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Epidermal growth factor receptor (EGFR) and vascular endothelial growth factor receptor
2 (VEGFR2) are receptor tyrosine kinases known to play critical roles in the development
and progression of tumors. Based on the cross-talk between EGFR and VEGFR?2 signal
pathways, we designed and produced a bispecific diabody (bDAbD) targeting both EGFR and
VEGFR?2 simultaneously. The bispecific molecule (EK-02) demonstrated that it could bind to
HUVEC (VEGFR2 high-expressing) and A431 (EGFR overexpressing) cells. Additionally,
similar to the parental antibodies, it was able to inhibit proliferation and migration, and
induced apoptosis in these cells (HUVECs and A431), demonstrating that it had retained the
functional properties of its parental antibodies. Furthermore, the efficacy of EK-02 was eval-
uated using the human colon adenocarcinoma cell line HT29 (VEGFR2 and EGFR coex-
pressing). In vitro assay showed that EK-02 could bind to HT29 cells, restrain cell growth
and migration, and induce apoptosis with enhanced efficacy compared to both parental anti-
bodies. Further, it inhibited the neovascularization and tumor formation on an HT29 cell
bearing chicken chorioallantoic membrane (CAM) tumor model in vivo. In conclusion, these
data suggest that the novel bDAb (EK-02) has antiangiogenesis and antitumor capacity both
in vitro and in vivo, and can possibly be used as cotargeted therapy for the treatment of
EGFR and VEGFR2 overexpressing tumors. © 2016 American Institute of Chemical Engi-
neers Biotechnol. Prog., 32:294-302, 2016
Keywords: epidermal growth factor receptor (EGFR), vascular endothelial growth factor
receptor 2 (VEGFR2), bispecific diabody (bDAD), single-chain fragment (scFv), antiangio-
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Introduction

Epidermal growth factor receptor (EGFR), a receptor tyro-
sine kinase (RTK) of the ErbB family, is overexpressed in
most solid cancers, including carcinomas of the head and
neck, breast, colon, prostate, lung, ovaries, and sinonasal
squamous cell."* EGFR overexpression or constitutive acti-
vation is common in human tumors and is associated with
increased tumor proliferation, survival, and dissemination
making EGFR an attractive target for anticancer therapy.’
On the other hand, vascular endothelial growth factor recep-
tor 2 (VEGFR2, also known as KDR in human), is a key
receptor of vascular endothelial growth factor (VEGF)
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involved in tumor-induced angiogenesis as well as in the
proliferation and survival of tumor cells.*® Hence, the inhi-
bition of VEGFR2 activity and its downstream signaling are
important strategies for cancer therapy.

Increasing evidences suggest that there could be the exten-
sive degree of cross-talk between EGFR and VEGF(R) path-
ways.® Two most potent inducers of the ligand VEGF are
the epidermal growth factor (EGF) and transforming growth
factor (TGF)-¢ which happen to be ligands of EGFR.”®
Tumor-derived VEGF is upregulated by the activation of the
EGFR pathway and, conversely, (over)activation of VEGF
expression independent of EGFR signaling is thought to con-
tribute to resistance in EGFR inhibition.® Studies elsewhere
demonstrated that Combining EGFR and VEGFR antagonists
could increase antitumor effect, and combining EGFR and
VEGFR targeted therapy showed significant therapeutic
potential.”'® The extensive degree of EGFR-VEGFR
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pathway cross-talk, therefore, underlines a potential joint tar-
geting for antibody-based therapy.®

Bispecific antibodies (BsAb) capable of simultaneously
binding to two different epitopes have been exploited as
both cancer immunodiagnostics and cancer therapeutics, and
have shown promises in clinical trials in cancer therapeutic
and diagnostic applications.'' One of the most promising
BsAb formats, bispecific diabody (bDAb), comprising two
noncovalently associated cross-over single chain fragment
(scFv) polypeptides, is the most straightforward approach to
BsAb production.'*!?

In this study, we developed a bDAb (EK-02) using an
anti-EGFR scFv'* and an anti-VEGFR2 scFv."> We hypothe-
sized that our bDAb will demonstrate more potent antitumor
activity than the individual scFv (E10 or AK404R) alone
and therefore could potentially be used as cotargeted therapy
for EGFR and VEGFR2 overexpressing tumors.

Materials and Methods

Cell lines and scFvs

The adherent human epidermoid carcinoma cell A431 pur-
chased from Shanghai Institute of Cell Biology in the Chi-
nese Academy of Sciences and the adherent human colon
cancer cell line HT29 preserved in our lab were cultured in
DMEM and McCoy’s 5A medium containing 10% (v) FBS
respectively. Cell culture media and supplements were pur-
chased from Life Technologies. The adherent human umbili-
cal vein endothelial cells HUVEC obtained from ScienCell
Research Laboratories and maintained in endothelial culture
medium (ECM, ScienCell) were used with less than five pas-
sages. The anti-EGFR scFv (E10) and the anti-VEGFR2
scFv (AK404R) biopanning from phage display library were
generated in our laboratory.”’l

Molecular design and construction of the bDAb EK-02

The bispecific molecule EK-02 was constructed by fusing
the anti-EGFR scFv E10 and the anti-VEGFR2 scFv
AK404R in a “cross-over” manner (Vpg-Vpk and Vig-Vyg)
with two G4S (G: glycine, S: serine, -: G4S) flexible linkers
by overlap PCR. Vyk and V| g are single variable heavy and
light chains of AK404R, whereas Vyg and V| g represent the
single variable heavy and light chains of E10, respectively.
The PCR-amplified product coding for EK-02 was subcloned
into the EcoRI and Xhol site of pHEN2 to generate recombi-
nant plasmid pHEN2-EKO02. Subsequently, Escherichia coli
HB2151 was transformed with the recombinant vector
pHEN2-EKO02. Positive clones were then identified by colony
PCR and DNA sequencing.

Expression and purification of the bDAb

For large-scale production of EK-02, one confirmed posi-
tive clone was fermented in 2 X TY medium, induced with
0.8 mM of IPTG for 18 h at 25°C. Subsequently, periplasmic
soluble protein was collected using an osmotic shock
method'® and further purified by Nickel affinity column as
previously described.'* The product was assayed by western
blotting with primary (His-Tag Mouse monoclonal antibody,
Millipore) and secondary antibodies (HRP conjugated Goat
Anti-Mouse IgG, Millipore).
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Surface plasmon resonance

Surface plasmon resonance (SPR) measurements were car-
ried out for binding kinetic analysis with a Biacore X100
(GE Healthcare) instrument following the manufacturer’s
instructions. NTA sensor chip immobilized with EK-02 was
used to analyze the interaction between EK-02 and KDR3
(VEGFR45). KDR3 was injected at concentrations 6.25,
12.5, 25, 50, 100, and 200 nM/L. On the other hand, another
NTA sensor chip immobilized with EK-02 was used to eval-
uate the binding kinetics between EK-02 and EGFR. In con-
trast to KDR3, the EGFR was injected at concentrations
3.125, 6.25, 12.5, 25, 50, and 100 nM/L. Sensorgrams were
subsequently obtained at each concentration and evaluated
with the BIA Evaluation 2.0 program and the kinetic con-
stant for association (ko,), dissociation (ko¢), and equilibrium
(Kp) calculated with 1:1 binding model. Kp was calculated
from the ratio of rate constants kqgp/kon.

Flow cytometry assay

The ability of EK-02 binding to native receptors VEGFR2
and EGFR expressed on HUVEC, A431 and HT29 was
assessed by flow cytometry. Respective cells (2.5 X 10* cells
per sample) were suspended in PBS containing 2% FBS and
incubated with/without the indicated antibody at 4°C for 1 h.
Cells were then incubated with mouse anti-His-tag mAb (Milli-
pore) for 30 min, followed by FITC-conjugated rabbit anti-
mouse mAb (Millipore) for another 30 min. Finally, the cells
were washed and analyzed with a BD FACS flow cytometer.

Cell proliferation assay

Cells were seeded into separate 96-well plates at 5,000—
10,000 cells/well and cultured overnight. Subsequently, dif-
ferent concentrations of the antibodies were added and incu-
bated at 37°C for 72 h. The untreated groups were used as a
vehicle of control. Following the 72 h incubation, cell viabil-
ity was quantified with MTT assay. The OD value of each
well was measured at 570 and 630 nm and the inhibitory
rates expressed as percentages of the vehicle control (100%).

Wound healing assay

Cells of concentration 1.6 X 10° cells/well were seeded
into a 12-well plate and then starved with serum-free
medium for 12 h. The monolayer cells were scratched with a
1 mL pipette tip and incubated with indicated antibody
(100 nM) for 24 h. The combination group was treated with
100 nM E10 plus 100 nM AK404R. The resultant images
were then captured with OLYMPUS fluorescence micro-
scope. The scratch widths were measured by employing the
Image-Pro-Plus Program. The wound healing ability was
defined by the ratios of the decreased scratch width after
24 h, relative to the initial scratch width, and calculated as
follows:

Rate of wound healing (%)

Initial scratch width - Final scratch width
=100X

Initial scratch width

Apoptosis assay

Cells were seeded into separate 6-well plates at 2 X
10°cells/well, and incubated at 37°C for 20 h. The culture
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Figure 1.

The construction and expression of the anti-VEGFR2 X anti-EGFR bispecific diabody (bDAb) EK-02.

(A) Schematic diagram of the construction of EK-02. Vykx and Vi are single variable heavy and light chains of anti-VEGFR2 scFv (AK404R),
whereas Vyg and Vg represent single variable heavy and light chains of anti-EGFR scFv (E10) respectively; G: Glycine; S: serine. (B) Construction
of the pHEN2-EKO02 plasmid. (B-left) PCR amplification of the EK-02 gene from transformed HB2151 by single colonies PCR analysis; (B-right)
Double digestion of the recombinant plasmid with restriction endonuclease Xhol and EcoRI: Lane M: DNA marker (bp); Lane 1: the EK-02 gene.
(C) The purification of EK-02 by gradient imidazole elution on Ni Sepharose column. The column was equilibrated with binding buffer, and run at
a flow rate of 0.5 mL/min. The peak represents the diabody protein. (D) Coomassie-stained SDS-PAGE (D-top panel) and Western Blotting analysis
(D-bottom panel) of the purified EK-02 and the individual scFvs. Lanel: E10; Lane2: AK404R; Lane 3: EK-02; Lane M: protein marker (kDa).

medium was replaced with fresh medium containing 100 nM
of the indicated antibody and incubated at 37°C for further
48 h. The parental combination was incubated with 100 nM
E10 plus 100 nM AK404R. Cells were stained using an
Apoptosis Annexin V-FITC Kit (Invitrogen) following the
manufacturer’s instructions and then analyzed by flow
cytometer assay. The populations of apoptotic cells
(Annexin-V " /propidium iodide ") and late apoptotic cells
(Annexin-V " /propidium iodide positive™) were calculated as
a percentage of total cells.

HT?29 cell bearing chicken chorioallantoic membrane
(CAM) tumor model

Groups of fertilized chick embryos (Nanjing Medical
Device Factory) were preincubated at 37°C for 8 days in
60% humidity. A square window of 1 cm” was then opened
aseptically in the flat pole of the egg shell and carefully
punctured the underlying CAM. HT29 cells (4 X 10%) were
then seeded onto the avascular area on the CAM. The shell
windows were subsequently sealed and the eggs were placed
in the incubator in an upright position. Three days after
tumor inoculation, filter-paper disks loaded with PBS (50

uL), AK404R (10 pM, 50 wpL), E10 (10 uM, 50 uL), the
combination therapy (10 uM AK404R plus 10 uM E10, 50
uL) and EK-02 (10 uM, 50 uL) were placed on the tumor-
implanted area of the CAM separately in separate setups.
The embryos were incubated under the same conditions for
further 48 h, and then the samples were immediately fixed in
1 mL fixative (methanol- to-acetone, 1:1) for 15 min. The
HT29 transplanted tumor and vascular zones were then pho-
tographed. Subsequently, the antiangiogenesis abilities of
antibody on the CAMs were quantified by counting the num-
ber of blood vessel branches around the transplanted tumor,
and the inhibition of tumor growth evaluated by measuring
the volume of the transplanted tumors as against the negative
control (PBS treated CAM). Measurements of HT29-CAM
transplants were based on the average of each group (6
CAMs/group) and calculated according to the ¢ test for
P <0.05.

Statistical analysis

The data of the study were analyzed using Excel and
SPSS 17.0 software. Results are presented as the mean = SD
from at least three independent experiments. The ¢ test was
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EK-02 bound to either recombinant or native VEGFR2and EGFR with high binding capacity.

(A) The binding kinetics analysis of EK-02 against VEGFR2/EGFR by Biacore. (A) Top panel: Set of sensorgrams of EK-02 binding with
VEGEFR 65 (6.25, 12.5, 25, 50, 100, and 200 nM/L), with calculated equilibrium dissociation constant (Kp) value of 3.49 X 10~% M. Bottom panel:
Set of sensorgrams of EK-02 binding with EGFR (3.125, 6.25, 12.5, 25, 50, and 100 nM/L), with K, value of 1.15 X 10~® M. The concentration of
recombinant protein increases from bottom to up. (B) Flow cytometry analysis showed that EK-02 binds to VEGFR2 overexpressing HUVECs,
EGFR overexpressing A431 cells, and VEGFR2 and EGFR coexpressing HT29 cells.

Table 1. Kinetic Constants of Antibodies to EGFR or VEGFR2 by
BIAcore Analysis

Binding kon M7 s™H ko (57 Kp (M)
EK-02-EGFR 295X 10° 338 %X 1072 1.15X 107°
EK-02-VEGFR2 450 X 10* 157 x 107> 349 x 10°®
E10-EGFR 593 x 100 1.12x 107 189 x 10°%

AK404R-VEGFR2 397 X 10° 1.60 X 107* 4.03 X 1078

The data on binding kinetics of EI0-EGFR was determined by Jin
(unpublished data) and the binding kinetics of AK404R—-VEGFR2 is
reported by Zhang and Li.'"> The data on sensorgrams of E10-EGFR
and AK404R—VEGFR2 are not shown.

used to compare the inhibitory rates of different samples in
MTT assay, wound healing assay, and so on. A p value of
<0.05 was considered statistically significant. All figures
were generated with GraphPad Prism 5 software program.

Results

Construction, expression, and purification of the
bDAb EK-02

EK-02 was generated by fusing fragments encoding the Vi,
and the Vi genes of the anti-EGFR scFv E10 and the anti-
VEGFR2 scFv AK404R in “cross-over” manner by overlap
PCR and subcloned into pHEN2 (Figure 1A). The presence of

the pelB leader sequence was to direct the expressed EK-02
into the periplasm of the bacteria for easy isolation and purifi-
cation. The use of the flexible linker G4S (15 bp) was to keep
the individual fragments of the EK-02 bDADb active and flexi-
ble for optimum functional activity. His (18 bp) and c-Myc
(39 bp) tags were directly added at the C-terminus of VyHE
fragment for purification and characterization purposes. Col-
ony PCR analysis of the transformed HB2151 and double
digestion of the pHEN2-EKO02 with X/ol and EcoRI indicated
that the recombinant bDAb was successfully subcloned into
pHEN2 and also the HB2151 was transformed with the
recombinant pHEN2-EKO02 (Figure 1B).

Periplasmic protein EK-02 was obtained by osmotic shock
method and then successfully purified by nickel column
chromatography with purity above 90% (Figure 1C).The
expression and purification of the EK-02 bDAb and the
scFvs were evaluated by 15% SDS-PAGE and Western
Blotting analyses (Figure 1D). The final yield of EK-02 was
800 ug/L.

EK-02 binds to VEGFR2/EGFR

The binding kinetics between EK-02 and VEGFR2/EGFR
was determined with SPR technology (Figure 2A). The data
indicated that the affinity (Kp) of EK-02 to EGFR/VEGFR2
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EK-02 inhibited HUVEC/A431cell growth and migration.
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(A) MTT assay showed that EK-02 significantly restrained the proliferation of HUVEC and A431 cells in a dose-dependent manner (values repre-
sented means = SD, n = 3, *p < 0.01 versus untreated control, #p < 0.01 versus negative control as indicated). (B) Scratch-wound healing assay
revealed that EK-02 reduced the migration of HUVEC and A431 cells after 24 h treatment. The top panels represent respective photomicrographs of
three independent experiments and the bottom panels are quantitative analysis of those wound healing assays (values represented as means = SD,

*#%p < 0.001 versus untreated control).

is similar to E10 and AK404R (Table 1). The SPR assay
demonstrated that the association rate increased with increas-
ing concentration (from bottom to up). The whole kinetic
process can be described as quick association and slow dis-
sociation similar to other antibody—antigen kinetic process.

HUVECs (VEGFR2 high-expressing), A431 (EGFR over-
expressing), and HT29 (VEGFR2 and EGFR coexpressing)
were used in the flow cytometry assay to evaluate the ability
of EK-02 binding to native antigens EGFR and VEGFR2
(Figure 2B). Both EK-02 and AK404R demonstrated rela-
tively high binding signals to VEGFR2 expressing HUVECs
as against the control (treated with milk), with the binding
rates of 48.4 and 51.2%, respectively. EK-02 (binding rate
66.0%) demonstrated relatively high binding capacity to
EGFR expressing A431 cells just like the parental scFv E10
(binding rate 72.5%), as against the control. These data
clearly demonstrated that EK-02 could bind to VEGFR2/
EGFR expressed cells, and therefore had retained the binding
properties of the respective parental scFvs. Furthermore, EK-
02, AK404R, and E10 bound to HT29 cells with binding
rate 68.0, 25.1, and 50.1%, respectively. These data

suggested that EK-02 bound to VEGFR2 and EGFR coex-
pressed cells with much higher binding capacity than the
parental the scFvs, cotargeting VEGFR2 and EGFR simulta-
neously. It can be concluded that EK-02 bind to recombinant
and native EGFR and VEGFR2 with high binding capacity,
given credence to the fact that the bDAb EK-02 was suc-
cessfully constructed, expressed, and purified, and that it had
retained the binding properties of the parental scFvs
(AK404R and E10), cotargeting VEGFR2 and EGFR.

EK-02 Inhibits Cell Growth and Migration and Induces
Cell Apoptosis in HUVEC/A431 Cells. In the MTT assay
(Figure 3A), EK-02 demonstrated significant dose-dependent
inhibition on the proliferation of VEGFR2-expressing
HUVEC as against the negative control (E10 treated), show-
ing the same restraining tendency as the anti-VEGFR2 scFv
(AK404R) on HUVECs. As expected, there were no obvious
inhibitory effects on HUVECs by E10. Additionally, EK-02
significant suppressed the proliferation of EGFR-expressing
A431 cells as against the negative control (AK404R treated),
exhibiting similar dose-dependent inhibitory ability as the
parental scFv E10 on A431 cells.
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EK-02 demonstrated relatively higher apoptotic potential than its parental scFvs in both the cell lines after 48 h treatment. Dot plots showed the rep-
resentative data of three independent experiments and the right panels are quantitative analysis of those apoptosis assays (***p < 0.001 versus

untreated control, ##p < 0.01 versus EK-02 treated group).

Wound healing assay was carried out to assess the effect
of EK-02 on the migration of HEVECs and A431 cells (Fig-
ure 3B). EK-02 restrained the migration of both cell lines
just like the individual scFvs (AK404R and E10). The width
of the gap of EK-02 untreated control group narrowed more
drastically than that of the EK-02-treated group in both cell
lines (HUVECs and A431).

In the FITC-Annexin V/PI double staining assay (Figure
4), EK-02 demonstrated significant apoptotic induction
potential in both HUVECs and A431 cells. Dot plots showed
a representative data of the three independent experiments.
The percentage of apoptotic cells of representative dot plots
for HUVCEs were (Figure 4A) blank control (1.56%),
100 nmol/L. AK404R (11.12%), and 100 nmol/L EK-02
(13.06%); whereas those for A431 were (Figure 4B) blank
control (2.2%), 100 nM/L E10 (22.01%), and 100 nM/L EK-
02 (26.10%). These data indicated that the apoptosis-
inducing activity of EK-02 was more potent than the individ-
ual scFvs (AK404R or E10 alone).

The in vitro assay with HUVECs (VEGFR2 expressed)
and A431 cells (EGFR expressed) have demonstrated that
we have produced an anti-VEGFR2 X anti-EGFR bDAD,
which had retained the functional properties of its parental
antibodies, and therefore needed to further test its antitumor
potential with VEGFR2 and EGFR coexpressed cells (HT29
cells).

EK-02 Exhibits Enhanced Inhibitory Activity in VEGFR2
and EGFR Coexpressing HT29 Cells. The flow cytometry
assay showed that EK-02 could bind to VEGFR2 and EGFR
coexpressed HT29 cells with much higher binding capacity
than the parental scFvs. Here HT29 cells were used for
cotargeting evaluation assays. EK-02 was more efficient in

the inhibition of HT29 cell growth and migration than
AK404R or E10 alone, demonstrating superior inhibitory
capacity than both parental scFvs in cotargeting the
VEGFR-EGFR pathway (Figure 5A,B). In HT29 apoptosis
assay (Figure 5C), the populations of apoptotic cells in rep-
resentative dot plots were blank control (0.041%), AK404R
(10.33%), E10 (15.10%), EK-02 (21.72%), and the combined
(AK404R plus E10) treated group (29.0%). These data were
consistent with MTT and would healing assays. Similar to
the combination therapy, EK-02 obviously demonstrated
enhanced efficacy in the induction apoptosis, leading to
more apoptotic cell populations than AK404R or E10 alone,
which corroborated the potency of the bDAb EK-02 in tar-
geting both VEGFR and EGFR pathways simultaneously.

HT?29 cell bearing CAM tumor model

CAM tumor model can potentially be applied in preclini-
cal evaluation of anticancer agents.'”'® Here HT29 cell bear-
ing CAM tumor model was employed to evaluate the
antiangiogenesis and antineoplastic activities of EK-02. The
inhibitory effects of EK-02, the combination therapy
(AK404R plus E10), E10, and AK404R on CAM (anti-
angiogenesis) which were quantified in relation to the nega-
tive control (PBS treated group) were 71.76%, 59.13%,
36.21%, and 49.83%, respectively (Figure 6A,B). The inhibi-
tory effects of EK-02, the combination therapy, E10, and
AK404R on the growth of HT29 tumor transplanted on
CAM were 75.41%, 63.39%, 46.45%, and 29.51%, respec-
tively (Figure 6C,D). Taken together, EK-02 demonstrated
significant inhibitory effect on angiogenesis and tumor
growth on CAM, showing more potent than the individual
scFvs (AK404R or E10 alone).
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EK-02 suppressed cell growth and migration and induces apoptosis in VEGFR2 and EGFR coexpressed HT29 cell with

(A) MTT assay revealed that the EK-02 demonstrated superior inhibitory activity than both parental scFvs after 72 h treatment (values represented
means = SD, n = 3, *p < 0.01 versus untreated control, #p < 0.01 versus EK-02-treated group). (B) In the wound healing assay, EK-02 suppressed
HT29 cell migration with enhanced inhibitory effect as against both parental scFvs (values represented means = SD, ***p < 0.001 versus untreated
control, ##p < 0.01 versus EK-02-treated group) (C) In HT29 cell assays, EK-02 exhibited relatively higher apoptotic potential than its parental
scFvs after 48 h treatment (¥**p < 0.001 versus untreated control, ###p < 0.001 versus 100 nM/L EK-02-treated group).

Discussion and Conclusions

Inhibition of EGFR or VEGFR2 signaling is one of the
effective strategies that could be adopted to eliminate tumors
overexpressing EGFR or VEGFR2, and combining EGFR and
VEGFR?2 antagonists could increase the antitumor effect.”!”
This implies that an EGFR and VEGFR2 cotargeted therapy
could be a potential strategy. A bDADb could simultaneously
bind to target antigens.13 Similar to other bispecific constructs,
bDAD could potentially be more efficacious and less costly to
develop due to their structure and mode of action." In this
study, a bDAb named EK-02 targeting both EGFR and
VEGFR?2 was generated and evaluated.

The variable domain orientation (i.e., Vy-linker—V; or
Vi -linker—Vy) in bDAb construction impacts the expression,
antigen-binding activity, and protein stability of the resulting
bDAD."* More than half dozen bDAb constructed by Lu
et al., the “V—Vu/Vio—Vy,” orientation/arrangement has
always yielded a bDAb with good retention of dual antigen-
binding activity. This orientation may therefore represent the
preferred format for bDAb construction.”® In addition, the
variable domain arrangement also has significant effects on
the antigen-binding activity of the resulting bDAb.'*> The
antigen-binding activity of bDAD is influenced by the correct
assembly/folding of each cognate VL/VH domains, which

depends on both the intrinsic properties of the interacting
variable domains as well as the extrinsic contributions from
the partnering variable domains."? Requirement of a free N-
or C-terminus of a component scFv may also influence the
antigen-binding activity.20 However, there is no universal
variable domain arrangement for all bDAb constructions.
Therefore, an optimal arrangement needs to be selected for a
particular bDAb. The arrangement of the variable domain in
our bDAb EK-02 followed the arrangement pattern of the
bispecific single-chain diabody (scDb) that we previously
designed and constructed in the “Vig—G4S—Vpx—
G4SGGRASG4S—V x—G4S—Vye” arrangement pattern with
AK404R and E10,*' which showed significant binding
capacity to EGFR and VEGFR2, maintaining the antigen-
binding activity of both parental antibodies (AK404R and
E10). Thus, our current bDAb (EK-02) was also constructed
in the arrangement (Vpg—Vyk and Vig—Vyg), and was sub-
sequently confirmed by BIAcore analysis and flow cytometry
assay to have retained the binding properties of the parental
scFvs (Figure 2), suggesting that the bDAb EK-02 variable
domain orientation/arrangement was effective. A flexible
linker used to connect the “cross-over” two domains of each
chain, was too short to allow pairing between domains on
the same chain, permitting interchain, but not intrachain,
pairing of the variable domains to recreate the two antigen-



Biotechnol. Prog., 2016, Vol. 32, No. 2

A C

PBS AK404R E10
b e

g

-+ PBS

-+ AK404R
=+ E10

-+ Combination
-+ EK-02

m
2

Volume of tumor(mm?®)
& 8 3
--1—4
-

85 8 8
& 82 8 8

N
=

Inhibition rate of vessels(%)
o

Inhibition rate of tumor{%)

P & o
& o
< o © & &

54 4

Antibodies (10pM) Antibodies (10uM)

Figure 6. HT29 cell bearing CAM tumor model.

(A) Representative photographs of CAM assay. (B) Statistical
analysis of the CAM assay revealed that EK-02 and individual
scFvs demonstrated inhibition efficacy on tumor-induced angio-
genesis. (C) The volume of HT29 transplanted tumor on CAM
measured after treating with EK-02 and individual scFvs for
48 h. (D) EK-02 inhibited both angiogenesis and tumor growth
on CAM, which was more potent than the individual scFvs
(values represented means*SD, n = 6, * p < 0.05,
#p o < 0.01,%*%*%p < 0.001, versus PBS-treated control,
#p < 0.05, ##H# p < 0.001 versus EK-02-treated group).

binding sites.'> The G,S linker was to keep the individual
fragments of EK-02 at active positions for optimum func-
tional activity. His and Myc tags were added for easy purifi-
cation and characterization.

EK-02 was expressed in the periplasmic region of E. coli.
The decision to express the EK-02 in prokaryotic host was
informed by the fact that prokaryotic expression is inexpensive
and less time-consuming.”> Moreover, recombinant proteins
can easily be extracted by a simple osmotic shock method,
coupled with the fact that periplasmic extracts are rarely conta-
minated by bacterial proteins, suggesting easier puriﬁcation.22

Our previous anti-EGFR/VEGFR2 bispecific scDb was
produced in E. coli HB2151 host as a monomeric bispecific
molecule by connecting the two diabody-forming polypep-
tide chains with an additional 15 amino acid residues linker
(G4SGGRASG,S). However, we found that the scDb was
unstable and characterized with production too low to meet
the research requirement. Hence, we discontinued the study
on this single-chain diabody format and focused our atten-
tion on the current construct bDAb. Additionally, we have
constructed an IgG-like bispecific antibody (named Bi-Ab),
cotargeting VEGFR2 and EGFR which was expressed in
Pichia pastoris X-33 cells. The novel Bi-Ab with enhanced
antitumor activity compared to the parental antibodies (alone
or in combination), showed promising therapeutic potential,
and therefore can be used against tumors overexpressing
both EGFR and VEGFR2 (Chen, unpublished).

Employing binding kinetics analysis and flow cytometry
assay, the EK-02 demonstrated that it could bind to either
recombinant or native VEGFR2 and EGFR with high bind-
ing capacity, given credence to the fact that, the EK-02
bDAb was successfully constructed, expressed, and purified
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with the individual scFvs (AK404R and E10) retaining their
binding properties. Restraining the proliferation and migra-
tion of VEGFR2/EGFR overexpressing tumor cells by EK-
02, demonstrated its ability to block the EGF-EGFR and
VEGF-VEGFR2 pathways simultaneously to induce apopto-
sis and inhibit angiogenesis in such tumor cells.®

In our quest to confirm the apoptotic inducing potential of
EK-02, HUVECs (which are normal cells), A431, and HT29
(tumor cells) were treated with EK-02 for 48 h. And as
expected, EK-02 proved to be potent apoptosis inducer in all
the three cell lines. However, the rate of apoptosis in the
normal HUVECs was relatively lower compared to the tumor
cell lines (A431 and HT29). This disparity could be due to
the differences in antigen expression level, as shown by the
flow cytometry assays. More importantly, EK-02 demon-
strated relatively higher apoptotic potential than its parental
scFvs in all the three cell lines.

The in vivo investigation on the antitumor activity of EK-
02 on HT29 cell bearing CAM tumor model was consistent
with the in vitro studies. As anticipated, the anti-VEGFR2
scFv (AK404R) exhibited more potent antiangiogenic activity
than the anti-EGFR scFv (E10). This is because its antigen,
VEGFR?2, is the key target in cancer angiogenesis through the
VEGFR2-VEGF signaling pathway.”® However, both EK-02
and the combination therapy (AK404R plus E10) presented
more potent antiangiogenic activity than AK404R or E10
alone. This could possibly be due to the synergistic effects of
the two scFvs.'%* Interestingly, EK-02 demonstrated slightly
potent antiangiogenic activity than the combination therapy.
The antitumor potential of EK-02 was further confirmed by
evaluating its capacity to restrain the proliferation of HT29
tumor cells transplanted on CAM (in vivo). Similar to the
combination therapy, EK-02 proved more efficacious com-
pared to the individual scFvs, which was consistent with the
in vitro antitumor activity. EGFR and VEGFR2 contribute to
the activation of MAPK and AKT signaling in tumor angio-
genesis.”>”° In cancer cells coexpressed EGFR and VEGFR2,
the MAPK and AKT signals are regulated by both EGFR and
VEGFR2.272® However, it is probable that Erk1/2 and AKT
still remain activated when EGF/EGFR or VEGF/VEGER sig-
nal pathway is blocked alone.” In such situation, the best
way out is to block both EGF/EGFR and VEGF/VEGEFR sig-
naling pathways simultaneously. This could explain why the
bDAb EK-02 and the combination therapy were more potent
than individual scFvs. Thus, the bDAb EK-02 and combina-
tion therapy inhibited phosphorylation of AKT and Erkl1/2
more thoroughly than AK404R or E10 alone. Also, EK-02
being slightly potent than the combination therapy could be
due to more effective inhibition of MAPK signal pathway by
EK-02 compared to the combination therapy. In view of the
fact that this study focused on the construction, characteriza-
tion, and preliminary antitumor activity of the bDAb EK-02,
the next phase of this study is to confirm the activity path-
ways through Western blot analysis and evaluate its potency
in vivo, using animal models.

In conclusion, we have constructed, expressed, and puri-
fied a novel bDAb co-targeting EGFR and VEGFR2. The
novel bDAb EK-02 has demonstrated that it can produce
enhanced antiangiogenic and antitumor activities by cotarget-
ing EGFR and VEGFR2 simultaneously, compared to the
individual scFvs (AK404R and E10 alone). Hence, it is a
potential antitumor or antiangiogenic agent, which could be
developed further for clinical use.
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