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2A Peptide-based, Lentivirus-mediated Anti-death
Receptor 5 Chimeric Antibody Expression Prevents
Tumor Growth in Nude Mice
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Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL), a member of the TNF superfamily, induces
tumor cell death via death receptors on target cells, with-
out adverse effects on most normal cells. Its receptors
are therefore an attractive target for antibody-mediated
tumor therapy. Here, we report the creation of a lentivi-
rus vector constructed by linking the heavy chain and the
light chain of the antibody with a 2A/furin self-processing
peptide in a single open reading frame that expresses
a novel chimeric antibody (named as zaptuximab) with
tumoricidal activity, which is consisted of the variable
region of a mouse anti-human DR5 monoclonal anti-
body, AD5-10, and the constant region of human immu-
noglobulin G1. Lentivirus-expressed zaptuximab bound
specifically to its antigen, DR5, and exhibited significant
apoptosis-inducing activity in various tumor cell lines. The
packaged recombinant virus lenti-HF2AL showed strong
apoptosis-inducing activity in vitro. Meanwhile, inocu-
lated subcutaneous human colon HCT116 tumor forma-
tion in nude mice were inhibited significantly. Moreover,
there was a synergistic effect of mitomycin C (MMC) on
the observed tumoricidal efficacy, prolonging the life
span of nude mice with orthotopic human lung tumor
cancers. These data suggest that lentivirus-mediated, 2A
peptide-based anti-DR5 chimeric antibody expression
may have clinical utility as an anticancer treatment and
may represent a rational adjuvant therapy in combina-
tion with chemotherapy.

Received 22 March 2011, accepted 19 August 2011, published online
20 September 2011. doi:10.1038/mt.2011.197

INTRODUCTION

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) has been of particular interest with respect to the devel-
opment of cancer therapies, as it preferentially induces apoptosis
of tumor cells, but has little or no effect on normal cells."*> TRAIL
receptor 2 also known as death receptor 5 (DR5), has emerged as
a favorable target for designing anticancer agents in recent years.

DR5 can be specifically activated by TRAIL, which also activates
TRAIL receptor 1 also known as death receptor 4, to transduce an
apoptotic signal. Use of an agonistic monoclonal antibody against
DR5 instead of TRAIL could be advantageous because TRAIL
targets multiple receptors, including both the death receptors and
three decoy receptors (DcR1, DcR2, and osteoprotegerin). Several
DR5-specific antibodies are currently investigated in phase I/II
clinical trials.** AD5-10 is a mouse monoclonal antibody against
the human DR5 extracellular region that was previously reported
to induce apoptosis in vitro in various tumor cells. It shows strong
tumor inhibition activity in vivo but is not toxic to mouse liver,
spleen or kidney, suggesting that AD5-10 is a promising agonistic
antibody for cancer therapy.®’

Antibodies have emerged as an important new class of drugs
for therapeutic uses. However, the high cost of antibody therapy
had limited its application. Many factors contribute to the high cost
of antibody therapeutics, including the great expense of drug devel-
opment, the high cost of manufacturing these drugs, and the large
total dosages that are often required.®* Moreover, chronic diseases,
such as cancer, frequently require high dosages of a therapeutic
antibody over a long period of time. An alternative approach is to
produce such antibodies in vivo, which can provide high concen-
trations of pure antibodies over a long period of time.

To this end, we previously performed a study addressing anti-
body gene therapy using adeno-associated virus (AAV)-mediated
expression of the single-chain Fv fragment (scFv) of AD5-10; we
showed that viral transduction using the AAV-scFv construct trig-
gered significant amounts of apoptosis in various tumor cells and
prevented tumor growth in the investigated nude mouse xenograft
cancer model.” However, the apoptotic effect of AAV-mediated
scFv expression on tumor cells in vivo and in vitro could only be
described as moderate. A possible explanation for this might be the
relatively low affinity and short half-life of the smaller scFv fragment
compared with the parental antibody. To improve the efficiency of
AD5-10-based gene therapy, in the present study we developed a
lentivirus vector that expresses a full-length mouse-human chi-
meric antibody against DR5 (named as zaptuximab) by linking
the heavy chain and the light chain with 2A/furin self-processing
peptide in a single open reading frame. Our data suggest that
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Figure 1 pWPXL-HF2AL-expressed zaptuximab exhibited a better
light chain/heavy chain balance than did zaptuximab expressed from
pWPXL-LF2AH. (a) Schematic illustration of the full-length chimeric anti-
body expression cassette using the furin/2A sequence. (b) Expression
of zaptuximab in supernatants from pWPXL-HF2AL or pWPXL-LF2AH-
transfected HEK 293 cells. The samples were separated by SDS-PAGE
under reducing conditions and probed with a goat anti-human IgG
(H+L) polyclonal antibody. The data presented are representative of three
independent experiments. (c) Cytotoxicity of zaptuximab expressed
by pWPXL-HF2AL or pWPXL-LF2AH in tumor cells. HCT116 and SVT35
Jurkat T cell lines were treated with medium from HEK 293 cells tran-
siently transfected with pWPXL-HF2AL or pWPXL-LF2AH for 24 hours.
Cell viability was determined by MTS assays (mean + SD). Replicates were
averaged, and the error bars represent the SEM of three independent
experiments. H, heavy chain; L, light chain; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
SP, signal peptide.

lentivirus-mediated, 2A peptide-based zaptuximab expression may
have clinical utility as an anticancer treatment and may represent a
rational adjuvant therapy in combination with chemotherapy.

RESULTS

pPWPXL-HF2AL-expressed zaptuximab exhibited

a better balance of the light and heavy chains
compared with pWPXL-LF2AH

A novel mouse-human AD5-10 chimeric antibody gene formed
by linkage of the variable region of a mouse monoclonal anti-
body, AD5-10, and the constant region of human immuno-
globulin G1 was cloned (Figure 1a). The heavy chain and light
chain of the chimeric antibody were linked together using
the foot and mouth disease viral 2A self-cleavage sequence
(APVKQTLNFDLLKLAGDVESNPG)" in a single open reading
frame. To eliminate 2A residues, the expression cassettes were
engineered such that a furin cleavage site sequence (Arg-Lys/Arg-
Arg, RK/RR) was included between the 2A sequence and the chi-
meric antibody heavy chain or light chain, which were designated
HF2AL and LF2AH, respectively. Then HF2AL and LF2AH were
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cloned into the lentiviral vector pWPXL; the resulting expression
vectors were designated pWPXL-HF2AL and pWPXL-LF2AH,
respectively. To compare the 2A self-cleavage activity and the
removal of the residual 2A amino acids by furin, conditioned
media in which HEK 293T cells transfected with pWPXL-HF2AL
or pWPXL-LF2AH were collected and subjected to western blot
analysis using an anti-human immunoglobulin G antibody. As
shown in Figure 1b, the zaptuximab heavy chain and light chain
expressed using the pWPXL-HF2AL plasmid exhibited similar
molecular weights to the native antibody, suggesting that suc-
cessful cleavage at the furin cleavage site and the 2A self-cleavage
site was accomplished by pWPXL-HF2AL. However, there was
an extra band with a slightly higher molecular weight than the
light chain in the medium of the HEK 293T cells transfected with
pWPXL-LF2AH, suggesting that there was incomplete cleavage of
the 2A self-cleavage site, the furin cleavage site or even the signal
peptide cleavage site by pWPXL-LF2AH.

To detect the tumoricidal activity of 2A peptide-based, lentivi-
rus-expressed zaptuximab, equal volumes of conditional medium
from HEK 293T cells transiently transfected with pWPXL-HF2AL
or pWPXL-LF2AH were added to cultures of human colon can-
cer HCT116 or T lymphoma SVT35 cells, and the cytotoxicity was
analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). As shown in Figure 1¢,both pWPXL-HF2AL- and
pWPXL-LF2AH-expressed zaptuximab showed strong cytotoxic-
ity in the cancer cells tested. Because pWPXL-HF2AL-expressed
zaptuximab exhibited a better balance of the light chain and heavy
chain than did pWPXL-LF2AH, we chose the pWPXL-HF2AL
expression vector for the remaining experiments in this study.

Expression of zaptuximab-mediated by the 2A
peptide-based lentivirus vector

To determine the level of zaptuximab expression in lenti-HF2AL
particle-infected HEK 293T cells, conditional media from the cells
were harvested at 48, 72, 96, and 120 hours postviral infection. The
heavy chain and light chain were readily detectable in the medium
of cells infected for 72 hours or longer, and the expression level
increased in a time-dependent manner (Figure 2a). The concen-
tration of secreted zaptuximab reached levels of 1.18 + 0.58 ug/
ml, 4.19 + 0.41 pg/ml, and 12.02 £ 0.30 ug/ml at 72, 96, and 120
hours, respectively (Figure 2b). Furthermore, under nonreducing
conditions, only a single band, with an apparent molecular weight
corresponding to that of the dimerized full-length antibody pos-
sessing two heavy and two light chains, were detected in the cul-
ture supernatant from the lenti-HF2AL-infected HEK 293T cells
(Figure 2c). No additional band was detected under nonreducing
conditions, again suggesting that the amounts of the heavy and
light chains of zaptuximab produced in the cells were in balance,
and neither the heavy nor the light chain was in excess.

2A peptide-based lentivirus-expressed zaptuximab
showed a similar binding affinity and cytotoxicity

to the parental antibody

Next, we tested whether virally expressed zaptuximab in the
medium of infected cells maintained its affinity to its antigen,
DR5. DR5 protein immobilized in a 96-well plate was incubated
with medium from lenti-HF2AL-infected HEK 293T cells. The

47



Anti-DR5 Antibody Suppresses Tumor Growth

a Time(h) 48 72 96 120

— —— —— | ——51kD

——26kD

(o2
(¢}
"%

12 "o s |—150kD

Concentration of
zaptuximab (ug/ml)

48 72 96 120
Cultivated time after transfection (h)

Figure 2 Expression of zaptuximab-mediated by the 2A peptide-based
lentivirus vector in vitro. HEK 293 cells were transiently infected with
lenti-HF2AL, and the supernatants were harvested for protein analyses.
(a) Western blot analysis of zaptuximab expression in the supernatants at
the indicated time point after lenti-HF2AL infection. The data presented
are representative of three independent experiments. (b) Enzyme-linked
immunosorbent assay analysis of secreted zaptuximab at indicated time
points after lenti-HF2AL-infection, (mean + SD). Replicates were averaged,
and the error bars represent the SEM of three independent experiments.
(c) Western blot analysis of zaptuximab-containing supernatants under
nonreducing conditions. Proteins in the supernatants from the HEK 293
cells transfected with the pWPXL-HF2AL were separated by SDS-PAGE
under nonreducing conditions and probed with a goat anti-human IgG
(H+L) polyclonal antibody. Human immunoglobulin G was used as the
positive control. The data presented are representative of three indepen-
dent experiments. H, heavy chain; L, light chain; SDS-PAGE, sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis.

binding affinity between zaptuximab and DR5 was measured
by enzyme-linked immunosorbent assay (ELISA). It was shown
that zaptuximab efficiently bound to its antigen, DR5 (kD =
4.72 + 0.81 x 107'° mol/l) (Figure 3a). The binding affinity of
zaptuximab was slightly lower than that of its parental antibody,
AD5-10, but it was much higher than that of the AAV-expressed
scFv fragment (kD = 4 x 10~ mol/l)’ or the chimeric antibody
(termed H+L) expressed from two separate vectors (kD = 7-9 x
107 mol/l). We further compared the cytotoxicity of virally
expressed zaptuximab with that of AD5-10 and the chimeric
antibody (H+L) expressed from two separate vectors. As shown
in Figure 3b,c, zaptuximab showed similar cytotoxicity to AD5-
10, but higher cytotoxicity than H+L.

These data demonstrated that 2A peptide-based, lentivirus-
expressed zaptuximab from a single open reading frame showed
similar binding affinity and cytotoxicity to its parental antibody,
AD5-10.

Lenti-HF2AL infection results in tumor cell death
by apoptosis in vitro
The cytotoxic activity of lenti-HF2AL was tested in several tumor
cell lines. Some cells would be infected and secrete antibodies to
mediate cytotoxicity in cells that were not infected. The cytotoxic
activity of the supernatant from infected HEK 293 cells was tested
in several tumor cell lines including SMMC7721, HCT116, A549,
and U251 in our former study."

The direct cytotoxic activity of lenti-HF2AL was tested in sev-
eral tumor cell lines in this study. Each cell line was infected with
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Figure 3 2A peptide-based, lentivirus vector-expressed zaptuximab
showed a binding affinity and cytotoxicity similar to that of its paren-
tal antibody. (a) Binding affinity of zaptuximab to DR5. Recombinant
human DR5 protein was immobilized in a 96-well plate. The plate was
then incubated with conditional medium from pWPXL-HF2AL-transfected
HEK 293 cells. The binding affinity was measured with enzyme-linked
immunosorbent assay using an anti-human immunoglobulin G Fc-HRP
antibody. The presented data are representative of three independent
experiments. (b) Comparison of cytotoxicity between zaptuximab and
AD5-10. The tumor cell lines H460, HCT116, and MDA-MB-231 were
plated in a 96-well plate at a density of 10*/well and treated with 1pug/
ml of zaptuximab in conditional medium from pWPXL-HF2AL-transfected
HEK 293 cells and AD5-10 for 24 hours. Then cell viability was determined
using an MTS assay. Replicates were averaged, and the error bars repre-
sent the SEM of three independent experiments. (c) Differences in the
cytotoxic activity of zaptuximab and the H+L chimeric antibody were
detected in HCT116 cells at the indicated treatment time point. Replicates
were averaged, and the error bars represent the SEM of three independent
experiments. HRP, horse radish peroxidase; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.

equal numbers of viral particles multiplicity of infection (MOI) =
25) for 72 hours. As shown in Figure 4a, the relative viabilities of
SMMC7721, BEL7402, HepG2, HCT116, MDA-MB-231, U937,
SVT35, A549, and U251 cells after 72 hours of transduction were
73.32 + 3.82%, 54.02 + 3.45%, 77.03 £ 4.27%, 65.85 + 4.51%,
61.72 + 3.3%, 80.56 £ 6.39%, 28.8 *+ 2.45%, 92.73 + 0.22%, and
7.36 + 1.55%, respectively; there was no cytotoxicity observed in
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Figure 4 Lenti-HF2AL infection results in tumor cell death by apop-
tosis in vitro. (a) Cytotoxicity of lenti-HF2AL in various tumor cell lines,
including SMMC7721, BEL7402, HepG2, HCT116, MDA-MB-231, U937,
SVT35, A549, and U251 and two normal cell lines, HFTF and HEK 293.
Tumor cells or normal cells were infected with lenti-HF2AL at a MOI of 25
for 24 hours, and the media were then replaced with fresh media, and
cell viability was determined by an MTS assay 48 hours later. Replicates
were averaged, and the error bars represent the SEM of three indepen-
dent experiments. (b) HCT116 cells infected with the indicated recombi-
nant vectors (MOI = 25) were stained with Hoechst and examined under
fluorescent microscopy. Arrows indicate typical apoptotic cells exhibiting
nuclear condensation. (c) Caspase-8, -9, and -3 activation in HCT116 cells
treated with conditional medium from lenti-HF2AL-infected HEK 293 cells
at the indicated time point was detected by western blot analysis using cor-
responding antibodies. GAPDH was used as the loading control. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; MOI, muiltiplicity of infec-
tion; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium; PBS, phosphate-buffered saline.

normal human Tenon’s fibroblast HFTF and embryonic kidney
HEK 293T cells. Additional examination using Hoechst 33258
staining and microscopic analysis revealed that an increased num-
ber of condensed nuclei, which are characteristic of apoptosis, were
present in the HCT116 cells treated with conditional media from
lenti-HF2AL infected HEK 293 cells (Figure 4b). To further evalu-
ate apoptosis resulting from the lenti-HF2AL treatment, HCT116
cells treated with conditional media from lenti-HF2AL infected
HEK 293 cells were subjected to western blot analysis to detect the
activation of caspases, which are hallmarks of apoptotic cell death.
As shown in Figure 4c, procaspase-8, -9, and -3 were cleaved in
a time-dependent manner, indicating that zaptuximab treatment
could efficiently lead to tumor cell death by apoptosis.

The cytotoxic activity of lenti-HF2AL had been measured
against infected cells, however the principle of the approach was
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that some cells would be infected and secrete antibodies to medi-
ate cytotoxicity in cells that were not infected. The cytotoxic activ-
ity of the supernatant from infected HEK 293 cells was tested in
several tumor cell lines including SMMC7721, HCT116, A549,
and U251."

Tumor-suppressing activity of lenti-HF2AL in vivo

We further investigated the effects of lenti-HF2AL infection on
tumor formation and growth in nude mice. HCT116 cells incu-
bated with lenti-HF2AL/null (MOI = 25) for 4 hours were inocu-
lated subcutaneously into the right dorsal flanks of nude mice, and
tumor formation was monitored. Tumors became palpable in all
six mice in the control group at 5 days, but only one mouse in
the lenti-HF2AL infected group presented a visible tumor by day
14 (Figure 5a). This significant difference in the tumor incidence
rate remained to the end of the experiment (32 days) (Figure 5b).
Moreover, tumor growth was inhibited by lenti-HF2AL infection
(Figure 5c). Thirty-two days after the mice were inoculated with
the cells, the tumor volume and tumor weight in the control group
were 2255.02 + 1379.64mm? and 3.26 + 2.03 g, respectively, com-
pared with 249.40 mm?® and 0.24 g in the lenti-H2AL treated group
(Figure 5¢,d), which indicated that lenti-HF2AL infection nota-
bly suppressed tumor formation.

ELISA and western blot assays showed that the expression
level of the chimeric antibody in tumor tissue isolated from the
only mouse with a tumor in the lenti-H2AL-infected group had
reached 890ng/mg, 32 days after virus infection (Figure 5e,f).
Moreover, the concentration of zaptuximab reached 1ug/ml in
the serum of tumor-bearing mouse in the lenti-HF2AL-infected
group, and there was almost no expression of the chimeric anti-
body detected in the blood of tumor-free animals in this group
(Figure 5g). In addition, we observed activation of the apoptosis-
related protease caspase-3 in the tumor cells using immunoblot-
ting, which suggests that lenti-HF2AL infection induced apoptosis
through activation of the caspase signaling pathway cascade
(Figure 5h). These data demonstrated that lenti-HF2AL infection
resulted in significant tumor inhibition in vivo.

Synergistic cytotoxicity of zaptuximab and mitomycin
in zaptuximab-resistant tumor cells

Asshown in Figure 4a, several cancer cell lines were somewhat resis-
tant to zaptuximab, including A549 and U937 etc. Chemotherapy
agents can act synergistically with TRAIL or anti-TRAIL receptor
antibodies. When A549 cells were treated with a combination of
zaptuximab and a subtoxic dose of mitomycin C (MMC), signifi-
cant synergistic cytotoxicity was observed (Figure 6a). Hoechst
33258 staining provided additional evidence of the synergistic
apoptosis-inducing activity of zaptuximab and MMC (Figure 6b).
To determine whether the apoptosis induced by the combination
of MMC and zaptuximab was mediated by caspase activation, we
performed western blot analysis for specific caspases. Activation
of caspase-3, -8, and -9 was easily identified in A549 cells exposed
to MMC and zaptuximab in combination, as demonstrated by
decreased expression of the preforms of these caspases (Figure 6¢).
We further analyzed the levels of intracellular proteins that may
regulate the zaptuximab death pathway. As shown in Figure 6d,
¢c-FLIP, which inhibits caspase-8 activity, and c-IAP1, which is an
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Figure 5 Tumor-suppressing activity of lenti-HF2AL in vivo. HCT116 cells (5 x 10°) infected with either lenti-HF2AL or lenti-null (MOl = 25) were
injected into subcutaneous tissue of the right dorsal flank of 6-week-old female nude mice (n = 6). On day 32, the mice were killed, and serum and
tumor tissues were obtained and analyzed. (a) Tumor formation in the mice at day 32 (b) or throughout the whole time course of the experiment is
shown. (c) Tumor size and (d) tumor weight were decreased by lenti-HF2AL infection. (e) Expression of zaptuximab in the tumor tissues was detected
by western blot analysis and (f) enzyme-linked immunosorbent assay (ELISA). (g) Quantitative expression of zaptuximab in the sera samples were
detected by ELISA. (h) Activation of caspase-3 was detected in the tumor tissue. A total of 100 pg of protein from the lysates prepared from tumor
tissues of the above mice was separated by SDS-PAGE. Activation of caspase-3 was examined using immunoblotting with the corresponding antibod-
ies. GAPDH was used as the loading control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MOI, multiplicity of infection; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.
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Figure 6 Synergistic cytotoxicity of zaptuximab plus mitomycin in zaptuximab-resistant A549 cells (a) The relative viability of A549 cells treated
with zaptuximab from conditional medium of lenti-HF2AL-infected HEK 293 cells in combination with MMC at the indicated doses for 24 hours was
determined using MTT assay. (b) A549 cells were treated with buffer (control), zaptuximab (50ng/ml) from conditional medium of lenti-HF2AL-in-
fected HEK 293 cells, MMC (4 pg/ml), or the combination of zaptuximab and MMC for 8 hours and subjected to Hoechst staining. The arrows indicate
typical apoptotic cells exhibiting nuclear condensation. (c) Western blotting analysis to determine the effects of zaptuximab (50ng/ml), MMC (4 ug/
ml), or the combination of both on caspase-8, -9, and -3 activation, (d) p53, c-IAP1, c-FLIP and (e) Bcl-2 family members. MMC, mitomycin C; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

inhibitor of caspase-3, caspase-7, and caspase-9, was downregu-  proapoptotic protein PUMA was upregulated after MMC treat-
lated in MMC-treated A549 cells. Meanwhile, basal p53 expres- ment, and the antiapoptotic protein Mcl-1 was downregulated in
sion was enhanced after MMC treatment. Moreover, expression  the combination group. Importantly, Bid, a Bcl-2 family member
of Bcl-2 family members, which are key players in the mitochon-  that links the extrinsic and intrinsic apoptosis pathways via the
drial apoptosis pathway, was detected. As shown in Figure 6e, the  death receptor-activated caspase-8 cleavage of Bid to truncated
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Figure 7 MMC enhances lenti-HF2AL activity in the orthotopic lung
tumor model. A549 cells (1 x 10°) were injected into the lung paren-
chyma. Three days later, mice were randomized into four groups (n = 5)
and treated as described in the materials and methods. (a) The introduc-
tion of lenti-HF2AL in combination with MMC prolonged the survival of
mice with orthotopic A549 lung tumors. (b) Body weight decreased in
the lenti-HF2AL and MMC combination group. MMC, mitomycin C.

Bid, was cleaved in the zaptuximab alone treatment group and fur-
ther cleaved after combined treatment with MMC. These findings
suggest that the observed MMC-mediated sensitization to zaptux-
imab-mediated apoptotic signaling may be due in part to enhanced
expression of p53 and decreased expression of the antiapoptotic
proteins, c-FLIP(L), c-FLIP(s), and c-IAP1. Furthermore, the
mitochondrial apoptosis pathway was activated during the MMC
plus zaptuximab-induced apoptosis of A549 cells.

MMC augments lenti-HF2AL tumoricidal activity in an
orthotopic lung cancer mouse model

An orthotopic lung tumor model'? was established to evaluate
the synergistic cytotoxicity of MMC and lenti-HF2AL infection
in vivo. The orthotopic lung cancer mouse model showed initial
mortality on day 28 in the phosphate-buffered saline (PBS) group
and on day 35 in the MMC-treated or lenti-HF2AL alone-treated
group, whereas no death had occurred in the combined treatment
group at day 42 (Figure 7a, P = 0.0019 for the combination group
versus the control groups). Moreover, the body weights of the mice
in the PBS control group decreased by over 30%, from ~18g at the
beginning of the experiment to 13.73 + 2.57 g at day 28. Treatment
with MMC or lenti-HF2AL alone decreased the body weights of
the mice to 15.57 + 2.12g and 15.75 + 4.88¢g at day 42, respec-
tively. However, the body weight of the mice in the combined treat-
ment group remained at 18.7 + 0.55g (Figure 7b) to the end of
the experiment (P = 0.0002 versus PBS group, P = 0.00249 versus
lenti-HF2AL alone group, P = 0.0219 versus MMC alone group).
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These data indicate that MMC significantly augments lenti-HF2AL
tumoricidal activity in the orthotopic lung cancer model.

DISCUSSION

In the present study, we developed a novel therapeutic strategy
involving the expression of an anti-DR5 full-length chimeric
antibody, zaptuximab, through lentivirus-based, vector-mediated
gene transfer. We showed that lentivirus-mediated zaptuximab
expression significantly suppressed tumor cell growth both in
vitro and in vivo.

AD5-10 is a monoclonal antibody against human DR5 that
is promising for cancer therapy. However, in a clinical setting,
mouse monoclonal antibodies can cause a human anti-mouse
antibody response to occur. One approach for reducing the
potential for human anti-mouse antibody induction is to generate
a remodeled antibody that contains the antigen-binding variable
region from an immunized animal grafted onto a human constant
region. Zaptuximab is a mouse-human chimeric antibody engi-
neered based on AD5-10. The affinity of virally expressed zaptux-
imab for DR5 was 0.472 + 0.081 nmol/l, which is very close to the
affinity of the parental antibody AD5-10 (0.3nmol/l) but is sig-
nificantly higher than the affinity of the scFv of AD5-10 (4 nmol/l)
that we reported previously.” Moreover, the cytotoxicity of virally
expressed zaptuximab was similar to that of AD5-10, suggest-
ing that the lentivirus-expressed chimeric antibody zaptuximab
retains the properties of the parental antibody AD5-10.

Expressing antibodies in vivo is an approach that can provide a
high concentration and pure antibodies over a long period of time
and decrease the cost of engineered antibody development.'***
For vector based antibody expression in vivo, a one-vector sys-
tem expressing the heavy chain and light chain in one open read-
ing frame has advantages over a dual-vector system. A one-vector
system represents the best way of avoiding imbalances of heavy
chain and light chain expression and ensures that the complete
regulation system is delivered to transduced cells. In addition, it
simplifies the manufacturing process. An internal ribosome entry
site is one of the elements employed to construct bicistronic vec-
tors for the coexpression of antibody heavy and light chains in a
single vector. However, the use of an internal ribosome entry site
is reported to lead to lower expression of the second gene than the
first gene,'® which may cause concern about possible toxic effects
due to imbalances of heavy chain and light chain expression, par-
ticularly with respect to toxicity from extra heavy chain molecules."”
Fang et al. developed a novel furin/2A sequence allowing monocis-
tronic expression of a full-length antibody by AAV."® We adapted
the furin/2A technology in the present study and demonstrated
that well-balanced coexpression of heavy and light chains could be
achieved. We also constructed a dual-vector system expressing the
heavy chain and light chain of the AD5-10 chimeric antibody sepa-
rately (data not shown). As shown in the results, the antigen affinity
and cytotoxicity of zaptuximab expressed in a one-vector system
were higher than that observed for zaptuximab expressed in a dual-
vector system. One possible explanation for this might be an imbal-
ance of heavy and light chain expression in the dual-vector system,
such that an excess of amount of the heavy or light chain caused
inaccurate quantitation of the chimeric antibody. Moreover, equal
volumes of conditional medium from HEK 293T cells transiently
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cotransfected with different ratios of heavy chain vector and light
chain vector were added to cultures of HCT116 cells. As shown in
Supplementary Figure S1, the larger the ratios of heavy chain vec-
tor and light chain vector cotransfected, the lower the cytotoxic-
ity to HCT116 cells of the conditional medium from cotransfected
cells. This result further demonstrated that balanced production is
better than imbalanced expression of the heavy and light chain.

More interestingly, the sequences of the heavy and light
chains in the construct used in the one-vector system based on
the furin/2A technique influenced the resulting cleavage activity.
There was an extra band with a slightly higher molecular weight
than the light chain in the medium of the cells transfected with
pWPXL-LF2AH, suggesting that there was incomplete cleavage of
the 2A self-cleavage site, the furin cleavage site or even the signal
peptide cleavage site by pWPXL-LF2AH. The molecular weight
of extra band was about 31 kD, and predicted molecular weight
of the signal peptide plus 2A peptide is 5.6 kD. So the incomplete
cleavage of the signal peptide was able to account for the molecu-
lar weight change. However, we still supposed there were some
other possible mechanism responsible for the extra band. The
mechanism responsible for this phenomenon remains to be elu-
cidated. The underlying mechanism may involve the amino acid
sequence or particular amino acids of the light chain and requires
further analysis in detail. Further study is now underway in our
laboratory to clarify the mechanism thus to establish a universal
vector can be used in various chimeric antibody construction.

Fang et al. reported that if the furin cleavage site RAKR used
in the construction, the final antibody product would contain two
additional amino acid residues derived from the furin cleavage
sequence at the C-terminus of the antibody heavy chain that could
affect the activity of the antibody. However, the mass spectrometry
analysis showed that native antibodies, without additional amino
acid residues remaining at the C-terminus of the heavy chain,
were generated in >99% of mAb protein from expression cassettes
that contained three different furin cleavage sites, RRRR, RKRR,
and RRKR."® Therefore, the furin cleavage site RKRR was used in
our one-vector system to ensure the complete cleavage.

Lentiviral vectors (LVs) are derived from the human immu-
nodeficiency virus (HIV-1) and have been extensively studied for
use as a vehicle for gene transfer, especially in studies related to
short hairpin RNA. There are distinct advantages of using LV for
gene therapy. LVs display wide host range tropism, and they offer
integrative capabilities, resulting in long-term stable transgene
expression.’*-*? To our knowledge, most of the reported gene ther-
apy strategies based on lentiviruses involve transduction of a target
cell in vitro followed by delivery of the infected cells in vivo.”~* The
difficulty of virus production and the low stability”” of LVs might
account for the rarity of reports of direct delivery of LVs in vivo,
which requires a higher MOI. Moreover, we found that the yield of
LVs decreased markedly as the inserted fragment length increased.
Therefore, several steps are still needed to make lentiviral gene
therapy useful at the clinical level, including improving the pro-
duction of the lentiviral packaging and enhancing its stability.

As we previously reported, sensitivity toward anti-DR5 anti-
body induced cell death is not proportional to the level of DR5
expression on the cell surface. Cells may incorporate additional
regulatory signaling pathways to control DR5 receptor functions
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in a cell type-specific manner. A549 cells are resistant to zap-
tuximab stimulation, despite exhibiting a high level of cell sur-
face DR5 (data not shown). Some intracellular molecules might
inhibit zaptuximab-induced cell death. It has been reported that
the antiapoptotic molecule c-FLIP can interfere with the binding
of caspase-8 to FADD? and thus suppress apoptosis induced by
the death ligand. The c-IAP1 protein is a member of the inhibi-
tor of apoptosis protein family and is an endogenous caspase
inhibitor.” It was apparent from our findings that zaptuximab
resistance was overcome by adjuvant treatment with MMC,
which downregulated the expression of c-FLIP and c-IAP1 and
upregulated the expression of p53. And the mitochondrial apop-
tosis pathway was activated during the MMC plus zaptuximab-
induced apoptosis of A549 cells. Synergy between anticancer
drugs and lenti-HF2AL may help to overcome most mechanisms
related to zaptuximab resistance or decrease the effective dose of
chemotherapy drugs required, thereby reducing the side-effects
of chemotherapy.

In summary, the present study provided a lentivirus-mediated
delivery strategy incorporating furin/2A technology and expres-
sion of zaptuximab, a novel full-length chimeric anti-DR5 anti-
body. We demonstrated that lenti-HF2AL infection of HCT116
cells resulted in significant tumor inhibition in vivo, and treatment
with MMC plus lenti-HF2AL prolonged the survival of mice with
orthotopic A549 lung tumors, suggesting that lentivirus-mediated
zaptuximab expression gene therapy may provide a feasible and
effective form of treatment for cancer and may represent a rational
adjuvant therapy in combination with chemotherapy.

MATERIALS AND METHODS

Cells and reagents. The human lung cancer cell lines A549 and H460,
liver cancer cell line HepG2, colon cancer cell line HCT116, breast can-
cer cell line MDA-MB-231, cervical cancer cell line HeLa, promyelocytic
leukemia cell line HL-60, leukemic monocyte lymphoma cell line U937,
and HEK293T embryonic kidney cells were purchased from the American
Type Culture Collection (Manassas, VA). The human liver cancer cell
lines SMMC-7721 and BEL7402 were supplied by the Institute of Cell
and Biochemistry, Chinese Academy of Sciences (Shanghai, China). The
human Tenon’s fibroblast (HFTF) cells were obtained from the Institute of
Medicinal Biotechnology, Chinese Academy of Medical Sciences (Beijing,
China). The KB cells were a gift from Wuhan University (Wuhan, China).
These cells were cultured at 37 °C in RPMI 1640, F12, or Dulbecco’s modi-
fied Eagle medium (Life Technologies, Grand Island, NY). Anti-human
immunoglobulin G (H+L) was purchased from KPL (Gaithersburg, MD),
and the anti-human immunoglobulin Gk chain antibody used in this study
was from Sigma Aldrich (Taufkirchen, Germany).

Vector construction. The heavy chain and the light chain of the chimeric
antibody were synthesized by PCR from the plasmids hmAD5-10H/PCI-
neo and hmAD5-10L/PCI-neo, respectively, and linked together by the
FMDV 2A self-cleavage sequence.”” To further eliminate remaining 2A resi-
dues, this expression cassette was engineered to include a furin cleavage site
sequence located between the 2A sequence and the chimeric antibody heavy
chain or light chain; these constructs were referred to as HF2AL and LF2AH,
respectively. Next, HF2AL and LF2AH were cloned into the LV pWPXL and
designated pWPXL-HF2AL and pWPXL-LF2AH, respectively.

Production of recombinant lentivirus particles. Eighty to ninety percent
confluent HEK 293T cells were cotransfected with the expression plasmid
pWPXL-HF2AL or pWPXL-LF2AH and the helper plasmids pSPAX2
and pMD2.G. Sixty hours later, the conditioned medium was harvested,
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concentrated at 2,000 rpm for 20 minutes and filtered through a 0.45pum
filter. Next, the concentrated supernatant was ultracentrifuged at 70,000g
at 4°C for 2 hours. The virus titer was quantified using the HIV-1 P24
ELISA kit (Zeptometrix, Buffalo, NY).

Quantification detection of chimeric antibody expression. The expression
of zaptuximab in cells transfected with pWPXL-HF2AL plasmid or cells
infected with the recombinant lentivirus lenti-HF2AL and in the sera of mice
and tumor tissues injected with lenti-HF2AL was detected using a commer-
cial ELISA assay kit for human immunoglobulin G (Bethyl Laboratories,
Montgomery, TX) according to the manufacturer’s instructions.

Analysis of DRS binding by zaptuximab. To evaluate the binding activ-
ity of zaptuximab with respect to human DRS5, 96-well plates were coated
with 300 ng/well of recombinant His-tagged DR5 protein, blocked with 5%
nonfat dry milk, and incubated with various concentrations of zaptuximab
at room temperature. After incubation with an horse radish peroxidase-
conjugated goat anti-human Fc antibody, binding was determined by add-
ing peroxidase substrate. The absorbance at 490nm was measured on a
microplate reader. The data obtained were analyzed using GraphPad Prism
software (GraphPad Software, San Diego, CA).

Infection of various cell lines with lenti-HF2AL/null. Various cell lines were
cultured in complete medium before addition of the lentivirus. The cells
were washed once with 1 x PBS, and the vectors were added at the indicated
MOI to the culture medium. For assessment of the cytotoxicity of lenti-
HF2AL in various tumor cell lines, cells were infected with lenti-HF2AL
at a MOI of 25 for 24 hours. The media were then replaced with complete
medium, and cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  (MTS)
assays 48 hours later.

Subcutaneous tumor xenograft and assessment of tumor growth. Female
BALB/C-nude mice aged 4-6 weeks were provided by Vital River Laboratories
Animal Technology (Beijing, China) or the Institute of Laboratory Animal
Sciences, Chinese Academy of Medical Sciences (Beijing, China) and used
in accordance with the Institutional guidelines for animal care approved by
the Committee on the use and care of animals, Chinese Academy of Medical
Sciences. HCT116 cells infected with lenti-HF2AL or lenti-null for 4 hours
(MOI = 25) were inoculated into subcutaneous tissue of the right dorsal
flank of the female BALB/C nude mice (5 x 10° cells/animal). Tumor volume
was measured three times/week with calipers and was calculated using the
formula V = length x (width)*/2. The experiments were terminated when
the tumors in the control group became ulcerated. After the animals were
killed, their tumors were removed for subsequent analysis.

Orthotopic lung cancer model. The orthotopic lung cancer model was
established as described previously."" Briefly, following anesthetization,
20l aliquots of an A549 cell suspension (5 x 107 cells/ml) containing
1 mg/ml of matrigel (BD Biosciences, Bedford, MA) were incised into the
left side of the chest (lung parenchyma) of 6-week-old female BALB/C
nude mice. Three days later, the animals were randomized into four groups
receiving intramuscular injection of 5 x 107 TU of either lenti-H2AL or
lenti-null in addition to intravenous injection of MMC, 20 mg/kg or PBS
3 days later. Administration of MMC or PBS was carried out every week
for 3 weeks.

Statistical analysis. Data were expressed as mean values + SD. Student’s
t test was used to evaluate statistical significance. Body weight data were
analyzed using two-way analysis of variance. Log rank tests were per-
formed for survival data. P < 0.05 was considered significant.

SUPPLEMENTARY MATERIAL
Figure S1. Comparison of cytotoxicity of conditional medium from
HEK 293T cells transiently cotransfected with different ratios of heavy
chain vector and light chain vector.
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