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a b s t r a c t

Limitation of current anti-Vascular Endothelial Growth Factor (VEGF) cancer therapy is transitory re-
sponses, inevitable relapses and its insufficient tumor-targeting. Thus, multifaceted approaches,
including the development of bispecific antibodies and combination strategies targeting different
pathways have been proposed as an alternative. Here, we developed a novel multi-paratopic VEGF decoy
receptor, Cetuximab-VEGF-Grab and Trastuzumab-VEGF-Grab, by genetically fusing VEGF decoy receptor
(VEGF-Grab) to a single chain Fv of anti-Epidermal Growth Factor Receptor (EGFR) antibody (Cetuximab
and Trastuzumab). These multi-paratopic VEGF decoy receptor, which recognize VEGF and EGFR family
(EGFR or HER2), effectively suppressed both VEGF and EGFR pathways in vitro, to levels similar to those of
the parental VEGF-Grab and anti-EGFR antibodies. In addition, the concurrent binding of multi-paratopic
VEGF decoy receptor to VEGF and EGFR family enabled their specific localization to EGFR þ tumor in vitro
and in vivo. Furthermore, Cetuximab-VEGF-Grab and Trastuzumab-VEGF-Grab exhibited the enhanced
anti-tumor activities compared to VEGF-Grab in EGFR þ tumor xenograft mouse model via anti-EGFR
and the targeted anti-angiogenic activities. These results indicate that multi-paratopic VEGF decoy re-
ceptor can be a promising agent, combining tumor-targeted anti-angiogenic therapy with efficient
blockade of proliferative signals mediated by EGFR family.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Cancers are neoplastic diseases with potential for metastatic
dissemination [1]. Normal cells gradually develop to a neoplastic
state by acquiring a series of characteristics, including sustained
proliferative signaling, induction of angiogenesis, resistance to cell
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death, evasion of growth suppression, limitless replicative poten-
tial, activation of invasion and metastasis, avoidance of immune
destruction and reprogrammed energy metabolism [1]. Based on
their underlying molecular mechanisms, targeted therapies have
been developed that block key cellular pathways involving each of
these acquired characteristics. In particular, anti- Epidermal
Growth Factor Receptor (EGFR) agents that inhibit proliferative
signaling and anti-angiogenic drugs targeting the Vascular Endo-
thelial Growth Factor (VEGF) pathway have been widely utilized
clinically, in combination with other anti-cancer therapies such as
radiation and chemotherapy [2,3]. Some tumors, however, may be
primarily resistant, or may develop resistance, to therapies tar-
geting a specific pathway, leading to transitory responses and
inevitable relapses [4]. Multifaceted approaches, including the
development of bispecific antibodies and combination strategies
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targeting different pathways, may therefore be more effective and
durable and help overcome tumor resistance [5,6].

We recently reported an improved soluble decoy VEGF receptor,
called VEGF-Grab, consisting of the D2-D3 domain of VEGFR1 and
the Fc domain of human IgG1 [7]. VEGF-Grab has shown more
potent decoy activity against VEGFA and placental growth factor
(PlGF) than aflibercept, with greater anti-angiogenic, anti-tumor
and anti-metastatic efficacy. Moreover, optimization of the charge
balance of VEGF-Grab, via three mutations in the VEGFR1 D3
domain and an additional O-glycosylation at one of those three
mutation sites, has improved the biochemical properties and
pharmacokinetic profiles of VEGF-Grab, as well as increasing its
long-lasting anti-angiogenic efficacy, compared with aflibercept
[8]. Because PlGF may be a potential target for anti-tumor and anti-
angiogenic therapy [9], the increased affinity of VEGF-Grab for PlGF
may enhance its anti-tumor activity. Although VEGF-Grab showed
enhanced anti-angiogenic activity compared to aflibercept in
mouse models of lewis lung carcinoma (LLC) tumors and sponta-
neous breast cancer (MMTV-PyMT), it remains possible that its
insufficient tumor-targeting may give rise to adverse effects such as
hemorrhage, thrombosis, and impaired wound-healing [10,11].
Therefore, further optimization of VEGF-Grab for tumor-targeting is
required for better clinical outcomes.

Selection of appropriate protein targets is crucial in designing
multifaceted approaches that enhance clinical anti-cancer efficacy
without increasing systemic toxicity. Members of the EGFR family,
consisting of EGFR, HER2, HER3, and HER4 (also called ErbB-1,
ErbB-2, ErB-3, and ErB-4, respectively), have been recognized as
successful clinical targets, not only because EGFR family members
are highly expressed on the surfaces of various types of tumors,
including gliomas, and lung, breast, colon, head and neck, ovarian
and prostate tumors, but because deregulation of these members
plays an important role in tumorigenesis and progression [12,13].
Clinical trials of various bispecific and multivalent antibodies have
adopted anti-EGFR family antibodies as a paratope in combination
with other paratopes targeting various different proteins such as
other receptor tyrosine kinases (RTKs) and CD3 [5,14,15]. In this
study, we fused a single chain Fv of anti-EGFR therapeutic antibody
(cetuximab or trastuzumab) to the N-terminus of VEGF-Grab to
yield a novel multi-paratopic-VEGF decoy receptor, called
Cetuximab-VEGF-Grab (Cet-Grab) and Trastuzumab-VEGF-Grab
(Tras-Grab), respectively. These engineered multi-paratopic-VEGF
decoy receptors can bind simultaneously to VEGF Family (VEGFA
and PlGF) and EGFR family (EGFR for Cet-Grab and HER2 for Tras-
Grab) with a similar binding affinity as parental VEGF-Grab and
anti-EGFR antibody (cetuximab and trastuzumab). Moreover,
Cetuximab-VEGF-Grab and Trastuzumab-VEGF-Grab effectively
suppressed not only VEGF signaling but EGFR family signaling
in vitro and in vivo, and specifically localized to tumor areas, thus
enhancing its anti-tumor efficacy in xenograft mouse model
compared to VEGF-Grab.

2. Materials and methods

2.1. Cell lines and cell culture

Freestyle 293F cells (R790-07, Gibco®), A431 cells (human cervix
epidermoid carcinoma, #21555, KCLB), SKBR3 cells (human breast
adenocarcinoma, #30030, KCLB), SKOV3 cells (human ovarian
adenocarcinoma, #30077, ATCC), and human umbilical vein endo-
thelial cells (HUVECs, CC-2519, Lonza) were authenticated accord-
ing to ATCC guidelines and used within 6 months of receipt.
Freestyle 293F cells (R790-07, Gibco®) were maintained in sus-
pension culture in Freestyle293F medium (12338018, Gibco®) at
37 �C and 8% CO2 with 125 rpm agitation. A431 cells were cultured
in DMEM (LM001-05, Welgene) and SKBR3 and SKOV3 cells were
cultured with RPMI1640 (LM011-05, Welgene), supplemented with
10% heat-inactivated FBS (S001-01, Welgene) and 100 mg/ml peni-
cillin/streptomycin. HUVECs were cultured in EBM-2 (CC-3156,
Lonza) supplemented with EGM-2 (CC-3162, Lonza) and penicillin/
streptomycin on gelatin (G9391, Sigma-Aldrich; 2% in PBS) pre-
coated plates. All cells were grown at 37 �C and 5% CO2.

2.2. Antibodies

The antibodies used in this study are listed in Supplement
Table 1.

2.3. Expression and purification of recombinant proteins

Genes encoding cetuximab or trastuzumab single chain variable
fragment (scFv), in which the variable regions of cetuximab or
trastuzumab's heavy and light chains were connected by (G4S) 3
linker [16e18], were cloned into the N-termini of VEGF-Grab3
construct [7] (See also Supplement Methods, Fig. 1A and
Supplement Fig. 1). Using polyethylenimine (765090, Sigma-
Aldrich), constructs encoding VEGF-Grab, scFv-Cetuximab-VEGF-
Grab3 (Cet-Grab), and scFv-Trastuzumab-VEGF-Grab3 (Tras-Grab)
were transfected into Freestyle293F cells grown in suspension. The
cells were cultured for 3 days in the presence of 5mM sodium
butyrate (303410, Sigma-Aldrich) and harvested by centrifugation.
Supernatants containing VEGF-Grab, Cet-Grab, or Tras-Grab were
loaded onto Protein A Sepharose (GE Healthcare Life Sciences).
VEGF-Grab, Cet-Grab, or Tras-Grab was eluted with 200mM
glycine, pH 2.7, neutralized immediately with 1M Tris-HCl (pH 8.0)
and dialyzed against PBS. Protein identification of the multi-
paratopic-VEGF decoy receptor (Cet-Grab or Tras-Grab) was per-
formed by high-resolution mass spectrometry. Briefly, tryptic
peptides obtained from the protein with proteolytic enzyme
treatment were separated on a C18 column and subsequently
analyzed using high resolution TOF MS (MS/MS). The amino acid
sequences of fusion proteins were identified by peptide mapping
using accurate mass value (<20 ppm) of tryptic peptides.

2.4. Binding affinity analysis

The binding affinities of multi-paratopic-VEGF decoy receptor
(Cet-Grab or Tras-Grab) to EGFR family extracellular domain (EGFR
for Cet-Grab and HER2 for Tras-Grab), VEGFA, or PlGF were
measured using biolayer light interferometry with BLITZ system
(ForteBio, Pall Life Sciences). Biotinylated EGFR family ECD (EGFR or
HER2), VEGFA, or PlGF was loaded onto hydrated streptavidin (SA)
biosensors (1805020, Forte Bio) for 2min, followed by washing of
the loaded biosensors for 2-min with PBS to remove any unbound
protein. These biosensor tips were immersed in 4 ml drops con-
taining 25e50 nM indicated proteins (VEGF-Grab, Cet-Grab,
cetuximab, Tras-Grab or trastuzumab), and association (on) rates
(kon) were measured over a 2-min interval. The sensors were
subsequently immersed in PBS buffer for 2min to measure disso-
ciation (off) rates (koff). KD was calculated as the ratio of off-rate to
on-rate (koff/kon). The sensorgrams were fit with the BLITZ Pro 1.1
software using a 1:1 binding model with the global fitting function
(grouped by color, Rmax). For simultaneous binding analysis, bio-
tinylated VEGF family (VEGFA or PlGF) was loaded onto SA bio-
sensors for 90 s, and the VEGF pre-loaded biosensors were
immersed in 4 ml drops containing 100 nM multi-paratopic-VEGF
decoy receptor (Cet-Grab or Tras-Grab) for 90 s and subsequently
in 25e50 nM EGFR family ECD (EGFR for Cet-Grab and HER2 for
Tras-Grab) for 120 s to measure association (on) rates (kon), fol-
lowed by a 2-min washing interval with PBS to measure
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dissociation (off) rates (koff). EGFR family pre-binding analysis
(EGFR for Cet-Grab and HER2 for Tras-Grab) was performed using
the same method, but in the reverse order as indicated in Fig. 1D.

2.5. In vitro localization analysis

EGFR þ A431 cells were incubated with 50 nM of Cet-Grab,
cetuximab or VEGF-Grab (negative control), and HER þ SKBR3
cells were incubated with 50 nM of Tras-Grab, trastuzumab, or
VEGF-Grab for 6 h at 37 h, washed 3 times with PBS, fixed in 4%
paraformaldehyde (P2031, biosesang) for 20 min, and per-
meabilized with 0.5% Tween-20 in PBS at room temperature (RT).
To visualize the location of these proteins, cells were incubated
with Alexa-488 conjugated anti-human IgG antibody and coun-
terstained with DAPI. Images were acquired using a Carl Zeiss
LSM780 confocal microscope, and fluorescence signals (Alexa-488
to DAPI) were quantified using Image J software.

2.6. Cell viability assays

Cancer cell lines (A431 and SKBR3 cells) were seeded onto 96-
well plates (100 ml, 2500 cells/well) for 24 h, followed by incuba-
tion with 2-fold serial dilutions of 1 mM cetuximab or Cet-Grab (for
A431 cells) and of 1 mM trastuzumab or Tras-Grab (for SKBR3 cells)
for 48 h. Each well was added 10 ml Ez-cytox substrate (EZ-3000,
DAEILLab), and the absorbance at 450 nm was measured. IC50 was
calculated using GraphPad PRISM 5 software.

2.7. Inhibition of EGFR/HER2/VEGFR2 signaling by Cet-Grab or Tras-
Grab

For EGFR family (EGFR and HER2) signaling analysis, cancer cell
lines (A431 or SKBR3 cells) were treated with 25 nM cetuximab or
Cet-Grab (A431 cells), or with 25 nM trastuzumab or Tras-Grab
(SKBR3 cells) for 48 h. For VEGFR2 signaling analysis, HUVECs
were treated with 25 nM Cet-Grab, Tras-Grab or VEGF-Grab for
15min followed by treatment with 1 nM VEGFA for 10min. Cells
were subsequently washed and lysed in RIPA lysis buffer (BRI-
9001 T&I) supplemented with phosphatase inhibitor (56-25-7,
Roche). Aliquots containing 30 mg of total proteins were loaded
onto 10% (for EGFR, HER2, VEGFR2, p-EGFR, p-HER2 p-VEGFR2, b-
actin) and 12% (for ERK, p-ERK) SDS-PAGE gels, followed by transfer
to nitrocellulose membranes and western blotting with the indi-
cated antibodies (Supplement Table 1) [7]. As a negative control,
the cells were incubated with Fc domain of human IgG1.

2.8. Migration assays

HUVECs were cultured on the culture-inserts of m-dishes
(Cat#81176, Ibidi) until they became confluent. The culture-inserts
were subsequently removed to generate wound gaps [7]. The cul-
tures were incubated in EBM-2 medium (Lonza) containing 1 nM
VEGFA and 25 nM of the indicated proteins (VEGF-Grab, Cet-Grab,
or Tras-Grab) for 24 h, and migrated cells within the wound were
Fig. 1. Design of multi-paratopic VEGF decoy receptors and their binding affinity to VEG
(right) of multi-paratopic-VEGF decoy receptor (VEGF-Grab, Cet-Grab and Tras-Grab). Single
with [G4S] 3 linker was fused to the N-terminus of VEGF-Grab using recombinant techniqu
10 mg amount of each protein was loaded onto 10% SDS-PAGE gels under reducing (R) and n
staining. (C) Binding affinities of multi-paratopic-VEGF decoy receptor (Cet-Grab and Tras-Gr
for Cet-Grab and human HER2 ECD for Tras-Grab) using biolayer light interferometry (BLI) a
(left) and KD values (right). (D) Concurrent bindings of multi-paratopic-VEGF decoy recept
EGFR family (EGFR for Cet-Grab and HER2 for Tras-Grab). Cet-Grab or Tras-Grab was loaded o
extracellular domain (EGFR ECD for Cet-Grab and HER2 ECD for Tras-Grab). Similarly, binding
complex (Cet-Grab/EGFR ECD or Tras-Grab/HER2 ECD) were also analyzed. Diagrams (left)
software with 1:1 global fitting. Each KD is the mean ± SD of three independent experimen
monitored.

2.9. Tube formation assay

HUVECs were plated at 6000 cells/well on Matrigel-coated-96
well plates (354230, Corning) and treated with VEGF-Grab, Cet-
Grab, or Tras-Grab (2 mg/ml). After 10min, 1 nM hVEGFAwas added
and tube formation was monitored after 6 h [7].

2.10. Mouse xenograft model and treatment regimens

Athymic female nude mice, aged 4 weeks, were purchased from
Nara Biotech (Seoul, Republic of Korea). Mice were subcutaneously
injected with 3� 106 A431 cells or 5� 106 SKOV3 cells in the right
dorsal shoulder. Once tumors reached ~50mm3 in volume, the
micewere intraperitoneally administered PBS (vehicle) or 10mg/kg
VEGF-Grab, Cet-Grab (to EGFRþ A431 xenografts mouse model), or
Tras-Grab (to HER2þ SKOV3 xenografts mouse model) twice per
week for 3 weeks (n ¼ 5). Tumor volume was calculated as
length � width � height � 0.5. The mice were subsequently
anesthetized, and their blood and tumors collected for further an-
alyses. Animal experiments were conducted using protocols
approved by the Institutional Animal Care and Use Committee at
Korea Research Institute of Bioscience and Biotechnology (Approval
#: KRIBB-AEC-16001).

2.11. Histological analyses of tumor tissues

Tumors were processed and stained as previously described [7].
Briefly, harvested tumor tissues were fixed in 4% paraformaldehyde
overnight at 4 �C, incubated in 30% sucrose (S7902, Sigma-Aldrich;
in PBS) solution, and frozen in O.C.T. compound (4583, Tissue-
Tek®). These O.C.T. embedded tissues were cryo-sectioned (40 mm,
Leica), blocked with 5% Normal serums, stained with the desig-
nated antibodies and counterstained with DAPI and analyzed by
confocal microscopy (Carl Zeiss LSM780). Fluorescence intensity
was quantified and normalized to DAPI using ImageJ software.

2.12. In vivo drug distribution analysis (IVIS imaging)

Cet-Grab, Tras-Grab, and VEGF-Grab were labeled with Cy5.5
using Cy5.5 Fast Conjugation Kits (ab195226, Abcam), according to
themanufacturer's protocol and separated from remaining free dye
by Bio-Gel p6 DG gel filtration chromatography (Bio-Rad). Cy5.5-
conjugated Cet-Grab, Tras-Grab or VEGF-Grab (10mg/kg) was
intraperitoneally administered to athymic nude mice bearing A431
(VEGF-Grab or Cet-Grab) or SKOV3 (VEGF-Grab or Tras-Grab) tu-
mors of volume ~100mm3. After 24 h, the mice were anesthetized
with isoflurane and imaged with the Cy5.5 excitation/emission
channel of IVIS-200 (Xenogen). After another 12 h, the mice were
euthanized; their tumors, as well as their major organs, including
the liver, kidneys, heart, and spleen, were removed and imaged.
Resected tumors were fixed for further histologic analysis.
FA, PlGF, and tumor markers. (A) Schematic diagram (left) and plasmid constructions
chain variable fragment of anti-EGFR therapeutic antibody (cetuximab or trastuzumab)
e [7]. (B) SDS-PAGE analysis of Cet-Grab, Tras-Grab and control agents (VEGF-Grab). A
on-reducing (NR) conditions, with the resulting bands visualized with Coomassie blue
ab) toward human VEGFA, PlGF or EGFR family extracellular domain (human EGFR ECD
nalysis. Fc domain of human Immunoglobulin G (IgG) was used as a control. Diagrams
or (Cet-Grab and Tras-Grab) toward target proteins, VEGF family (VEGFA or PlGF) and
nto biotin-SA chips where VEGFA or PlGF was pre-coated, and reacted with EGFR family
of VEGF family (VEGFA or PlGF) to the multi-paratopic-VEGF decoy receptor/EGFR ECD
and KD values (right). Calculation of binding affinities (KD¼Koff/Kon) using Blitz Pro
ts (C and D).



Fig. 2. Cet-Grab and Tras-Grab inhibit EC migration and tube formation by suppressing VEGF signaling pathways. (A and B) Blockade of human VEGFA-induced VEGFR2
signaling pathway by Cet-Grab, Tras-Grab, and VEGF-Grab. Total and phosphorylated forms of VEGFR2 and ERK1/2 were detected by western blotting (A) and quantification (B). (C
and D) Migration of HUVECs in the presence of VEGFA (1 nM) and indicated protein (25 nM). Representative image (C) and quantification (D). Wound-healing margins are indicated
with red lines. Scale bars, 500 mm. (E and F) Representative images (E) and quantification (F) for tube formation assay with HUVECs in the presence of VEGFA and indicated proteins.
Scale bars, 500 mm. Statistical significance was calculated based on three independent experiments (P-values between depicted groups).
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2.13. Statistical analysis

All data are shown as mean± SEM of three independent ex-
periments with statistical significance between groups assessed by
two-tailed Student's t-tests (*P < 0.05; **P < 0.01; ***P < 0.001).

3. Results

3.1. Design of multi-paratopic VEGF decoy receptors and their
multi-specificity to VEGF and EGFR family

Aberrant overexpression of EGFR family such as EGFR and HER2
is widely observed in many types of solid tumors. Thus, we hy-
pothesized that the fusion of VEGF-Grab with anti-EGFR thera-
peutic antibody would result in enhanced tumor targeting activity
of VEGF-Grab. To test this, we fused the single chain variable
fragment (scFv) of cetuximab (anti-EGFR antibody) or trastuzumab
(anti-HER2 antibody) to VEGF-Grab for generating novel multi-
paratopic VEGF decoy receptors, called Cetuximab-VEGF-Grab
and Trastuzumab-VEGF-Grab (hereafter Cet-Grab and Tras-Grab)
(Fig. 1A). The sequence encoding the scFv domain of cetuximab
or trastuzumab (VH - (G4S)3 linker - VL) was synthesized [16e18]
and fused to the N-terminus of VEGF-Grab in pcDNA3.1 vector
through recombinant techniques [7] (Fig. 1A). Cet-Grab and Tras-
Grab were produced in Freestyle293F cells, purified by affinity
chromatography, and analyzed by SDS-PAGE under both reducing
(R) and non-reducing (NR) conditions (Fig. 1B). SDS-PAGE analysis
showed that the molecular weights (MWs) of the purified proteins
were slightly higher than the calculated MWs (VEGF-Grab,
97.2 kDa; cetuximab, 145.8 kDa; Cet-Grab, 149.2 kDa; Tras-Grab,
149 kDa; in a dimeric state) due to their glycosylation
(Supplement Fig. 1). Two multi-paratopic VEGF decoy receptors
(Cet-Grab and Tras-Grab) were further characterized by high-
resolution mass spectrometry. Briefly, tryptic peptides obtained
from the protein with proteolytic enzyme treatment were sepa-
rated on a C18 column and subsequently analyzed using high res-
olution TOF MS (MS/MS) [19]. The amino acid sequences of fusion
proteins were identified by peptide mapping using accurate mass
value (<20 ppm) of tryptic peptides, resulting in sequence cover-
ages of 83.48% (Cet-Grab) and 93.76% (Tras-Grab), respectively. In
addition, we determined at least two unique peptides present in
only multi-paratopic VEGF decoy receptors (Supplement Fig. 2B
and C for Cet-Grab and Supplement Fig. 3B and C for Tras-Grab).
One peptide containing an N-glycosylation site on the Fc domain
was also identified from both multi-paratopic VEGF decoy re-
ceptors (Supplement Figs. 2D and 3D). Taken together, we
confirmed the size, sequence and N-glycosylation of Cet-Grab and
Tras-Grab by Mass Spectrometry.

The binding affinities of multi-paratopic VEGF decoy receptors
(Cet-Grab or Tras-Grab) to respective target proteins e VEGF family
(human VEGFA and PlGF) and EGFR family (human EGFR for Cet-
Grab and HER2 for Tras-Grab), were analyzed by biolayer light
interferometry (BLI) using a Blitz (ForteBio) system. Streptavidin
(SA) biosensors were coated with biotinylated VEGFA or PlGF, and
incubated with Cet-Grab or Tras-Grab to assess the binding of VEGF
or PlGF to their inner-paratopes. The binding affinities (KD) of
VEGFA and PlGF to Cet-Grab were 1.04 and 1.59 nM, and those to
Tras-Grab were 0.82 and 1.15 nM, respectively, which are compa-
rable with those to VEGF-Grab (0.74 nM for VEGF and 0.76 nM for
PlGF) (Fig. 1C). Similar analysis for outer-paratopes of Cet-Grab or
Tras-Grab showed that the binding affinity of EGFR extracellular
domain (ECD) to Cet-Grab was 0.59 nM and that of HER2 ECD to
Tras-Grab was 4.98 nM (Fig. 1C and Supplement Fig. 4A). We also
found that VEGF-Grab did not interact with EGFR family (EGFR ECD
and HER2 ECD) and the binding affinity of parental antibodies to
their respective target (cetuximab to EGFR ECD, 0.84 nM; trastu-
zumab to HER2, 4.7 nM) did not differ significantly from those of
Cet-Grab and Tras-Grab. These suggests that fusion of scFv cetux-
imab (anti-EGFR antibody) or scFv trastuzumab (anti-HER2 anti-
body) to VEGF-Grab does not influence their binding properties
toward respective target proteins, VEGF family and EGFR family.

We next examined the concurrent binding of these targets to
multi-paratopic VEGF decoy receptors. First, we assessed the
binding affinity of outer-paratope of Cet-Grab and Tras-Grab to
EGFR ECD and HER2 ECD, respectively, when their inner-paratope
were pre-occupied by VEGFA (Supplement Fig. 4C, I) or PlGF
(Supplement Fig. 4C, III). The second binding affinity of Cet-Grab
and Tras-Grab to EGFR family ECD were slightly weakened (Cet-
Grab/VEGFA to EGFR ECD, 7.38 nM; Cet-Grab/PlGF to EGFR ECD,
12.36 nM; Tras-Grab/VEGFA to HER2 ECD, 5.04 nM; Tras-Grab/PlGF
to HER2 ECD, 14.00 nM), but sufficient enough to maintain their
concurrent binding to VEGF family and EGFR family ECD. Similarly,
pre-binding of EGFR ECD or HER2 ECD to the outer paratope of Cet-
Grab or Tras-Grab did not affect the binding affinity of their inner-
paratope to VEGFA or PlGF (Cet-Grab/EGFR ECD to VEGFA, 1.17 nM;
Cet-Grab/EGFR ECD to PlGF, 1.11 nM; Tras-Grab/HER2 ECD to
VEGFA, 2.38 nM; Tras-Grab/HER2 ECD to PlGF, 2.76 nM) (Fig.1D and
Supplement Fig. 4C, II and IV). These findings indicate that Cet-Grab
and Tras-Grab have multi-specificity to respective target proteins
with a comparable binding affinity as parental VEGF-Grab and anti-
EGFR therapeutic antibody (cetuximab and trastuzumab), and can
bind simultaneously to their target proteins, VEGF family and EGFR
family.

3.2. Multi-paratopic VEGF decoy receptors inhibit EC migration and
tube formation by suppressing VEGF signaling pathways

To investigate whether multi-paratopic VEGF decoy receptors
can sequester VEGFA and thereby inhibit VEGFA-induced endo-
thelial cell activation, we first examined VEGFA-induced VEGFR2
signaling in HUVECs. Similar to VEGF-Grab, both Cet-Grab and Tras-
Grab attenuated VEGFA-induced phosphorylation of VEGFR2 and
its downstream ERK signaling (Fig. 2A and B). Because VEGFA
promotes proliferation, migration, and survival of endothelial cells
by activating VEGFR2, we also examined VEGFA-induced migration
and tube formation of HUVECs. Consistent with VEGFR2 signaling,
Cet-Grab and Tras-Grab strongly suppressed VEGFA-induced
migration (Fig. 2C and D) and tube formation (Fig. 2E and F) of
HUVECs without any significant differences. Taken together, these
findings demonstrate that both Cet-Grab and Tras-Grab have
comparable anti-VEGF activities with VEGF-Grab, probably due to
their similar binding affinity to VEGFA, thus effectively inhibiting
endothelial cell activation and VEGFR signaling.

3.3. Multi-paratopic VEGF decoy receptors block EGFR pathway-
mediated proliferative signaling

To evaluate the functional properties of scFv in Cet-Grab and
Tras-Grab, we investigated whether these can bind onto EGFR-
expressing tumor using A431 and SKBR3 cancer cell, which natu-
rally express high level of EGFR and HER2, respectively. Immuno-
fluorescence stain revealed that Cet-grab and Tras-Grab, but not
VEGF-Grab, stably bound to EGFR þ A431 and HER2þ SKBR3 can-
cer cell, respectively (Fig. 3A). Binding of cetuximab and trastuzu-
mab to cancer cell effectively suppress tumor cell growth by
preventing ligand binding to EGFR or HER2, inhibiting receptor
dimerization and thus blocking receptor auto-phosphorylation and
activation. Therefore, we next examined the anti-tumor activity of
Cet-Grab and Tras-Grab. Cell viability assays using A431 and SKBR3
cell lines showed that Cet-Grab and Tras-Grab effectively
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suppressed the proliferation of A431 and SKBR3 cells, respectively
(Fig. 3B; IC50¼ 27.6 nM for Cet-Grab, IC50¼ 76.7 nM for cetuximab,
IC50¼ 27.8 nM for Tras-Grab, IC50¼ 24.3 nM for trastuzumab).
Moreover, treatment with Cet-Grab significantly reduced phos-
phorylation levels of EGFR and its downstream ERK in A431 cells as
cetuximab did (Fig. 3C and D). Similarly, trastuzumab and Tras-Grab
dramatically reduced the HER2-mediated proliferation signaling in
SKBR3 cell line (Fig. 3E and F). Clonogenic assays [20] also showed
that the formation of colonies was dramatically attenuated in Cet-
Grab- or Tras-Grab-treated cancer cell compared with PBS-treated
cancer cells (Supplement Fig. 5). These results indicate that, Cet-
Grab and Tras-Grab have strong anti-EGFR and anti-HER2 activity,
respectively, thus effectively suppressing the proliferation and
unlimited division of EGFR/HER2 overexpressing cancer cells.

3.4. Tumor targeting activity of multi-paratopic VEGF decoy
receptors in xenograft mouse tumor model

To assess tumor targeting of Cet-Grab and Tras-Grab, we directly
monitored the distribution of Cet-Grab and Tras-Grab at in vivo
xenograft mouse model. Mice were ectopically implanted with
EGFR þ A431 or HER2þ SKOV3 cancer cells. When the tumor size
reached ~100 mm3, Cy5.5-labled Cet-Grab or Tras-Grab (10mg/kg)
was injected intraperitoneally to A431 and SKOV3 xenograft mouse,
respectively, and monitored in vivo distribution of Cet-Grab and
Tras-Grab by analyzing the Cy5.5 fluorescence signal. Cy5.5-labled
VEGF-Grabwas also examined as a control in both A431 and SKOV3
xenograft mouse. Surprisingly, most Cy5.5-Cet-Grab specifically
localized at the tumor area (right dorsal shoulder), while Cy5.5-
VEGF-Grab was distributed throughout the entire body (Fig. 4A,
upper panel), of balb-c/nude mice bearing EGFR þ A431 tumors.
Assessment of major organs from these tumor-bearing mice
showed high accumulation of Cet-Grab in the tumors (Fig. 4A,
bottom panel), but little Cet-Grab in other organs. Interestingly,
immunofluorescence analysis of tumor sections revealed that Cet-
Grab was evenly distributed in both peri- and intra-tumoral areas,
whereas VEGF-Grab mostly localized to peri-tumoral areas
(Fig. 4B). Similarly, most Cy5.5-Tras-Grab specifically localized at
HER2þ SKOV3 tumor area. These results indicate that the fusion of
scFv cetuximab or trastuzumab to VEGF-Grab leads to the
enhanced in vivo tumor targeting efficacy of these VEGF decoy re-
ceptors (Cet-Grab and Tras-Grab) than parental VEGF-Grab (Fig. 4C
and D).

3.5. Enhanced anti-tumor efficacy of multi-paratopic VEGF decoy
receptors in xenograft mouse model

We next evaluated the anti-tumor effects of multi-paratopic
VEGF decoy receptors in vivo, using the EGFR þ A431 cell xeno-
graft mouse model. Mice were treated with 10 mg/kg Cet-Grab or
VEGF-Grab twice per week for 3 weeks (Supplement Fig. 6A).
Intriguingly, Cet-Grab treatment reduced tumor volume and
weight 57% and 55%, respectively, whereas VEGF-Grab treatment
reduced tumor volume and weight 25.2% and 26.4%, respectively
(Fig. 5A and B), with neither agent affecting mouse total weight
Fig. 3. Cet-Grab and Tras-Grab induce cancer cell death by suppressing the EGFR famil
expressing A431 cells (upper panel) and of Tras-Grab onto HER2 overexpressing SKBR3 cells (
were visualized by immunostaining with Alexa 488 anti-human IgG antibody. Scale bars, 2
versus trastuzumab (bottom panel). MTS assays for cell viability were performed at the
Tras-Grab and trastuzumab (in HER2þ SKBR3 cells), starting at maximum dose of 1 mM. Fc do
inhibition of EGFR and ERK phosphorylation in EGFR þ A431 cells. Fc domain of human I
quantification of the relative amounts of phosphorylated (activated) forms of EGFR and ERK1
inhibition of HER2 and ERK phosphorylation in HER2þ SKBR3 cells. Fc domain of human
quantification of the relative amounts of phosphorylated (activated) forms of HER2 and ERK1
based on three independent experiments (P-values between depicted groups, NS; non-sign
(Supplement Fig. 6B). To analyze the mechanism underlying the
greater anti-tumor activity of Cet-Grab than VEGF-Grab, we
investigated their effects on EGFR signaling in isolated tumor tissue
and changes in tumor vasculature. Consistent with the results of
cell-based assays, western blotting analysis and immunofluores-
cence staining showed that EGFR phosphorylation in isolated tu-
mor tissue was significantly decreased in Cet-Grab (72%) treated
mice than in VEGF-Grab-treated mice, although total EGFR level
remained unchanged (Fig. 5C and D, quantification in Supplement
Fig. 7). Furthermore, the inactivation of EGFR was accompanied by
markedly reduced ERK1/2 phosphorylation, 81% for Cet-Grab
versus vehicle. Although VEGF-Grab was able to attenuate the
VEGF-mediated ERK phosphorylation in HUVEC (Fig. 2A), it did not
influence on the EGFR phosphorylation and subsequent EGFR-
mediated ERK phosphorylation in the A431-derived tumor tissue,
due to its defective anti-EGFR activity (Fig. 5C and D, quantification
in Supplement Fig. 7).

More interestingly, treatment with VEGF-Grab and Cet-Grab to
A431 xenograft tumor model significantly reduced the numbers of
blood vessels infiltrating tumors versus vehicle, and the thickness
and continuity of tumor vessels in Cet-Grab group (87.2%) were
evenmore attenuated than that in VEGF-Grab group (63%) (Fig. 5E).
We also measured levels of VEGFA and PlGF proteins that can be
sequestered by VEGF-Grab and Cet-Grab, in both serum and tumor
tissue. Despite VEGF-Grab having a slightly higher affinity for VEGF
and PlGF than Cet-Grab (Fig. 1C), the levels of human and mouse
VEGF (VEGFA and PlGF) at intra-tumoral area, which are secreted
from human A431 cancer cell and other cells in tumor microenvi-
ronment respectively, were markedly lower in Cet-Grab-treated
group than in VEGF-Grab-treated group (Fig. 5F and Supplement
Fig. 8). However, the plasma concentrations of mVEGF were
slightly higher in Cet-Grab than in VEGF-Grab treated mice
(Fig. 5G), indicating that Cet-Grab specifically localized at
EGFR þ A431 tumor area enable the targeted anti-VEGF activity,
which can potentially reduce the side effect of systemic inhibition
of VEGF signaling. Similar to Cet-Grab, the treatment of Tras-Grab
effectively suppressed HER2 phosphorylation and reduced the
numbers of blood vessels infiltrating tumors in HER2þ SKOV3
xenograft mouse model (Supplement Figs. 6C, D and 9). The anti-
tumor efficacy of Tras-Grab in the HER2þ SKOV3 xenograft
mouse model was slightly enhanced compared to VEGF-Grab-
treated groups, but not as significant as that of Cet-Grab in A431
xenograft model (Supplementary Fig. 9A). This can be explained by
the sustained ERK phosphorylation in a subset of HER2þ SKOV3
xenograft mouse model despite the effective suppression of HER2
phosphorylation in vivo by Tras-Grab treatment. These results
indicate that intrinsic or acquired resistance of HER2þ SKOV3 tu-
mor cell may limit the effectiveness of Tras-Grab, which can be
further improved by a combination of Tras-Grab and other agents
that inhibit growth-promoting downstream signaling.

The anti-cancer efficacy of cetuximab has also been attributed to
activation of the immune system, including antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotox-
icity (CDC). ADCC and CDC are mediated primarily by the binding of
Fcg III receptors on immune effector cells and C1q, respectively, to
y-mediated proliferative signaling. (A) Surface binding of Cet-Grab onto EGFR over-
bottom panel). Cet-Grab or Tras-Grab bound to the surface of corresponding cancer cell
0 mm. (B) Cellular toxicity of Cet-Grab versus cetuximab (upper panel) and Tras-Grab
indicated concentrations of Cet-Grab and cetuximab (in EGFR þ A431 cells), and of
main of human IgG1 was used as a negative control. (C and D) Cetuximab and Cet-Grab
gG1 protein was used as a negative control. Representative western blotting (C) and
/2 versus total EGFR and ERK1/2, respectively (D). (E and F) Trastuzumab and Tras-Grab
IgG1 protein was used as a negative control. Representative western blotting (E) and
/2 versus total EGFR and ERK1/2, respectively (F). Statistical significance was calculated
ificant).



Fig. 4. Specific-targeting of Cet-Grab and Tras-Grab toward tumor in the xenograft mouse model. (A and C) In vivo distribution of Cy5.5-conjugated VEGF-Grab and Cet-Grab in
EGFR þ A431 xenografts (A) and of Cy5.5-conjugated VEGF-Grab and Tras-Grab in HER2þ SKOV3 xenografts (C). Fluorescence signal (left) and overlaid mouse image (right).
Fluorescence imaging of isolated major organs (spleen, kidney, heart, and liver) and tumors (bottom). Right color bar represents fluorescence intensity. (B and D) Confocal
microscopic images of tumor tissue sections in 4A and 4C after immunostaining with Alexa-488 conjugated-anti-human IgG antibodies. Images are representatives of three
different fields from independent sections and each indicated region (squares) is magnified in the right panel. Scale bars, 50 mm (left) and 20 mm (right).
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Fig. 5. Cet-Grab effectively suppress tumor growth in an A431 xenograft mouse model via tumor vessel blockage and EGFR signaling inhibition. (A and B), Tumor volume
change (A) and final tumor weight (B) of EGFR þ A431 xenografts mouse model treated with indicated proteins. Athymic nude mice (4 weeks, female) were subcutaneously injected
with 3 � 106 A431 cells. After tumor volume reached ~50mm3, the mice were intraperitoneally injected with PBS (Vehicle), 10mg/kg VEGF-Grab, or Cet-Grab twice weekly for three
weeks (n¼ 5). (C and D), EGFR signaling changes in tumor were assessed by western blotting (C) and immunostaining (D). Levels of total and phosphorylated EGFR and ERK were
detected by western blotting of tumor tissue. Representative images of tumor sections after immunostaining with indicated antibodies (Supplement Table 1). Scale bars, 50 mm. (E)
Representative images and quantification of CD31þ blood vessels in tumor tissue. Tumor tissues were cryo-sectioned and stained with anti-CD31 antibody. Scale bars, 50 mm. (F)
Concentrations of human VEGFA and PlGF in tumor tissues, as measured by ELISA. (G) Plasma concentrations of mouse VEGFA and PlGF. Mouse serum was collected from the retro
orbital sinus and centrifuged to isolate blood plasma. Plasma concentrations of mouse VEGFA and PlGF were measured by ELISA. *p < 0.05, **p < 0.01. Statistical significance was
calculated on at least three independent sections/blots (P-values between depicted groups, NS; non-significant).
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antigen-antibody complexes, particularly to the upper CH2 domain
and the hinge between the CH1 and CH2 domains of the antibody
[21]. Because we used immunodeficient mice for a xenograft model
of human cancer cells, we could not directly evaluate the effects of
Cet-Grab on ADCC in vivo. However, our cell-based ADCC reporter
assay revealed that Cet-Grab exhibited only marginal ADCC activity
compared with cetuximab (Supplement Fig. 10), probably due to
the absence of the hinge sequence in Cet-Grab (Supplement Fig. 1).

Taken together, multi-paratopic VEGF decoy receptor (Cet-Grab
and Tras-Grab) showed the enhanced anti-tumor activity than
VEGF-Grab at in vivo xenograft mouse tumor model, which may be
attributed not only to its effective suppression of EGFR signaling but
to its tumor-specific anti-angiogenic activity resulting from the
specific localization of multi-paratopic VEGF decoy receptor at
EGFR/HER2-overexpressing tumor tissue.

4. Discussion

Neovascularization is an important process in solid tumor
growth, with the VEGF pathway being a major mediator of tumor
angiogenesis [22]. Although numerous anti-VEGF agents have been
used clinically and/or preclinically in various types of tumors
including colorectal, non-small cell lung, and renal cancers [23,24],
inhibition of the VEGF pathway alone is often not effective in all
cancers, with none of the current agents being tumor-specific and/
or tumor-targeting [25]. In this study, we developed multi-
paratopic VEGF decoy receptors, Cetuximab-VEGF-Grab (Cet-
Grab) and Trastuzumab-VEGF-Grab (Tras-Grab), which can specif-
ically localize to the tumor and enhance the anti-tumor activity of
existing cancer treatment therapeutics.

The VEGF and EGFR pathways are independent, but closely
related, sharing common down-stream signaling pathways. For
instance, EGF can drive VEGF expression, and resistance to EGFR
inhibition correlates with increased VEGF expression [26]. Anti-
VEGF therapy induce hypoxia and further activate the hypoxia-
inducible factor-1 alpha (HIF-1a), which lead to epithelial-
mesenchymal-transition (EMT) as well as increased cancer
aggressiveness and resistance to therapies in various cancer type
[27]. Interestingly, anti-EGFR antibody, cetuximab, was reported to
reduce cellular levels of hypoxia-inducible factor-1 alpha [28].
Therefore, the combined VEGF and EGFR pathway blockade has
been suggested and explored. Our results showed that genetic fu-
sions of VEGF decoy receptor, VEGF-Grab, to the single chain Fv of
the anti-EGFR family antibodies retained their respective binding
properties toward their target proteins, VEGF family and EGFR
family. This characteristic in turn translated into effective sup-
pression of both VEGF signaling and EGFR family signaling in vitro
and in vivo. Notably, the concurrent binding of multi-paratopic
VEGF decoy receptors to VEGF and EGFR family members enabled
their specific targeting to EGFR/HER2-overexpressing tumor tissue
in vivo. Despite the fact that the EGFR þ A431 or HER2þ SKOV3
cancer cell lines used in the xenograft tumor model secretes
considerable amounts of human VEGFA, these VEGF levels may not
be high enough to recruit the majority of intraperitoneally-injected
VEGF-Grab to the intra-tumoral area (Fig. 4). It is also possible that
even though VEGF-Grab can be recruited to the tumor by secreted
VEGFA from the tumor tissue, thesewould be rapidly cleared by the
blood circulation rather than remain confined in the tumoral area.
In contrast to VEGF-Grab, Cet-Grab were predominantly localized
at intra-tumoral tissue, thus further reduced the level of intra-
tumoral VEGFA and PlGF compared to VEGF-Grab. Moreover, the
circulating levels of VEGFA were slightly higher in Cet-Grab than
VEGF-Grab treated mice, suggesting that the targeting of anti-VEGF
agent to tumor area as well as the dual blockade of VEGF and EGFR
pathway can be a potent strategy to improve therapeutic anti-
angiogenic effects and to overcome the side-effects of systemic
inhibition of VEGF signaling. The reduced antibody-dependent
cellular cytotoxicity (ADCC) of multi-paratopic VEGF decoy re-
ceptors, probably due to the absence of the hinge sequence of
antibody, can be further improved by additional protein engineer-
ing at the linker region between the VEGFR1-D3 and Fc domains or
of the Fc-bound carbohydrate structure. Further experiments will
be necessary to fully explore whether these multi-paratopic VEGF
decoy receptors could have a therapeutic benefit if compared to a
combinatorial treatment of VEGF-Grab and anti-EGFR antibody
(cetuximab or trastuzumab) given concurrently.

The findings presented here suggest that genetic fusion of VEGF-
Grab to a scFv fragment from any approved therapeutic antibody or
from one identified via phage display screening can be a versatile
platform for combining targeted anti-angiogenic cancer therapy
with a better therapeutic outcome mediated by the fused scFv
domain. Recently, it has been reported that the co-treatment of
bevacizumab (anti-VEGF antibody) with atezolizumab (anti-PD-L1
antibody) improves antigen-specific T-cell migration in metastatic
renal cell carcinoma [29]. Therefore, it would be also interesting to
extend our versatile platform to anti-angiogenic immunotherapy.
Moreover, this type of strategy opens the door to a plethora of
applications that extend beyond the scope of cancer treatment.
Recently, anti-VEGF agents have become the standard treatment of
retinal vascular disorders, including neovascular age-related mac-
ular degeneration (wet AMD), diabetic retinopathy and diabetic
macular edema (DME) [30]. These agents have a relatively short
intra-vitreous half-life due to their rapid elimination into the sys-
temic circulation, thus, patients may require monthly intravitreal
injections, which carry the risks of endophthalmitis, rhegmatoge-
nous retinal detachment, retinal tear, uveitis, and vitreous hemor-
rhage [31]. Like tumor-targeted anti-angiogenic activity of multi-
paratopic VEGF decoy receptor, retina-targeted anti-angiogenic
therapy would be also possible with our platform by combining
VEGF-Grab with a scFv targeting any specific surface protein on
retinal tissue, which may prolong its half-life in the vitreous and
improve its therapeutic efficacy in retinal vascular disorders as
well.

5. Conclusions

By combining VEGF-Grab to a single chain Fv of the anti-EGFR
antibody, we developed a novel multi-paratopic VEGF decoy re-
ceptor, Cetuximab-VEGF-Grab and Trastuzumab-VEGF-Grab, which
exhibited anti-EGFR and tumor-targeted anti-angiogenic activity
both in vitro and in vivo. This multi-paratopic VEGF decoy receptor
can be not only a promising therapeutic candidate for further
development of anti-cancer agents, but also be a versatile platform
for targeted anti-angiogenic therapy.
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