the cell binding assay
and ELISA results demonstrated that, after conjugation with heparin, T84.66 still maintained
its specificity and affinity toward CEA, thus being capable of targeting CEA over-expressed
cancer cells.

3.6. Physical characteristics of TAT-gelonin/T84.66-Hep complex

After synthesis and characterization of both TAT-gelonin and T84.66-Hep, TAT-gelonin/
T84.66-Hep complex was prepared by a 2:1 molar ratio, and the physical properties were
characterized in vitro. The average hydrodynamic size of the complex measured by dynamic
light scattering (DLS) was 87.2 + 9.5 nm, and the zeta potential was — 6.2 + 4.3 mV. As
shown in Fig. 7A, when this complex was incubated in rat plasma up to 72 h, no apparent
aggregation was observed, and the size of the complex did not significantly change over
time.

To assess the binding capacity and efficiency of TAT-gelonin and T84.66-Hep, when
biotinylated T84.66-Hep was immobilized to neutravidin-coated resins and incubated with
different amounts of Dylight 679-C5 labeled-TAT-gelonin, the binding TAT-gelonin
content increased up to 536 pg/mg T84.66-Hep with increasing fed amounts of TAT-gelonin
and reached a plateau, while the binding efficiency was inversely decreased (Fig. 7B). Based
on the results, it appeared that one molecule of T84.66-Hep could bind with maximum of
3.5 TAT-gelonin. As shown in Fig. 7C, when the TAT-gelonin-C5/T84.66-Hep loaded-
resins were incubated with rat plasma, slow but steady release of TAT-gelonin-C5 was
observed. After 72 h of incubation, 41% of the loaded TAT-gelonin-C5 was dissociated
from the T84.66-Hep.

3.7. Analysis of cellular behavior of TAT-gelonin/T84.66-Hep complex

Cellular behavior of TAT-gelonin/T84.66-Hep was examined with LS174T cells by
confocal microscopy. As shown in Fig. 8, after 4 h incubation, while gelonin (Fig. 8A) was
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little, if any detected from the cells, strong fluorescence signal was observed inside the cells
incubated with TAT-gelonin (Fig. 8B); indicating rapid and efficient transduction of TAT-
gelonin mediated by TAT. When compared with TAT-gelonin, T84.66-gelonin conjugate
(Fig. 8C) was mainly observed from the cell membrane even after 48 h of incubation, and
only a small portion of the conjugate appeared to internalize cells. In a sharp contrast, from
the cells incubated with TAT-gelonin/T84.66-Hep complex, a significant enhance in the
uptake of TAT-gelonin was observed with increasing incubation time (from 4 h to 24 and 48
h) (Fig. 8G, 8H and 8l, respectively). While TAT-gelonin slowly internalized, however,
T84.66-Hep remained on the cell surface (Fig, 8D, 8E and 8F).

3.8. Maximum tolerable dose (MTD)

The MTD, defined as the maximum drug dose administered to the non-tumor bearing mice
as a bolus dose without causing death of the animal within 24 h period of post drug
administration, was determined for both the TAT-gelonin and TAT-gelonin/T84.66-Hep
complex using healthy C57BL/6 mice. The MTD for TAT-gelonin was estimated to be 9
mg/Kkg; as there was no death of the mice at doses lower than 9 mg/kg, but complete death of
all mice being tested when the dose was raised to above 18 mg/kg (N = 3). In case of TAT-
gelonin/T84.66-Hep, the MTD was left undetermined after no death was observed in mice
when the dose was raised to as high as 36 mg/kg of TAT-gelonin (complexed with 80 mg/kg
of T84.66-Hep). These safe doses determined for TAT-gelonin (36 mg/kg) and T84.66-Hep
(80 mg/kg), albeit not being the precise MTDs, appeared already quite high when comparing
with the doses reported in the literatures [31-33].

3.9. Targeting of TAT-gelonin/T84.-66-Hep complex in LS174T s.c. xenograft tumor bearing

mice

To evaluate the feasibility of T84.66-mediated tumor targeting of the TAT-gelonin/T84.66-
Hep complex, in vivo imaging study was conducted using LS174T s.c. xenograft tumor
mouse model. TAT-gelonin and T84.66-Hep were first labeled with different near infrared
(NIR) dyes, Dylight 775-B4 (B4) and Dylight 679-C5 (C5), respectively (B4/TAT-gelonin:
3 and C5/T84.66-Hep: 3.3). The fluorescence signals overlaid with bright-field images of
the mice are displayed in Fig. 9, whereas data concerning the mean fluorescence intensities
(M.F.1.) along the time course and their area under the curve (AUCymor) profiles
corresponding to TAT-gelonin-B4 measured from the tumors as well as the fluorescence
images of tumors dissected 6 h after drug administration are depicted in Fig. 10A, 10B and
10C, respectively.

As can be seen, when being administered alone (Fig. 9A), TAT-gelonin-B4 was observed
from the mouse body within a period of 24 h, and displayed a low accumulation on the
tumor target (see Fig. 10 also). On the other hand, after injection of the TAT-gelonin-B4/
nlgG-Hep complex (Fig. 9B), TAT-gelonin-B4 was apparently visible in the animal body
for a prolonged period of greater than 48 h, and displayed a significantly higher
accumulation at the tumor target (see Fig. 10 also). Despite of the fact that nlgG-Hep
possessed no specificity towards LS174T cells, a 7.8-fold increase (n.s. (not significant), p >
0.05 by 1-way ANOVA and Tukey’s multiple comparison test; ** p < 0.01 by Student’s t
test) in tumor exposure (AUC,mor) Of TAT-gelonin-B4 was observed following the
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injection of TAT-gelonin-B4/nlgG-Hep, when comparing the AUCmor results with those
obtained from mice administered with TAT-gelonin-B4 only. These findings suggested that,
even without the aid of active targeting, complexation with an antibody-heparin conjugate
could yield an enhanced tumor accumulation of TAT-gelonin-B4; presumably due to an
augmented EPR (enhanced permeation and retention) effect via prolonged residence in
circulation. However, the most significant enhancement in tumor accumulation of TAT-
gelonin-B4 was observed when mice were administered with TAT-gelonin-B4/T84.66-Hep-
C5 (Fig. 9C). As agreed by results in Fig. 9, not only enhanced but also localized delivery of
TAT-gelonin-B4 was observed in the tumor and, remarkably, a 58.4-fold increase (***p <
0.001 by 1-way ANOVA and Tukey’s multiple comparison test) of AUCymor Was
accomplished by the injection of TAT-gelonin-B4/T84.66-Hep-C5. When the in vivo
behavior of TAT-gelonin-B4 (Fig. 9C-left) was compared with that of T84.66-Hep-C5 (Fig.
9C-right) in the same mouse administered with TAT-gelonin-B4/T84.66-Hep-C5, T84.66-
Hep-C5 showed a tumor accumulation profile closely resembled to that of TAT-gelonin-B4;
suggesting an active targeting of TAT-gelonin-B4 mediated by the noncovalently linked
T84.66-Hep-C5.

3.10. Biodistribution

The biodistribution profiles of TAT-gelonin were examined with LS174T xenograft tumor
bearing mice. After administration of TAT-gelonin-B4, TAT-gelonin/nlgG-Hep and TAT-
gelonin-B4/T84.66-Hep via tail vein injection, major organs (e.g., tumor, heart, liver, spleen
and kidney) were dissected at 2 h and 24 h post-administration, and the weight normalized
M.F.l.s of the organs were acquired. As shown in Fig. 10D, when administered alone, TAT-
gelonin was mainly observed from kidney, liver, spleen and tumor at 2 h post-injection, and
found only in kidney and liver after 24 h of injection. The M.F.1. profiles of the heart which
reflect the blood concentrations of TAT-gelonin indicated rapid tissue distribution and
elimination (< 2 h). In a sharp contrast, when TAT-gelonin was administered as a complex
with either nlgG-Hep or T84.66-Hep, prolonged blood residence was observed; as
evidenced by the traceable M.F.1. of heart at even 24 h post-administration. With a good
agreement to the live animal imaging results (Fig.9 and 10A), higher tumor accumulation of
TAT-gelonin-B4 was accomplished by administration of TAT-gelonin-B4/nlgG-Hep and
TAT-gelonin-B4/T84.66-Hep. Specifically, the mice treated with TAT-gelonin/T84.66-Hep
showed the most significant targeting effect (tumor/heart weight normalized M.F.1. ratio of
7.55 at 24 h post-administration, p < 0.001*** by 1-way ANOVA and Tukey’s multiple
comparison test), when compared with administration of TAT-gelonin (0.96) and TAT-
gelonin/nlgG-Hep (1.42).

3.11. Therapeutic Efficacy

To verify the efficacy of T84.66-Hep-based tumor targeting of TAT-gelonin, we treated
LS174T s.c. xenograft tumor bearing mice with either PBS, T84.66-Hep, TAT-gelonin,
T84.66-gelonin conjugate or TAT-gelonin/T84.66-Hep complex. During the experiment,
tumor sizes and body weight changes of the mice were monitored along the time course. As
shown in Fig. 11A, mice treated with T84.66-Hep (without TAT-gelonin) and T84.66-
gelonin did not exhibit any therapeutic effect (tumor size: 993 + 414 mm3, 985 + 320 mm?,
respectively). Similarly the tumor size of mice treated with TAT-gelonin also continued to
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grow exponentially, with no apparent inhibition on the tumor growth even after administered
of a high dose of 7 mg/kg (slightly lower than MTD) for three times. At day 31, the tumor
size of TAT-gelonin treated mice reached 969.4 + 280 mm3 (12.3% inhibition) which was
not significantly different from that (1110.8 + 203 mm3) of the control mice with PBS
injection. In sharp contrast, mice treated with the TAT-gelonin/T84.66-Hep complex yielded
a significant inhibition (46%) on the tumor growth (602 + 194 mm3 at day 31, p < 0.05* by
1-way ANOVA and Tukey’s multiple comparison test).

During the efficacy study, the average body weight of all of the mice gradually increased by
an average of 20.3%; from 25+ 0.4 g at day 1 to 29.3 £ 0.5 g at day 31 (Fig. 11B).
However, while mice treated with PBS, T84.66-Hep, T84.66-gelonin and TAT-gelonin/
T84.66-Hep continued to gain weight during the course of study, in sharp contrast, a
transient but significant body weight loss was observed from mice administered with TAT-
gelonin. Specifically one day after the last, 3" drug treatment (at day 10) with TAT-gelonin,
there was a dramatic weight loss (-=15.4%, at day 10, p < 0.001*** by 1-way ANOVA and
Tukey’s multiple comparison test as the post hoc test) in the test animals, as opposed to a
weight gain in mice administered with PBS (10%), T84.66-Hep (5.7%), T84.66-gelonin
(6.5%) and TAT-gelonin/T84.66-Hep (3%).

4. Discussion

With the unparalleled reaction efficiency and repetitive reaction mechanism, protein toxins
have drawn significant attention as potential therapeutic agents. [34, 35]. Yet, clinical
application of these drugs in cancer therapy has been limited by two major challenges: one is
the inefficiency to internalize cancer cells, resulting in suboptimal concentration in the
cytosol which is the primary site of action, and the other is the manifestation of toxic, in
some cases life-threatening, side effects caused by lack of selectivity between target and
normal cells. One promising strategy to overcome the cell membrane barrier (1% challenge)
is to utilize the protein transduction domains (PTDs) such as the TAT peptide. In general,
PTD offers a number of distinctive merits: 1) they are toxic at only high concentrations (no
toxicity below 50 pM) [36, 37], 2) can be easily conjugated to a protein drug via either
chemical or genetic engineering method without significantly affecting their intrinsic
activity [12] and 3) exceptionally efficient in delivering attached cargos into almost all types
of cells [38]. Indeed, this PTD-mediated cell uptake has been shown to be so effective and
overwhelming that it cannot be matched by any existing cell entry method including the
receptor-mediated endocytosis. Gelonin, a member of type 1 ribosome inactivating protein
(RIP) family, is a plant derived toxin and represents a typical example of the potential anti-
cancer protein therapeutics. Despite of the extraordinary potency on inhibiting protein
synthesis, clinical translation of gelonin has been severely hindered due to its poor cell
uptake. [10, 39] To this regard, we engineered a chimeric fusion protein of TAT and gelonin
(i.e. TAT-gelonin) from the E. coli expression system (Fig. 3). The synthesized TAT-
gelonin displayed a significantly augmented cytotoxic activity against both LS174T and
HCT116 human colon cancer cells, when comparing with unmodified gelonin (Table 1),
suggesting the plausibility of our PTD-based gelonin delivery
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Despite of the unparalleled potency of PTD in transducing any type of compound (small,
large, hydrophobic or hydrophilic) across almost all types of cell membranes, the lack of
selectivity of PTD on its mediated cell internalization unfortunately renders this method
unacceptable in clinical practice, due to concerns of causing drug-associated toxic side
effects. Specifically, if a toxin drug is attached to PTD, the extremely potent yet
indiscriminative cell-killing ability towards both cancer and normal tissues would lead to
severe drug-induced systemic toxicity. Indeed, our cytotoxicity studies showed that TAT-
gelonin yielded a significant degree of cell death not only to cancerous cells (LS174T and
HCT116), but also to noncancerous normal cells (MDCK and 293 HEK) (Fig. 5). To curb
the “wild” behavior of PTD and direct its translocating activity specifically to only diseased
cells, various approaches have been attempted. Among them, reversibly masking the PTD
using an anionic counterpart that is releasable near the tumor target appeared to be an
appealing strategy, as it can provide a direct and complete blockage of unwanted interaction
between PTD and the non-diseased cells. In the present work, to provide an effective
“masking” and, moreover, “tumor targeting” of TAT-gelonin, we developed a novel
delivery strategy comprising of TAT-gelonin linked with a heparin conjugated monoclonal
antibody (mAb). Heparin, a clinically used anticoagulant drug [40], possesses exceptionally
high negative charge density that enables it to bind strongly with cationic compounds via
reversible electrostatic interaction [41, 42]. Previously, Yang and co-workers reported that
the binding affinity of heparin with low molecular weight protamine (LMWP;
VSRRRRRRGGRRRR), a cationic PTD, was stronger than that with antithrombin 111
(ATII), which is known to be the strongest heparin-binding proteins in the circulation [43].
Given the similarity in their peptide structures between LMWP and TAT
(YGRKKRRQRRR), we hypothesized that, mediated via the avid interaction between
heparin and TAT, T84.66-Hep would be able to form a tight complex with TAT-gelonin,
thereby yielding a proper masking of TAT and also serving as an effective loading platform
for the drug. For the targeting moiety, an anti-CEA monoclonal antibody, T84.66, was
selected based on two crucial advantages. First, T84.66 was reported to possess the highest
specificity and binding affinity (2.6 x 1010 M~1) towards CEA [44], thus providing an
exceptional tumor targeting efficiency towards CEA overexpressed tumors including
colorectal cancer [23]. The other merit of T84.66 is being not an endocytosable antibody,
thereby allowing sufficient time for TAT-gelonin to dissociate from T84.66-Hep and
internalize tumor cells following targeting [45, 46].

T84.66-heparin conjugate (a.k.a. T84.66-Hep) was prepared by chemical conjugation using
a heterobifunctional PEG (NH,-PEG-MAL, 3.5 kDa) as the cross-linker. Due to the
relatively long and flexible nature of the polymer chain, PEG could reduce aggregation
during the conjugation process. In addition, PEG could prevent interference between the
components of the conjugate. Therefore, PEG has been used extensively as a cross-linker for
preparation of various chemical conjugates [12, 47]. Indeed, in this study, by utilizing the
PEG, T84.66-Hep could be successfully synthesized without the occurrence of any
aggregation. More importantly, after heparin conjugation, T84.66 still retained a high CEA
binding specificity; as demonstrated by the results from the binding assay (Fig. 6A). ELISA
assay also confirmed that the binding affinity of T84.66-Hep to CEA was largely retained
(avg. 69.2 %), when comparing to that of unmodified T84.66 (Fig. 6B). These results
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implicated that conjugation of heparin probably occurred primarily outside the antigen
binding site of T84.66, rendering the targeting ability of T84.66 effective following
conjugation.

Simply mixing of TAT-gelonin and T84.66-Hep (at 2:1 molar ratios) resulted in the
formation of a nanocomplex (binding efficiency: 85%) which possessed good size stability
in plasma (up to 72 h) (Fig. 7A and 7B). Despite strong binding between TAT-gelonin and
T84.66-Hep, yet this complex could be reversibly dissociated; as evidenced by the release
study results using immobilized TAT-gelonin/T84.66-Hep (Fig. 7C). This finding from the
release study was further confirmed by the cell uptake study results (Fig. 8). When LS174T
cells were incubated with TAT-gelonin/T84.66-Hep complex, TAT-gelonin was observed
slowly internalizing (Fig. 8G, 8H and 8l), while T84.66-Hep continuously remained on the
cell membranes (Fig. 8D, 8E and 8F); implicating release of TAT-gelonin from the T84.66-
Hep counterpart and its subsequent cell transduction. The advantage of the complex nature
of our DDS was apparent when compared the images of the cells treated with T84.66-
gelonin conjugate and TAT-gelonin/T84.66-Hep complex (Fig. 8C and 8l); as a significantly
higher cell uptake of gelonin was achieved by incubation with TAT-gelonin/T84.66-Hep
complex, than T84.66-gelonin conjugate.

The feasibility of T84.66-Hep-mediated tumor targeting of TAT-gelonin was examined by
live animal imaging and biodistribution studies. Live imaging technique was particularly
useful in proving our hypothesis, as it provided “real-time” and “simultaneous” information
of the behavior of both Dylight 775-B4-labeled TAT-gelonin (i.e. TAT-gelonin-B4) and
Dylight 679-C5-labeled T84.66-Hep (i.e. T84.66-Hep-C5) within the same mouse and under
the time course of the experiment. From the mice images, tumor targeting was clearly
identified; as markedly enhanced and localized accumulation (58.4-fold) of TAT-gelonin-B4
was observed in the LS174T tumor after administration of the TAT-gelonin-B4/T84.66-
Hep-C5 complex (Fig. 9C and 10); when compared to that by administration of TAT-
gelonin-B4 alone (Fig. 9A and 10). Convincingly, this tumor targeting of TAT-gelonin-B4
was confirmed to be mediated by T84.66-Hep; as reflected by the closely resembled tumor
accumulation profiles of TAT-gelonin-B4 (Fig. 9C-left) and T84.66-Hep-C5 (Fig. 9C-right).
Overall, the imaging results provided strong support to the conclusion that TAT-gelonin-B4
and T84.66-Hep-C5 were targeted to tumor as one complex body. Another important finding
from the imaging study was that, although nonspecific 1gG-heparin conjugate (i.e. nlgG-
Hep) did not possess binding specificity to LS174T tumor cells, higher tumor accumulation
of TAT-gelonin-B4 (7.8-fold) was observed by the administration of TAT-gelonin-B4/nlgG-
Hep (Fig. 9B and 10); when compared to the results by administration of TAT-gelonin-B4
only. A possible explanation might be that complexation with antibody-heparin conjugates
significantly prolonged the blood residence time of TAT-gelonin-B4, and eventually
provided a higher chance to be distributed into the tumor tissue via the EPR (enhanced
permeation and retention) effect. As reported, gelonin possess a poor pharmacokinetic (PK)
profile with a plasma half-life of only 3.5 min (in mice after i.v. injection); which is likely to
be an insufficient time for a considerable amount of gelonin to accumulate at the tumor
target. It was also in the literatures that the short plasma residence time of toxins such as
gelonin could be significantly increased via conjugation with an antibody that generally had
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a relatively long plasma half-life (e.g., several days to weeks). Indeed, as seen in Fig. 9, the
solely administered TAT-gelonin-B4 exhibited only a short time period of images (less than
24 h; peaked at 1 h-post administration), while, in a sharp contrast, TAT-gelonin-B4
complexed with either T84.66-Hep-C5 or nlgG-Hep was visible for much longer time
periods (over 96 h (peaked at 6 h)) when complexed with T84.66-Hep-C5 and for 48 h
(peaked at 24 h) with nlgG-Hep, respectively). Those findings from the live animal imaging
were further confirmed by the biodistribution study results (Fig. 10D). When compared with
administration of TAT-gelonin alone, prolonged blood circulation of TAT-gelonin was
observed from the mice administered with TAT-gelonin/T84.66-Hep and TAT-gelonin/
nlgG-Hep. Furthermore, the most prominent tumor targeting was achieved by administration
of TAT-gelonin/T84.66-Hep.

Encouraged by the targeting results, the therapeutic benefits of the proposed strategy were
further evaluated in an LS174T s.c. xenograft tumor mouse model. As can be seen in Fig.
11A, administration of TAT-gelonin/T84.66-Hep complex was able to considerably inhibit
the tumor growth by 46% (at day 31), while TAT-gelonin alone could not provide any
significant effect on the tumor growth, even when the dose (7 mg/kg) was increased close to
the maximum tolerable dose (MTD; 9 mg/kg). These results suggested that TAT-gelonin
was able to be gradually and slowly detached from its T84.66-Hep counterpart, once the
TAT-gelonin/T84.66-Hep complexes were accumulated at the tumor target. Jiang et al.
reported that the electrostatic interaction between a nona-arginine residue (R9) and a nona-
glutamate residue (E9) could be stable when these two species were linked covalently with a
matrix metalloprotease (MMP) cleavable linker [48]. However, once the linker was cleaved
by MMP on the tumor surface, the R9/E9 would be slowly detached, rendering a sustained
release of R9 and its subsequent internalization into tumor cells [48]. Based on the identical
nature of the bond (i.e., electrostatic interaction) between R9/EQ and TAT/heparin, TAT-
gelonin was presumably detached from T84.66-Hep during the time course of the animal
study. Also, shown from the results of the release study, the TAT-gelonin/T84.66-Hep
complexes seemed to retain their intact structures and mostly remain during the early stage
of their administration (i.e. within 6 h), and were then gradually dissociated over the entire
time course of the animal study (Fig. 7C); therefore providing sufficient time for the
complexes to achieve specific tumor targeting. Asides from the advanced therapeutic
efficacy, there were more important advantages offered by the presented drug delivery
strategy. As shown in Fig. 11B, while TAT-gelonin caused a significant toxicity to the
animals (15.4 % body weight loss at day 10) during the three cycles of treatment, TAT-
gelonin/T84.66-Hep showed insignificant body weight loss as opposed to that seen in the
control animal group with PBS injection. These results were in good accordance to the
enhanced MTD value for TAT-gelonin/T84.66-Hep over that for TAT-gelonin. Such a
reduced toxicity may be accounted for in terms of the modified PK profiles and delayed
exposure of TAT-gelonin to the main eliminating organ such as kidney, which is the organ
most likely to show severe toxicity [49]. To fully understand the reduced toxic effects of this
gelonin delivery system, extensive and detailed animal studies for the PK profiles and tissue
distribution of both TAT-gelonin and TAT-gelonin/T84.66-Hep are warranted and, indeed,
those studies are currently underway in our own laboratories.
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5. Conclusion

In this research, a heparin conjugated murine anti-CEA monoclonal antibody, T84.66-Hep,
was synthesized to aid in the delivery of a PTD-modified gelonin toxin, TAT-gelonin. The
T84.66-Hep, prepared by chemical conjugation using a heterobifunctional PEG as the cross-
linker, was shown capable of forming a tight complex with TAT-gelonin, both in vitro and
in vivo. Furthermore, via specific binding to CEA expressed on the tumor cells, T84.66-Hep
was able to selectively deliver TAT-gelonin to the tumor target. By administration of the
TAT-gelonin/T84.66-Hep complex, significantly enhanced tumor exposure of TAT-gelonin
(58.4-fold) over that by injection of TAT-gelonin alone was observed. By the combination
of T84.66-Hep induced tumor targeting and TAT-mediated intracellular delivery of gelonin,
significant therapeutic efficacy on the treatment of CEA-expressed colorectal tumor was
achieved. More importantly, the toxic side effects resulting from the non-selective action of
TAT-gelonin on normal tissues were significantly reduced. Overall, this study demonstrated
a novel and efficient strategy to deliver highly potent toxins selectively to tumor for
effective colorectal cancer therapy.
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Figure 1.
Scheme of the antibody-based targeting strategy for selective delivery of PTD-modified

toxins to tumor cells. When antibody-heparin conjugate and PTD-modified toxin are mixed
together, they automatically form a strong yet reversible complex via electrostatic
interaction between anionic heparin and cationic PTD. Following administration to the
blood circulation, the complexes are targeted to tumor mediated by the antibody that
specifically binds to antigens overexpressed on the tumor cells. Once targeted, slowly
released PTD-modified toxins from the antibody-heparin conjugate counterpart internalizes
into tumor cells via PTD-mediated transduction, which eventually results in apoptosis of the
tumor cells.
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Figure 2.
Scheme of the chemical synthesis of T84.66-Hep using a heterobifunctional PEG as the

cross-linker. (T84.66-Hep: T84.66-heparin conjugate)
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Figure 3.
SDS-PAGE results for TRX-TAT-gelonin and TAT-gelonin. Lane M is a marker of the

protein molecular weight standard (Invitrogen), Lane N is the purified TRX-TAT-gelonin by
using the Ni-NTA chromatography, and Lane H is the final TAT-gelonin product after
removal of the thioredoxin-6xHis tag from TRX-TAT-gelonin and subsequent purification
with heparin chromatography. (TRX-TAT-gelonin: thioredoxin-6xHis tagged TAT-gelonin)
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Elution profiles of T84.66-Hep and T84.66 from anion exchange column. While a single
peak (eluted at 0 M NaCl with retention time of 2 min) was observed when T84.66 was
loaded to the anion exchange column and a NaCl salt gradient was applied from 0 to 2 M
(red dotted line), when the reactants of T84.66 and heparin conjugation were loaded onto
anion exchange column, three major fractions labeled as Peaks 1 - 3 eluted at 0, 0.36 - 0.5 M

and 0.8 —1.8 M NaCl (with retention times of 2, 28 and 50 min, respectively). (RAU:

relative arbitrary unit indicating relative intensity of the absorbance at 280 nm, T84.66-Hep:

T84.66-heparin conjugate)
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Figure 5.

Cytocidal activities of gelonin and TAT-gelonin against (A) LS174T (B) HCT116, (C) 293
HEK and (D) MDCK cell lines. Cells were plated onto 96 well plates (5 x103 cells/well) and
the relative cytotoxicity was measured by using the XTT assay (N = 3). TAT-gelonin
displayed significantly higher cytotoxicity against all of the tested cell lines than gelonin, .
confirming the utility of PTD in improving the anti-cancer activity, while also demonstrating
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the toxicity related concerns for its clinical applications.
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Figure 6.
In vitro characterization of T84.66-Hep. (A) Fluorescent microscopic images of HCT116

(CEA low expression cell line; left) and LS174T (high expression cell line; middle) cells
treated with TRITC-labeled T84.66-Hep, as well as LS174T cells (right) incubated with
TRITC-labeled T84.66-Hep after pre-incubation with 10-fold molar excess of unlabeled
T84.66. After incubation, cells were washed with PBS, and then the live cell images were
acquired by a Nikon A1R-A1l confocal laser microscope with a 20xobjective (Nikon). (B)
ELISA results of T84.66 and T84.66-Hep against . 96-well plates were coated with
recombinant CEA (rCEA). and after wash, incubated with varied concentrations (0, 25, 50,
75 and 100 pg/mL) of T84.66 and T84.66-Hep. After incubation, the wells were washed and
then incubated with goat anti-mouse-1gG (Fc specific)-alkaline phosphatase. After washing,
p-nitrophenyl phosphate was added to the wells and the change in absorbance at 405 nm was
monitored, and the initial rates (dA/dt) for the antibodies were plotted. The statistical
significant differences of the initial rates of T84.66 and those of T84.66-Hep were compared
by Student’s t-test. *P < 0.05, **P < 0.01. (T84.66-Hep: T84.66-heparin chemical
conjugate)
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Physical characterization of TAT-gelonin/T84.66-Hep complex. (A) Size stability in plasma.

(B) TAT-gelonin’s binding capacity and efficiency to neutravidin resin-immobilized

T84.66-Hep. (C) Release of TAT-gelonin from the immobilized T84.66-Hep. (T84.66-Hep:

T84.66-heparin chemical conjugate)
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50 pm

Figure 8.
Confocal microscopic images of live LS174T cells after incubation with (A) TRITC-labeled

gelonin, (B) TRITC-labeled TAT-gelonin, (C) TRITC-labeled T84.66-gelonin conjugate or
(D - I) TRITC-labeled TAT-gelonin/Dylight 488-labeled T84.66-Hep complex. For the
complex treated cells, images of both the T84.66-Hep and TAT-gelonin were
simultaneously acquired after 4 h (D and G), 24 h (E and H) and 48 h (F and 1) of
incubation. While T84.66-Hep mainly remained on the cell surface (D — F), TAT-gelonin
gradually internalized the cells (G - I).
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Figure 9.
Representative fluorescence images of LS174T s.c. xenograft tumor bearing nude mice after

i.v. administration of (A) TAT-gelonin-B4, (B) TAT-gelonin-B4/nlgG-Hep or (C) TAT-
gelonin-B4/T84.66-Hep-C5. Tumors in the mice images are indicated by red circles and
arrows. Specifically, after administration of TAT-gelonin-B4/T84.66-Hep-C5 complex, the
in vivo behaviors of TAT-gelonin-B4 (left image of C) and T84.66-Hep-C5 (right image of
C) were simultaneously monitored from the same mice along the time. (TAT-gelonin-B4:
Dylight 775-B4 labeled chimeric TAT-gelonin fusion protein, nlgG-Hep: nonspecific 1gG-
heparin conjugate, T84.66-Hep-C5: Dylight 679-C5 labeled T84.66-heparin conjugate)
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Figure 10.
Tumor accumulation profiles of TAT-gelonin-B4 after administration of LS174T s.c.

xenograft tumor bearing nude mice with TAT-gelonin-B4, TAT-gelonin-B4/nlgG-Hep or
TAT-gelonin-B4/T84.66-Hep-C5. (A) Relative mean fluorescence intensities (M.F.1.s)
corresponding to TAT-gelonin-B4 in the tumors as a function of time. (B) Comparison of
area under the curves (AUCymor) Of the tumor M.F.1. vs. time curves, corresponding to the
tumor exposures of TAT-gelonin-B4. The tumor exposure of TAT-gelonin-B4 was
significantly enhanced (58.4-fold) by administration of TAT-gelonin-B4/T84.66-Hep-C5,
when compared with administration of TAT-gelonin-B4 alone. Statistical significant
difference of the AUCmor among the groups was compared by 1-way ANOVA with
Tukey’s multiple comparison test as the post hoc test using Prism software (GraphPad). **P
< 0.01, ***P < 0.001. (C) Tumor images dissected 6 h after administration of the test
compounds. (D) Biodistribution profiles at 2 h and 24 h post-administration. In agreement of
the observations in Fig. 8A and 8B, remarkably enhanced accumulation of TAT-gelonin-B4
was observed in the tumor dissected from the mouse administered with TAT-gelonin-B4/
T84.66-Hep-C5, compared with injection of TAT-gelonin-B4 alone. 1-way ANOVA with
Tukey’s multiple comparison test as the post hoc test using Prism software (GraphPad). *P
<0.05, **P < 0.01, ***P < 0.001. (TAT-gelonin-B4: Dylight 775-B4 labeled chimeric
TAT-gelonin fusion protein, nlgG-Hep: nonspecific 1gG-heparin conjugate, T84.66-Hep-
C5: Dylight 679-C5 labeled T84.66-heparin conjugate)
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Figure 11.
In vivo evaluation of the therapeutic efficacy of T84.66-Hep-based tumor targeting of TAT-

gelonin using LS174T s.c. xenograft tumor mouse model. (A) Tumor volume profiles. When
the average tumor size reached 40 mm3 (at day 3; 3 days after tumor implantation at day 0),
LS174T s.c. xenograft tumor mice were randomly divided into 4 5 groups and administered
three times with either: 1) PBS (circle), 2) T84.66-Hep (reverse triangle), 3) TAT-gelonin
(triangle), 4) T84.66-gelonin conjugate (diamond) or 45) TAT-gelonin/T84.66-Hep complex
(square), . The mice were treated three times with the above recipe at day 3, 6 and 9 via tail
vein injection. For each treatment, TAT-gelonin/T84.66-Hep complex was freshly prepared
by mixing T84.66-Hep with TAT-gelonin and incubation at 4°C for 30 min. At day 31,
when the average tumor volume of PBS-treated mice reached 1000 mm3, the a statistically
significant difference was observed in the tumor volumes between the mice treated with
TAT-gelonin/T84.66-Hep and PBS. in the tumor volumes among the groups was compared
by 1-way ANOVA with Tukey’s multiple comparison test as the post hoc test. *P < 0.05.
(B) Body weight changes of the mice. While mice treated with either PBS (circle) or,
T84.66-Hep (reverse triangle), T84.66-gelonin (diamond) or TAT-gelonin/T84.66-Hep
(square) continued to gain weight during the course of study, in sharp contrast, a transient
but significant body weight loss was observed from the mice administered with TAT-
gelonin (triangle). Statistical significant difference in the body weight changes among the
groups was compared by 1-way ANOVA with Tukey’s multiple comparison test as the post
hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. (T84.66-Hep: T84.66-heparin conjugate)
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Table 1

Summary for the cytotoxicity study results (ICgg, nM) of gelonin and TAT-gelonin

Cell
Types

Gelonin 5250 +754 5160 +1060 4190 + 834 4610+ 800

LS174T @ HCT116 @ MDCK & 293 HEK @

TAT-gelonin = 229+80""" 132257 449+132"° 427+156""

aleo values are displayed as nM. For all experiments, N = 3.

*

*
P<0.01,

*%

*
P < 0.001 by Student’s t-test. (TAT-gelonin: Chimeric TAT-gelonin fusion protein)
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