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ABSTRACT

ARTICLE HISTORY

Several angiogenesis inhibitors targeting the vascular endothelial growth factor (VEGF) signaling pathway
have been approved for cancer treatment. However, VEGF inhibitors alone were shown to promote tumor
invasion and metastasis by increasing intratumoral hypoxia in some preclinical and clinical studies.
Emerging reports suggest that Delta-like ligand 4 (Dll4) is a promising target of angiogenesis inhibition to
augment the effects of VEGF inhibitors. To evaluate the effects of simultaneous blockade against VEGF
and Dll4, we developed a bispeciﬁc antibody, HD105, targeting VEGF and Dll4. The HD105 bispeciﬁc
antibody, which is composed of an anti-VEGF antibody (bevacizumab-similar) backbone C-terminally
linked with a Dll4-targeting single-chain variable fragment, showed potent binding afﬁnities against VEGF
(KD: 1.3 nM) and Dll4 (KD: 30 nM). In addition, the HD105 bispeciﬁc antibody competitively inhibited the
binding of ligands to their receptors, i.e., VEGF to VEGFR2 (EC50: 2.84 § 0.41 nM) and Dll4 to Notch1 (EC50:
1.14 § 0.06 nM). Using in vitro cell-based assays, we found that HD105 effectively blocked both the VEGF/
VEGFR2 and Dll4/Notch1 signaling pathways in endothelial cells, resulting in a conspicuous inhibition of
endothelial cell proliferation and sprouting. HD105 also suppressed Dll4-induced Notch1-dependent
activation of the luciferase gene. In vivo xenograft studies demonstrated that HD105 more efﬁciently
inhibited the tumor progression of human A549 lung and SCH gastric cancers than an anti-VEGF antibody
or anti-Dll4 antibody alone. In conclusion, HD105 may be a novel therapeutic bispeciﬁc antibody for
cancer treatment.
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Introduction
Tumor angiogenesis, the formation of new blood vessels in
solid tumors, contributes to tumor cell survival, growth and
metastasis. An important driving force of tumor angiogenesis
is the signaling pathway involving vascular endothelial growth
factor (VEGF) and its receptors (VEGFRs).1 Several angiogenesis inhibitors targeting the VEGF/VEGFR signaling pathway
have been approved by the Food and Drug Administration,
and are now used for the treatment of several cancers.2 The
ﬁrst inhibitor of the VEGF/VEGFR signaling pathway to be
approved was bevacizumab (AvastinÒ , Genentech/Roche), a
monoclonal antibody against the human VEGF ligand.2 The
other protein-based inhibitors are ramucirumab (CyramzaÒ ,
Eli Lilly), a human monoclonal antibody against human

VEGFR, and aﬂibercept (VEGF-Trap; EyleaÒ , Regeneron).3,4
Another class of inhibitors includes sunitinib (SutentÒ , Pﬁzer)
and sorafenib (NexavarÒ , Bayer), which are small-molecule
compounds that directly inhibit the phosphorylation of
VEGFRs.2 VEGF/VEGFR signaling inhibitors can block
VEGF-driven angiogenesis and regress tumor vessels that are
dependent on VEGF. However, VEGF inhibitors alone do not
destroy all blood vessels in tumors. In addition, several preclinical studies have shown that VEGF inhibitors alone
resulted in a more invasive pattern of tumors. Recently, a similar pattern of tumor inﬁltration has been observed in cancer
patients as a result of resistance to anti-VEGF therapy.5-8
Because those cancer patients are refractory to anti-angiogenic
therapies, there is a strong clinical need for next-generation
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angiogenesis inhibitors to overcome resistance to anti-VEGF
therapy.9,10
Delta-like ligand 4 (Dll4), a Notch ligand, also plays an
important role in vascular development.11 Although many
genes are involved in vascular development, aside from the
VEGF gene, Dll4 is the only gene whose haploinsufﬁciency
leads to major vascular defects and embryonic lethality.11 The
Dll4/Notch signaling pathway regulates not only embryonic
vasculature, but also tumor angiogenesis.11-13 In particular,
Dll4 is highly expressed in many human cancers, including kidney cancers, gastric cancers, lung cancers, bladder cancers, pancreatic cancers, colorectal cancers, and breast cancers.14,15
Several preclinical xenograft studies have shown that Dll4/
Notch blockade inhibited tumor progression by promoting the
hyperproliferation of endothelial cells, which resulted in an
increase in vascular density but a decrease in functional patent
tumor vasculature.16-20 In addition to the effects of Dll4 blockade on tumor vasculature, Dll4/Notch inhibition is known to
reduce cancer stem cells (CSCs), which are an important cancer
cell population for malignant tumor progression.21 Therefore,
Dll4 is now recognized as a promising target for improved efﬁcacy in cancer treatment. Moreover, the Dll4/Notch signaling
pathway acts as a key negative regulator downstream of the
VEGF/VEGFR signaling pathway.14,15 VEGF signaling activates
the Notch pathway locally through the upregulation of Dll4
expression. Then, Dll4-dependent Notch activation leads to the
suppression of the VEGF signaling pathway by the downregulation of VEGFR2 expression, resulting in the inhibition of excessive vessel branching by preventing endothelial tip cell
formation.15 This crosstalk between VEGF/VEGFR2 and Dll4/
Notch signaling pathways suggests that the simultaneous blockade of both signaling pathways would provide improved efﬁcacy for the inhibition of tumor progression and
angiogenesis.14-16,19,20
We developed the HD105 bispeciﬁc antibody, targeting both
VEGF and Dll4, as a potent anti-cancer therapeutic antibody.
We generated HD105 by linking each C-terminal of an antiVEGF antibody (bevacizumab-similar) with a Dll4-binding
single-chain variable fragment (scFv).22,23 The bevacizumabsimilar, a biosimilar molecule from Hanwha Chemical, has the
same complementarity-determining region sequence, and similar biological activity and cross-reactivity compared with the
originator’s molecule. In this report, we evaluate the in vitro
activities of the HD105 bispeciﬁc antibody compared to a
VEGF-targeting antibody (bevacizumab-similar) and a Dll4targeting antibody alone. HD105 bound to both targets, VEGF
and Dll4, with nanomolar KD values, and dose-dependently
inhibited VEGF/VEGFR and Dll4/Notch interaction. These
biochemical activities of the bispeciﬁc antibody led to the
potent inhibition of each signaling pathway in endothelial cells
and the dose-dependent suppression of VEGF-induced or
Dll4-induced cellular responses. In addition, we found that
simultaneous blockade by the HD105 bispeciﬁc antibody inhibited the tumor progression of human A549 lung and SCH
gastric cancers in xenograft models more effectively than a
VEGF-targeting antibody (bevacizumab-similar) and a Dll4targeting antibody alone. These results suggest that HD105 has
promise as an anti-cancer therapeutic antibody to overcome
resistance to anti-VEGF therapies.
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Results
Simultaneous binding of HD105 bispeciﬁc antibody to
VEGF and Dll4
The bispeciﬁc antibody HD105 is composed of a VEGF-targeting bevacizumab-similar IgG backbone and a Dll4-targeting
single-chain Fv (Fig. 1A). To determine the binding afﬁnities of
HD105 against each target antigen, we performed Biacore
assays and enzyme-linked immunosorbent assays (ELISAs)
using the immobilized antigens VEGF and Dll4. The KD value
of HD105 (0.13 nM) against human VEGF was found to be 2fold higher than the KD value of the anti-VEGF bevacizumabsimilar antibody (0.06 nM) in the Biacore assay (Fig. 1B). In
addition, the KD value of HD105 against human Dll4 (30 nM)
was 10-fold higher than the KD value of the anti-Dll4 monoclonal antibody (3.6 nM) (Fig. 1B). The higher KD value of HD105
against human VEGF and Dll4 might be due to a difference in
the structure of the antibody molecule between a conventional
IgG and the bispeciﬁc format of the HD105 antibody.24,25
Using ELISAs, we determined the dose-dependent binding proﬁles of the HD105 bispeciﬁc antibody against immobilized
VEGF and Dll4 (Fig. 1C, 1D, respectively). The results of dualantigen capture ELISA conﬁrmed that each binding part of
HD105 is actively maintained in the format of an IgG backbone
linked with a scFvs (Fig. 1E). These results demonstrated that
the binding afﬁnity and kinetics of the bispeciﬁc antibody were
comparable to the values for each single-antigen-targeting
antibody.
Next, we determined whether the HD105 bispeciﬁc antibody inhibited the receptor-ligand bindings of VEGF/
VEGFR2 and Dll4/Notch1. As shown in Fig. 1F, HD105
inhibited the interaction between human VEGF and human
VEGFR2 (KDR) in a dose-dependent manner. The EC50
(half maximal effective concentration) value of HD105 in
inhibiting VEGF/VEGFR-2 interaction was 2.84 nM, which
is comparable with the EC50 value of the anti-VEGF (bevacizumab-similar) antibody (2.98 nM) (Fig. 1F). HD105 also
inhibited the interaction between human Dll4 and Notch1.
The EC50 value (1.14 nM) of HD105 was 2-fold higher than
the EC50 value (0.65 nM) of the anti-Dll4 antibody (Fig. 1G),
which might be due to the 10-fold lower binding afﬁnity of
Dll4 scFv in the bispeciﬁc antibody. Nonetheless, the results
of competition inhibition ELISAs conﬁrmed that the HD105
bispeciﬁc antibody effectively bound to each target and competitively inhibited the interaction of VEGF/VEGFR2 and
Dll4/Notch1.
Inhibition of VEGF- and Dll4-mediated signaling pathways
and cell responses
To address the in vitro biochemical and biological activities
of HD105, we examined the activation of downstream molecules of the VEGF/VEGFR2 or Dll4/Notch1 signaling pathways and signaling-mediated cellular responses after HD105
treatment. First, we determined the effects of the HD105 bispeciﬁc antibody on both signaling pathways, VEGF/VEGFR2
and Dll4/Notch1, in HUVECs (Fig. 2A). VEGF-induced
VEGFR2 activation was monitored by the phosphorylation
status of VEGFR2 and ERK (Fig. 2A, lanes 1–3), whereas the
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Figure 1. Simultaneous binding to VEGF and Dll4 by HD105 bispeciﬁc antibody leads to effective blockade of VEGF/VEGFR2 and Dll4/Notch1 interactions. The
HD105 bispeciﬁc antibody was constructed of the C-terminal of the anti-VEGF (bevacizumab-similar) IgG backbone linked with a single-chain Fv targeting Dll4
(A). The binding afﬁnity of the HD105 bispeciﬁc antibody against human VEGF or human Dll4 was determined by Biacore assays (B) and ELISAs (C, D). The KD
values of each antibody against VEGF or Dll4 are summarized in Table (B). The HD105 bispeciﬁc antibody (closed circle) dose-dependently bound to human
VEGF (C) or Dll4 (D). In addition, the HD105 bispeciﬁc antibody simultaneously bound to each antigen, human VEGF and human Dll4, in dual-antigen capture
ELISAs (E). The anti-Dll4 antibody (open circle in C) or the anti-VEGF (bevacizumab-similar) antibody (open circle in D, E) was used as negative control. Competitive ELISAs demonstrated that the HD105 bispeciﬁc antibody inhibited the interaction between VEGF/VEGFR2 (F) or Dll4/Notch1 (G) in a dose-dependent manner. The EC50 (half maximal effective concentration) values of the anti-VEGF (bevacizumab-similar) antibody (open circle) and HD105 bispeciﬁc antibody (closed
circle) for VEGF/VEGFR2 inhibition were 2.98 § 0.5 nM and 2.84 § 0.41 nM, respectively (F). The EC50 values of the anti-Dll4 antibody (open circle) and HD105
bispeciﬁc antibody (closed circle) were 0.65 § 0.06 nM and 1.14 § 0.06 nM, respectively (G).

Dll4-mediated Notch signaling pathway was monitored by
the induction of the Notch intracellular domain (NICD,
Fig. 2A, lanes 4–6). The VEGF-induced VEGFR2 signaling
pathway was completely suppressed by treatment with the
anti-VEGF (bevacizumab-similar) antibody (Fig. 2A, lanes 3
and 6). The VEGF/VEGFR2 signaling pathway in HUVECs
was also inhibited by treatment with HD105, but not by
treatment with anti-Dll4 antibody or DBZ (dibenzazepine), a
chemical inhibitor of Notch receptor (Fig. 2A, lanes 7–9). In
the case of Dll4-mediated NICD induction, the Dll4-induced
Notch1 signaling pathway was effectively inhibited by treatment with the HD105 bispeciﬁc antibody, anti-Dll4 antibody

or DBZ (Fig. 2A, lanes 7–9), but not by anti-VEGF (bevacizumab-similar) antibody (Fig. 2A, lane 6). These results
demonstrated that the HD105 bispeciﬁc antibody simultaneously inhibited the downstream signaling pathways of
both VEGF-VEGFR2 and Dll4-Notch1 in the endothelial
cells.
Because VEGF-induced VEGFR2 activation eventually
stimulates endothelial cell responses, we tested whether the
HD105 bispeciﬁc antibody inhibits VEGF-induced HUVEC
sprouting and proliferation compared to the anti-VEGF bevacizumab-similar antibody and anti-Dll4 antibody. To examine the effects on endothelial cell sprouting, HUVECs were
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Figure 2. Blockade of both VEGF/VEGFR2 and Dll4/Notch1 signaling pathways by HD105 bispeciﬁc antibody leads to inhibition of each signaling-induced cellular
response. The HD105 bispeciﬁc antibody inhibited both the VEGF/VEGFR2 and the Dll4/Notch1 signaling pathways in HUVECs (A). The VEGF/VEGFR2 signaling pathway
was monitored by the activation of VEGFR2 and ERK (phosphorylation). The Dll4/Notch1 signaling pathway was monitored by the generation of NICD (Notch-induced
intracellular domain). HUVEC sprouting assays were performed in a ﬁbrin gel in the presence of PBS (B), anti-VEGF (bevacizumab-similar) antibody (C), anti-Dll4 antibody
(D), or HD105 bispeciﬁc antibody (E). Representative images show sprouting tip cells of HUVECs from the beads under basal media (B, arrowheads) and more sprouting
under anti-Dll4 antibody treatment (D, arrows) but much less sprouting under anti-VEGF antibody (C) or HD105 bispeciﬁc antibody treatment (E). Scale bar (B-E),
150 mm. The bar graph (F) shows the measurement of sprouting HUVECs at 225 mm from beads (n D 20 beads/group, mean § SE). , P < 0.05 versus PBS. y, P < 0.05vs.
anti-Dll4 antibody. The HD105 bispeciﬁc antibody inhibited VEGF-dependent HUVEC proliferation (G) and Dll4-induced Notch-1-dependent activation of luciferase in
SKOV-3-RBP-J K luciferase cells (H) in a dose-dependent manner. The IC50 values of the anti-VEGF (bevacizumab-similar) antibody (open circle) and HD105 bispeciﬁc antibody (closed circle) on HUVEC proliferation were 1.49 § 0.04 nM and 1.58 § 0.08 nM, respectively (G). The IC50 values of the HD105 bispeciﬁc antibody (closed circle)
and the anti-Dll4 antibody (open circle) on luciferase activation were determined to be 0.62 § 0.23 nM and 0.58 § 0.03 nM, respectively (H).

mixed with dextran-coated beads in ﬁbrin gels, and then
allowed to sprout under normal endothelial cell culture conditions (Fig. 2B). The sprouting endothelial tip cells were
completely decreased after anti-VEGF (bevacizumab-similar
antibody) treatment, but markedly increased after anti-Dll4
monoclonal antibody treatment compared to the control
(Fig. 2C, D). In addition, the sprouting endothelial cells were
decreased after HD105 bispeciﬁc antibody treatment
(Fig. 2E). The measurement of the sprouting HUVECs at a
certain distance (225 mm) from the beads showed a 49%
increase after anti-Dll4 monoclonal antibody treatment, but
an 89% decrease after treatment with anti-VEGF bevacizumab-similar antibody or HD105 bispeciﬁc antibody compared to the control (Fig. 2F).

In the case of endothelial cell proliferation, the HD105 bispeciﬁc antibody inhibited VEGF-induced HUVEC proliferation in
a dose-dependent manner (Fig. 2G). The IC50 value of HD105
was determined to be 1.58 § 0.08 nM, which is comparable
with the value of anti-VEGF antibody (1.49 § 0.04 nM). To test
the effects of HD105 on Dll4-mediated cell responses, we used
engineered SKOV3 cancer cells expressing a luciferase gene regulated by Notch1 activation. HD105 dose-dependently inhibited
Dll4-induced Notch1-dependent activation. The IC50 value of
HD105 was determined to be 0.62 § 0.23 nM and the IC50 value
of the anti-Dll4 monoclonal antibody was 0.58 § 0.03 nM,
respectively (Fig. 2H). Based on the results of cell-based potency
assays, we conﬁrmed that the HD105 bispeciﬁc antibody suppressed cellular responses stimulated by either VEGF or Dll4.
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Suppression of tumor progression in xenograft models
To determine the effects of the HD105 bispeciﬁc antibody on
tumor progression in vivo, we used human cancer xenograft
models in nude mice treated with a mouse surrogate Dll4 antibody because VEGF was secreted by human cancer cells,
whereas Dll4 was expressed by tumor endothelial cells originating from mice. We generated a mouse surrogate Dll4 antibody
binding to the N-terminal regions of mouse Dll4 using similar
binding epitopes to the N-terminal human Dll4 for the HD105
antibody (Fig. S1A-C). Thus, the mouse surrogate HD105 bispeciﬁc antibody can inhibit tumor progression via the neutralization of human cancer-secreted VEGF and host-expressed
mouse endothelial Dll4 in xenograft models. Both mouse Dll4targeting bispeciﬁc antibody and monoclonal antibody competitively inhibited the interaction of mouse Dll4/Notch1 with a
similar range of EC50 values (Fig. S1C). In addition, the concentration of the mouse HD105 bispeciﬁc antibody was maintained at 83.3% after 100 hours of incubation at 37 C and the
concentration of the mouse Dll4 antibody was maintained at
78.2% after 100 hours in mouse serum, respectively. In order to
further evaluate the in vivo systemic exposure of HD105 and
anti-Dll4 monoclonal antibody, we determined pharmacokinetic (PK) proﬁles and parameters of HD105 and anti-Dll4
antibody using BALB/c mice. We found no signiﬁcant

differences in the PK proﬁles and parameters of HD105 compared to those of anti-Dll4 antibody (Fig. S1D, E). These results
from mouse PK studies demonstrated that our bispeciﬁc antibody format has similar in vivo exposure and clearance patterns to Dll4-targeting monoclonal antibody.
In A549 human lung cancer xenograft models (Fig. 3A), the
mouse surrogate HD105 bispeciﬁc antibody suppressed tumor
progression more effectively (74%) than single-targeting antibodies, anti-VEGF bevacizumab-similar antibody alone (50%) or antimouse Dll4 antibody alone (50%). Similarly, the mouse surrogate
HD105 bispeciﬁc antibody exhibited more potent effects on tumor
progression inhibition (89%) than anti-VEGF bevacizumab-similar antibody alone (50%) or anti-mouse Dll4 antibody alone (50%)
in SCH human gastric cancer xenograft models (Fig. 3B). In addition, the mouse surrogate HD105 bispeciﬁc antibody demonstrated a dose-dependent inhibition of tumor progression in SCH
gastric cancer xenograft models (Fig. 3C). These in vivo results
indicated that the simultaneous blockade of VEGF and Dll4 by the
mouse surrogate HD105 bispeciﬁc antibody more potently suppressed tumor progression than each single-target antibody alone.
We then further investigated the effects of the mouse surrogate HD105 bispeciﬁc antibody on the tumor progression of
other human gastric cancers such as MKN-74, SNU-5, and
SNU-16. Although no signiﬁcant effect on MKN-74 or SNU-5
tumor progression was observed (Fig. 3D, E), the mouse

Figure 3. Suppression of tumor progression in several cancer xenograft models by HD105 bispeciﬁc antibody. Human A549 lung cancer (A) or human SCH gastric cancer
(B, C) was subcutaneously implanted into nude mice. After tumors were grown to an average volume of 150–200 mm3, PBS (open triangle), anti-VEGF (bevacizumab-similar) antibody (2.5 mg/kg, open circle), anti-mouse Dll4 antibody (2.5 mg/kg, closed triangle), or mouse HD105 bispeciﬁc antibody (3.25 mg/kg, closed circle) was intraperitoneally injected twice (A549) or once (SCH) per week (A, B). Tumor volume was calculated by the formula width2 £ length £ 0.52. The dose dependency of the mouse
HD105 bispeciﬁc antibody was evaluated in human SCH gastric cancer xenograft model (C). PBS (open triangle) or mouse HD105 bispeciﬁc antibody (0.361 mg/kg, closed
triangle; 1.083 mg/kg, open circle; 3.25 mg/kg, closed circle) was intraperitoneally injected once per week. The response to mouse HD105 bispeciﬁc antibody (6.5 mg/kg,
once per week, closed circle) was also determined using other human gastric cancer xenograft models, including MKN-74 (D), SNU-5 (E), and SNU-16 (F). Tumor progression was not inhibited by the mouse HD105 bispeciﬁc antibody in MKN-74 and SNU-5 but was inhibited in SNU-16 similarly to SCH.

MABS

surrogate HD105 bispeciﬁc antibody inhibited SNU-16 tumor
progression by 50%, a similar level to the ﬁndings in the SCH
xenograft model (Fig. 3F).
Effects on tumor vessels and tumor cells

analysis of A549 and SCH tumor tissues after treatment with
each antibody. The endothelial cells of tumor vessels, vascular
basement membrane, and pericytes were stained for CD31, type
IV collagen, and NG2, respectively. After treatment with the
anti-VEGF (bevacizumab-similar) antibody or the mouse surrogate HD105 bispeciﬁc antibody, CD31-positive tumor vessels
were reduced in A549 tumors compared to tumor vessels treated
with phosphate-buffered saline (PBS) or the anti-mouse Dll4
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To investigate the effects of the simultaneous blockade of VEGF
and Dll4 on tumor vessels, we performed immunohistochemical
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Figure 4. Suppression of tumor angiogenesis in cancer xenograft models by HD105 bispeciﬁc antibody. Fluorescence micrographs compare the vasculature of A549
human lung cancer tissues in xenograft mice after treatment with PBS (A), anti-VEGF (bevacizumab-similar) antibody (B), anti-mouse Dll4 antibody (C), or mouse HD105
bispeciﬁc antibody (D). Scale bar (A-D), 50 mm. The tumor vasculature was stained for CD31 immunoreactivity (green), and the vascular basement was stained for type IV
collagen (red). Tumor vessels were decreased after treatment with anti-VEGF (bevacizumab-similar) antibody or mouse HD105 bispeciﬁc antibody, whereas tumor vessels
were markedly increased after treatment with anti-mouse Dll4 antibody compared to PBS. Higher-resolution images compare the phenotype changes of tumor vessels in
detail after PBS (E), anti-VEGF (bevacizumab-similar) antibody (F), anti-mouse Dll4 antibody (G), or mouse HD105 bispeciﬁc antibody treatment (H). Scale bar (E-H),
20 mm. The tumor vasculature was stained for CD31 immunoreactivity (red), and the perivascular pericyte was stained for NG2 (green). The nuclei of the tumor tissues
were stained by DAPI (40 ,6-diamidino-2-phenylindole). Tumor vessels after treatment with anti-mouse Dll4 antibody were conspicuously thinner and more branched than
the tumor vessels of other groups. Bar graph (I) measuring tumor vessel density of A549 tumor tissues in xenograft mice conﬁrms the conspicuous increase of tumor vessels after anti-mouse Dll4 antibody treatment but decreases after anti-VEGF (bevacizumab-similar) antibody, mouse HD105 bispeciﬁc antibody, or combination treatment
with anti-mouse Dll4 antibody and anti-VEGF (bevacizumab-similar) antibody. y, P < 0.05 versus PBS. , P < 0.05vs. anti-Dll4 antibody. However, the functional tumor vessels in SCH gastric cancer tissues assessed by intravenous FITC-labeled Lycopersicon esculentum (Tomato) lectin staining were signiﬁcantly decreased after treatment with
anti-VEGF (bevacizumab-similar) antibody as well as anti-mouse Dll4 antibody (J). y, P < 0.05 versus PBS. z, < 0.05vs. anti-VEGF (bevacizumab-similar) antibody. , P <
0.05 versus anti-Dll4 antibody. Functional tumor vessels were more decreased after treatment with mouse HD105 bispeciﬁc antibody compared to the other groups.
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antibody alone (Fig. 4A-D). After treatment with anti-mouse
surrogate Dll4 antibody, the tumor vessels had many more
branches, but a thinner phenotype, compared to the tumor vessels of other groups in the ﬂuorescence images under high magniﬁcation (Fig. 4E-H). Tumor vessel density was increased by
58% after treatment with the anti-mouse surrogate Dll4 antibody, whereas tumor vessel densities were reduced after treatment with the anti-VEGF bevacizumab-similar antibody (35%),
the combination of the anti-VEGF (bevacizumab-similar) antibody plus the anti-mouse surrogate Dll4 antibody (21%), or the
mouse surrogate HD105 bispeciﬁc antibody (28%) (Fig. 4I). We
also found a similar level of changes in the tumor vessel densities
of SCH tumor tissues (data not shown).
We then evaluated the effects of each antibody on functional tumor blood vessels in tumors by the intravenous
injection of FITC-labeled Lycopersicon esculentum (tomato)
lectin prior to the perfusion of mice used in the xenograft
studies.9,10 In the case of treatment with the anti-VEGF
(bevacizumab-similar) antibody, functional tumor vessels in
SCH tumors were reduced by 35%, which is a similar level
of reduction in tumor vessel density (Fig. 4I, J). Compared
to the conspicuous increase in tumor vessel density after
treatment with the anti-mouse surrogate Dll4 antibody,
functional patent tumor vessels were reduced by 36% in
SCH tumors (Fig. 4I, J). More importantly, after treatment

with the mouse surrogate HD105 bispeciﬁc antibody, functional tumor vessels were reduced by 60% in SCH tumors
compared to other groups (Fig. 4I, J). These results suggested that the simultaneous blockade of VEGF and Dll4
led to a signiﬁcant reduction in both the density and the
functionality of tumor vessels.
Because the results might be associated with tumor cell
status, we assessed the status of apoptotic tumor cells using
activated caspase-3 staining with DAPI nuclear staining. As
shown in Fig. 5, apoptotic tumor cells stained by anti-activated caspase-3 antibody were signiﬁcantly increased (by
2.4-fold) in SCH tumors after treatment with the mouse
surrogate HD105 bispeciﬁc antibody compared to the PBS
control group, the anti-VEGF (bevacizumab-similar) antibody or the anti-mouse Dll4 antibody group. Overall, the
immunohistochemical studies demonstrated that treatment
with the mouse surrogate HD105 bispeciﬁc antibody
regressed tumor vessels, followed by the induction of apoptosis in tumor cells.
Stability of HD105 bispeciﬁc antibody
The HD105 bispeciﬁc antibody was produced by Chinese hamster ovary (CHO) cells and then puriﬁed by several chromatographic steps. The puriﬁed HD105 bispeciﬁc antibody

Figure 5. Increase in apoptotic tumor cells in cancer xenograft models treated with HD105 bispeciﬁc antibody. Fluorescence micrographs show apoptotic cells stained for
activated caspase-3 antibody (red) in SCH human gastric cancer tissues in xenograft mice after treatment with PBS (A), anti-VEGF (bevacizumab-similar) antibody (B), antimouse Dll4 antibody (C), and mouse HD105 bispeciﬁc antibody (D and E). Scale bar (A-D), 50 mm; (E), 20 mm. Nuclei of the tumor tissues were stained by DAPI (40 ,6-diamidino-2-phenylindole, blue). The higher-resolution image conﬁrms that activated caspase-3 antibody was stained in the cytoplasm of the apoptotic cells after mouse
HD105 bispeciﬁc antibody treatment (E). The bar graph (F) measuring the cell density of apoptotic cells in SCH cancer tissues conﬁrms the signiﬁcant increase in apoptotic
cells after mouse HD105 bispeciﬁc antibody treatment. , P < 0.05vs. PBS. z, < 0.05 versus anti-VEGF (bevacizumab-similar)) antibody. , P < 0.05vs. anti-Dll4 antibody.
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Figure 6. Puriﬁcation and stability of HD105 bispeciﬁc antibody. The HD105 bispeciﬁc antibody was produced by CHO cells and then puriﬁed by several chromatographic
steps. The purity of the antibody in each puriﬁcation step was analyzed by SEC-HPLC (A). The stability of the puriﬁed HD105 bispeciﬁc antibody (20 mg/ml) was monitored
by SEC-HPLC (B) and SDS-PAGE (C) after 4 weeks’ incubation at 4 C, 25 C, or 40 C. The binding afﬁnity against each target of the HD105 bispeciﬁc antibody was also monitored by DACE analysis (D) after 4 weeks’ incubation at 4 C, 25 C, or 40 C.

contained less than 5% of aggregates by size-exclusion chromatography-high-performance liquid chromatography (SECHPLC) analysis, which might be the dimer fraction of the
HD105 bispeciﬁc antibody (Fig. 6A). The stability of the
HD105 bispeciﬁc antibody (20 mg/ml) was monitored by SECHPLC, SDS-PAGE, and dual-antigen capture ELISA (DACE)
analysis after 4 weeks’ incubation of the antibody at 4 C, 25 C,
or 40 C (Fig. 6B-D). The monomer fraction and the binding
afﬁnity of the HD105 bispeciﬁc antibody were maintained
within the acceptance criteria speciﬁed in each analysis after
4 weeks’ incubation less than 25 C.

Discussion
The goal of this study was to evaluate the in vitro and in vivo
activity of the HD105 bispeciﬁc antibody targeting VEGF and
Dll4, which are critical signaling mediators in tumor-induced
angiogenesis. Several angiogenesis inhibitors that target the
VEGF/VEGFR signaling pathway, including bevacizumab,
ramucirumab, sunitinib and sorafenib, have been used for the
treatment of cancer patients.1-3 However, recent preclinical
studies demonstrated that VEGF blockade alone led to a more
invasive and aggressive pattern of tumors invading neighboring
normal tissues, possibly due to increased intratumoral hypoxia.5-8 Similar invasive and aggressive patterns of tumors were
found in some cancer patients as a result of resistance to
anti-VEGF therapy.5-8 Therefore, additional targets of tumorinduced angiogenesis have been sought to overcome such

resistance to anti-VEGF therapies. Dll4, a Notch ligand, is
another important signaling mediator in tumor angiogenesis.11
Dll4 inhibitors have shown potent anti-tumor effects in a broad
spectrum of cancer xenograft models, including models with
intrinsic or acquired resistance to VEGF therapy.19,20,26 Dll4
inhibitors were also shown to reduce cancer stem cell (CSC)
frequency in several preclinical patient-derived cancer xenograft
(PDX) models.21 These emerging reports suggest that the Dll4/
Notch signaling pathway might be a promising target for cancer treatment, with the possibility not only of inhibiting tumor
angiogenesis, but also of reducing the CSC population. Moreover, combination treatment with VEGF and Dll4 inhibitors
has demonstrated a more effective regression of tumor vessels
and inhibition of tumor progression in several cancer xenograft
models compared to VEGF or Dll4 blockade alone.14-20
Based on this scientiﬁc evidence, we developed HD105, a
bispeciﬁc antibody that targets VEGF and Dll4 simultaneously.
This bispeciﬁc antibody consists of an anti-VEGF bevacizumab-similar IgG backbone linked with a Dll4-binding singlechain Fv.22,23 We note that a dual-targeting bispeciﬁc antibody
against VEGF and Dll4, OMP-305B83, was developed and
recently entered an ongoing Phase 1 study sponsored by
OncoMed Pharmaceuticals.27,28 Each arm of OMP-305B83,
composed of two distinct heavy chains and a common light
chain, binds to VEGF and Dll4, respectively.27,28 Heterodimer
formation of two distinct heavy chains is promoted by mutations at CH3 domain of Fc region. Compared to one binding
site for each antigen in OMP-305B83, the HD105 bispeciﬁc
antibody has two binding sites for each antigen (Fig. 1A).
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We successfully expressed and puriﬁed the HD105 bispeciﬁc antibody from a CHO DG44 cell line. Then, we compared the in vitro biochemical properties and activities of the
HD105 bispeciﬁc antibody with the properties of each singleantigen-targeting antibody, anti-VEGF bevacizumab-similar
antibody or anti-Dll4 monoclonal antibody. The binding
afﬁnity of HD105 against VEGF was 2-fold weaker than for
the anti-VEGF (bevacizumab-similar) antibody, whereas the
afﬁnity of HD105 against Dll4 was 10-fold weaker than for
the anti-Dll4 antibody. This weaker binding afﬁnity of the bispeciﬁc antibody might be due to the different conformation of
the HD105 bispeciﬁc antibody compared to the general IgG
antibody format. Generally, the binding afﬁnity against a target antigen in a single-chain Fv format is much lower than
the afﬁnity in a conventional monoclonal IgG antibody format.24,25 However, the HD105 bispeciﬁc antibody inhibited
both receptor-ligand interactions, VEGF/VEGFR2 and Dll4/
Notch1, with comparable EC50 values to the anti-VEGF (bevacizumab-similar) antibody against VEGF/VEGFR2 and the
anti-Dll4 monoclonal antibody against Dll4/Notch1. These in
vitro biochemical activities of the HD105 bispeciﬁc antibody
led to potent inhibition of both the VEGF/VEGFR-2 and
Dll4/Notch1 signaling pathways in endothelial cells, endothelial cell sprouting and proliferation, and Dll4-induced
Notch1-response in engineered SKOV-3 cells.
To address the in vivo efﬁcacy of the HD105 bispeciﬁc
antibody targeting VEGF and Dll4 in human-origin cancer
xenograft models in mice, we used a mouse surrogate
HD105 bispeciﬁc antibody because Dll4 is expressed by
mouse endothelial cells in implanted human cancers. We
found that the mouse surrogate HD105 bispeciﬁc antibody
more effectively suppressed tumor progression in A549 lung
cancer and SCH gastric cancer xenograft models compared
to each single-antigen-targeting antibody, the anti-VEGF
(bevacizumab-similar) antibody or the mouse surrogate
Dll4-targeting antibody. Based on the results of immunohistochemical analysis, we also found that many more functional tumor vessels were regressed and more tumor cells
were apoptotic after the simultaneous blockade of VEGF
and Dll4. The greater regression of tumor vessels in
response to the HD105 bispeciﬁc antibody was consistent
with previous ﬁndings that Dll4 blockade enhances the
anti-angiogenic effects of VEGF blockade after combination
treatment.16,19 These results suggested that the more potent
suppression of tumor progression might be correlated with
the regression of tumor vessels and induction of apoptotic
tumor cells by the simultaneous blockade of VEGF and
Dll4. However, the simultaneous blockade of VEGF and
Dll4 by the HD105 bispeciﬁc antibody showed different
anti-cancer effects in other human gastric cancer xenograft
mouse models, including MKN-74, SNU-5, and SNU-16.
These different anti-cancer effects of HD105 might be due
to different contributions of the VEGF/VEGFR2 or the
Dll4/Notch1 signaling pathway when each human gastric
cancer cell is implanted into the mice.
To address this issue, we intend to investigate the
expression levels of the proteins involved in the VEGF/
VEGFR2 and Dll4/Notch1 signaling pathways using these
gastric cancer xenograft tissues and cancer cell lines. We

expect that the expression proﬁles of VEGF/VEGFR2- and
Dll4/Notch1-signaling pathway-related proteins will provide
important clues for identifying a biomarker to determine
which type of gastric cancer patients can be more effectively
treated by the simultaneous blockade of VEGF and Dll4 in
future clinical trials.
In conclusion, we found that the HD105 bispeciﬁc antibody targeting VEGF and Dll4 showed comparable activities
to an anti-VEGF antibody (bevacizumab-similar) or an antiDll4 antibody in biochemical and biological in vitro assays.
Furthermore, the HD105 bispeciﬁc antibody exhibited more
potent in vivo efﬁcacy in inhibiting the tumor progression
of A549 and SCH human cancer xenografts than the VEGF
or the Dll4 single-targeting antibody. These results suggest
that the HD105 bispeciﬁc antibody might be a powerful
anti-cancer therapeutic antibody for patients resistant to
anti-VEGF therapies.

Materials and methods
Antibodies and cell culture
An anti-VEGF (bevacizumab-similar) antibody, an anti-Dll4
monoclonal antibody, the HD105 bispeciﬁc antibody, an antimouse Dll4 monoclonal antibody, and a mouse version of the
HD105 bispeciﬁc antibody were produced by Hanwha Chemical, Biologics R&D Center (Daejeon, South Korea). The antibody targeting human Dll4 was screened by in vitro library/
phage display methods using the OPAL library.29,30 The antiDll4 monoclonal antibody is a fully human antibody that selectively binds to the N-terminal DSL domain of human Dll4. The
HD105 bispeciﬁc antibody has a bevacizumab-similar IgG
backbone, and the bevacizumab-similar C-terminal is linked
with a single-chain Fv that binds to human Dll4.22,23 The antimouse Dll4 monoclonal antibody was also screened and generated by in vitro phage display methods using the OPAL
library,29,30 which binds to the DSL domain of mouse Dll4. All
antibodies were produced by CHO cells and then puriﬁed by
several chromatographic steps for each antibody. All antibodies
used in this study had over 95% purity.
Human umbilical vein endothelial cells (HUVECs, Lonza)
were used for proliferation and sprouting assays. Detroit 551
cells (ATCC, American Type Culture Collection) were co-cultured with HUVECs in sprouting assays. SKOV-3 cancer cells
(ATCC) were engineered to evaluate the activity on Dll4induced cell response. A549 (ATCC), SCH (JCRB, Japanese
Collection of Research Bioresources Cell Bank), MKN-74
(JCRB), SNU-5 (ATCC), and SNU-16 (ATCC) human cancer
cells were used for in vivo mouse xenograft studies.
Determination of binding afﬁnities to VEGF and Dll4
To compare the binding afﬁnities of the HD105 bispeciﬁc antibody with a bevacizumab-similar and an anti-Dll4 monoclonal
antibody, a Biacore assay and an ELISA were performed as
described below. Surface plasmon resonance experiments were
performed using a Biacore T200 instrument (GE Healthcare)
with HBS-EP buffer (GE Healthcare) at 25 C. Recombinant
human VEGF (R&D Systems) and His-tagged recombinant
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human Dll4 (rhDll4-His, R&D Systems) were immobilized on
activated CM5 chip surfaces to »100 resonance units at a ﬂow
rate of 30 ml/min using acetate buffer (GE Healthcare, pH 5.5).
A ﬂow cell without any antigens served as a reference surface.
Responses were obtained by injecting various concentrations
(6.25–100 nM, series of 2-fold dilutions) of anti-VEGF (bevacizumab-similar) antibody, anti-Dll4 monoclonal antibody or
HD105 bispeciﬁc antibody over the ﬂow cells at a rate of 30 ml/
min for 250 seconds, followed by dissociation in buffer for
600 seconds. The sensor chip surfaces were regenerated by
injecting 15 ml of glycine, pH 1.5 (GE Healthcare), at a rate of
30 ml/min for 30 seconds. Kinetic data were analyzed with the
Biacore T200 evaluation software version 1.0 and were ﬁtted to
a bivalent analyte model to determine the equilibrium dissociation constant KD by measuring the ratio of the rate constants
(KD D kd/ka).
ELISAs were performed in 96-well Nunc-Immuno MaxiSorp plates (Nalgene Nunc International) coated with recombinant human VEGF (50 ng/well) or anti-His Tag antibody
(200 ng/well, R&D Systems) for 16 hours at 4 C and blocked
with PBS containing 1% bovine serum albumin (BSA) for
2 hours at 37 C. For the Dll4-binding assay, His-tagged recombinant human Dll4 (rhDll4-His, 2 mg/ml) was captured on
anti-histidine-coated plates by additional incubation for 1 hour
at 37 C. After being washed with PBS-T (PBS containing
0.05% Tween 20, 5 times), various concentrations of HD105
bispeciﬁc antibody were added to each plate and then incubated
for 2 hours at 37 C. After being washed with PBS-T four times,
the bound antibodies were detected by incubation of a peroxidase-conjugated anti-human IgG Fab antibody (Pierce,
1:50,000) for 1 hour at 37 C. After additional washing, 100 ml
of 3,30 ,5,50 -tetramethylbenzidine (TMB) substrate reagent
(Sigma) was added and incubated for 6 min. The reaction was
stopped by adding 50 ml of 1 N sulfuric acid, and the absorbance (450–650 nm) was measured using a microplate reader
(Molecular Device SpectraMax 190, Tecan). Anti-VEGF antibody (bevacizumab-similar) and anti-Dll4 monoclonal antibody were used as a negative control for the Dll4-binding
ELISA and for the VEGF-binding ELISA, respectively.
DACE was performed to conﬁrm whether HD105 binds to
both targets simultaneously. The plates were coated with
recombinant human VEGF (25 ng/well) for 16 hours at 4 C.
After blocking and washing, various concentrations of HD105
bispeciﬁc antibody were mixed with an equal volume of
rhDll4-His (2 mg/ml). The mixtures of the bispeciﬁc antibody
and rhDll4-His were transferred to the VEGF-coated wells and
incubated for 2 hours at 37 C. After being washed with PBS-T,
the bound rhDll4-His was detected by peroxidase-conjugated
anti-His6 antibody (Roche, 1:1,000) for 1 hour at 37 C. The
detection procedures of the reaction were the same as for the
above-described ELISA method. Anti-VEGF antibody (bevacizumab-similar) or anti-Dll4 monoclonal antibody was used as
a negative control for the DACE.
Inhibition of receptor-ligand bindings
To determine whether HD105 bispeciﬁc antibody inhibits the
interaction of VEGF/VEGFR2 and Dll4/Notch1, competitive
inhibition ELISAs were performed using 96-well Nunc-
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Immuno MaxiSorp plates with each ligand and each receptor.
For the VEGF/VEGFR2 competition assays, the plates were
coated with recombinant human VEGF (15 ng/well) for
16 hours at 4 C. Then, the wells were blocked by PBS containing 1% BSA for 2 hours at 37 C. Increasing concentrations of
anti-VEGF (bevacizumab-similar) antibody or HD105 bispeciﬁc antibody were mixed with equal volumes of His-tagged
recombinant human VEGFR2/Fc (1.65 mg/ml, R&D Systems).
The mixtures of the antibody and VEGFR2/Fc were then transferred to the VEGF-coated wells and incubated for 2 hours at
37 C. The reactions were developed by adding peroxidase-conjugated anti-His6 antibody (Roche, 1:1,000) and visualized by
adding TMB substrate reagent. The enzyme reactions were
stopped after 6 min with 1 N sulfuric acid, and the reaction
products were measured by reading the absorbance at 450–
650 nm. The EC50 value was obtained from the dose–response
curve from the experiments.
In the case of Dll4/Notch1 competition assays, the plates
were coated with recombinant human Notch1 (50 ng/well) for
16 hours at 4 C. After blocking with PBS containing 1% BSA
for 2 hours at 37 C, increasing concentrations (0.01 nM to
200 nM) of HD105 bispeciﬁc antibody or anti-Dll4 monoclonal
antibody were mixed with equal volumes of rhDll4 (2.4 mg/ml).
The mixtures of the antibody and rhDll4 were then transferred
to the Notch1-coated wells and incubated for 2 hours at 37 C.
The reactions were developed by adding peroxidase-conjugated
anti-His6 antibody (Roche, 1:500) and visualized by adding
TMB substrate. The enzyme reactions were stopped after 6 min
with 1 N sulfuric acid, and the reaction products were measured by reading the absorbance at 450–650 nm. The EC50
value was obtained from the dose–response curve from the
experiments. In the case of mouse Dll4/Notch1 competition
assays, the mouse HD105 bispeciﬁc antibody and the antimouse Dll4 antibody were used in the above assay format with
recombinant mouse Dll4 and Notch1 (R&D Systems).
Inhibition of VEGF and Dll4 signaling pathways
To determine whether the HD105 bispeciﬁc antibody inhibits
both the VEGF/VEGFR2 and Dll4/Notch signaling pathways,
Western blot analysis was performed using HUVECs. Six-well
tissue culture plates were coated with recombinant human Dll4
(1 mg/ml) diluted in bicarbonate buffer for 24 hours at 4 C and
then washed with PBS twice. Anti-VEGF (bevacizumab-similar) antibody, anti-Dll4 monoclonal antibody, HD105 bispeciﬁc
antibody, and DBZ (dibenzazepine, a chemical inhibitor of
g-secretase, downstream enzyme of Notch singling) were pretreated for 20 min prior to the seeding of HUVECs. HUVECs
(5 £ 105 cells) were plated onto the wells in growth medium
for 1 day. Then, the cells were serum starved in EBM-2 medium
(Lonza) containing 0.25% FBS (Gibco) for 24 hours. Serumstarved HUVECs were stimulated with recombinant human
VEGF (100 ng/ml) for 15 min. The cells were lysed in NP-40
lysis buffer with PIC (protease and phosphatase inhibitor cocktails, Pierce), and the proteins were separated on 4% to 12%
Bis-Tris gels. Finally, the proteins were blotted with antibodies
against cleaved Notch1, phospho-VEGFR2, total VEGFR2,
phospho-ERK, total ERK (Cell signaling) and b-actin (Santa
Cruz).
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Effects on VEGF- and Dll4-mediated cell responses
To evaluate the in vitro cell-based potency of the HD105 bispeciﬁc antibody, VEGF-induced HUVEC sprouting and proliferation and Dll4-induced Notch-1-dependent activation of
luciferase in SKOV-3-RBP-JK luciferase cells were assayed. The
HUVEC sprouting assay was performed as described below.
HUVECs (400 cells per bead) were mixed with dextran-coated
Cytodex 3 microcarrier beads (Sigma) in 1 ml of EGM-2
medium. Beads with HUVECs were shaken gently every 20 min
for 4 hours at 37 C, then transferred to a T25 ﬂask in 5 ml of
EGM-2. After incubation for 16 hours, the HUVEC-coated beads
were washed three times with 1 ml of EGM-2 and resuspended in
2 mg/ml of ﬁbrinogen (Sigma) to obtain 300 HUVEC-coated
beads/ml. The ﬁbrinogen/bead solution (0.5 ml) was added to
0.625 units of thrombin (Sigma) in a 24-well tissue culture plate.
The ﬁbrinogen/bead solution was allowed to clot for 5 min at
25 C followed by incubation at 37 C for 20 min. EGM-2 (1 ml)
was added to each well and equilibrated with the ﬁbrin clot for
30 min at 37 C. After removal of the medium and replacement
with 1 ml of fresh medium, Detroit 551 cells (2 £ 104 cells per
well) were plated on top of the clot. The medium was changed
every 3 days with appropriate antibodies for 15 days, and sprout
formation was imaged using an inverted microscope (Eclipse
TS100, Nikon). Each sprout was quantitated by counting the
number of sprouts per bead.
In proliferation assays, HUVECs were plated on 100 mm
plates and cultured to reach 80% sub-conﬂuence, then serum
starved in starvation medium (EBM-2 C 0.25% FBS) for
24 hours. After serum starvation, the HUVECs were trypsinized
and diluted to 6 £ 104 cells/ml in the starvation medium. A total
of 3,000 HUVECs were seeded into each well. Anti-VEGF (bevacizumab-similar) antibody or HD105 bispeciﬁc antibody was
serially diluted from 16.5 nM to 0.32 nM in the starvation
medium containing human VEGF (100 ng/ml). Then, HUVECs
were immediately treated with 50 ml of prepared antibodies at
each concentration in triplicate. After an additional 72 hours of
incubation at 37 C, HUVEC proliferation was detected by adding 10 ml of CCK-8 reagent (Dojindo) followed by incubation
for 5 hours at 37 C. Absorbance at 450 nm was measured using
a microplate reader (Molecular Devices).
To test whether the HD105 bispeciﬁc antibody inhibits Dll4induced Notch-1-dependent activation, SKOV-3 cells (ATCC)
were infected with a lentiviral particle expressing RBP-Jk
reporter and Renilla luciferase reporter (Qiagen) that is responsive to Dll4/Notch signaling. Recombinant human Dll4
(100 ng/well) was coated onto white 96-well plates (Costar) for
24 hours at 4 C. The HD105 bispeciﬁc antibody or anti-Dll4
monoclonal antibody was serially diluted 3-fold from 30 nM to
0.002 nM and then added to each well. Engineered SKOV-3
RBP-Jk-luciferase cells were added to the wells and incubated
for 24 hours. Luciferase activity was measured using a One-Glo
luciferase assay kit (Promega) and HTRF Luminescence detector (BMG Labtech).

Animal studies and immunohistochemical analysis
To evaluate the in vivo efﬁcacy of the HD105 bispeciﬁc
antibody, tumor growth was measured after treatment with

the mouse version of HD105 bispeciﬁc antibody, anti-VEGF
(bevacizumab-similar) antibody or anti-mouse Dll4 monoclonal antibody in A549 human lung and SCH human gastric cancer xenograft models. All procedures for animal
studies were approved by the Institutional Animal Care and
Use Committee. Balb/c athymic nude mice (8-week-old
female, Charles River Japan) were injected subcutaneously
in the ﬂank area with A549 and SCH cancer cells (1 £ 107
cells/head). When the tumors were grown to an average
volume of 150–200 mm3, the mice were divided into
homogenous groups (6–7 mice/group) and treated with the
mouse version of HD105 bispeciﬁc antibody (3.25 mg/kg:
same molar concentration with single-antigen-targeting
antibodies), anti-VEGF (bevacizumab-similar) antibody or
anti-mouse Dll4 monoclonal antibody (2.5 mg/kg) twice per
week (A549) or once a week (SCH) by intraperitoneal injection. Tumor size was measured twice per week using a caliper and then calculated by the formula (length [mm]) £
(width [mm])2 £ 0.5. When the average tumor size of the
control group reached 1,500–2,000 mm3, the treatment was
stopped and the mice were sacriﬁced to measure the tumor
weight. Some mice were perfused with 4% paraformaldehyde in PBS for the further analysis of tumors.9,10 A dosedependent response study of HD105 bispeciﬁc antibody
(0.361, 1.083, 3.25, and 6.5 mg/kg; once per week, intraperitoneal injection) was performed in the SCH gastric cancer
xenograft model. The in vivo efﬁcacy of the HD105 bispeciﬁc antibody (6.5 mg/kg; once a week, intraperitoneal
injection) on the tumor progression of other human gastric
cancers was conﬁrmed using MKN-74, SNU-5 and SNU-16
cancer xenograft models.
To investigate whether the treatment with HD105 bispeciﬁc antibody affects tumor angiogenesis and tumor cell
survival, A549 and SCH tumor sections were analyzed by
immunohistochemical staining. For immunohistochemical
analysis, SCH tumors were removed from some mice after
cardiac perfusion and embedded in OCT solution
(SAKURA) to produce frozen tumor blocks. Functional patent tumor vessels were stained by FITC-labeled Lycopersicon
esculentum (tomato) lectin (Vector Laboratories), which was
intravenously injected (50 ml, circulation for 3 min) prior
to perfusion of the mice.9,10 The frozen tumors were sectioned (10 mm or 20 mm; Microm HM505N, Thermo) and
permeabilized with washing buffer (PBS buffer containing
0.03% Triton X-100) for 1 hour, then blocked with 5% normal goat (Gibco) serum in the washing buffer. Tumor vessels, vascular basement membrane, and vascular pericytes
were stained with rat anti-mouse CD31 (1:250, BD), rabbit
anti-mouse type IV collagen antibody (1:500, Millipore),
and rabbit anti-mouse NG2 antibody (1:500, Millipore),
respectively. Apoptotic cells in the tumors were stained
with rabbit anti-mouse/human activated caspase-3 antibody
(1:500, R&D Systems). After being washed four times, the
sections were stained for each secondary antibody, Alexa568- or Alexa-488-conjugated goat anti-rat IgG (1:250, Life
Technologies) or Alexa-568- or Alexa-488-conjugated goat
anti-rabbit IgG (1:250, Life Technologies). Stained tumors
were mounted with Vectashield (Vector Laboratories) containing DAPI (40 ,6-diamidino-2-phenylindole), and digital
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images of the tumors were captured by a Zeiss ﬂuorescent
microscope (Axiovert 200M, Carl Zeiss) with a camera
(Axiocam, Carl Zeiss). Digital ﬂuorescence images were
analyzed using ImageJ software (version: 1.46r, NIH).
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Mouse PK studies
To compare the PK proﬁles and parameters of the HD105 bispeciﬁc antibody with anti-Dll4 monoclonal antibody, the
HD105 bispeciﬁc antibody (3.25 mg/kg) and anti-Dll4 monoclonal antibody (2.5 mg/kg) were intraperitoneally injected into
BALB/c mice (nD5). Mouse serum was harvested at different
time points (1, 2, 6, 24, 48, 96, 168, 216, 264, and 336 hours),
and then the concentration of each antibody was measured by
the Dll4-binding ELISA method. The PK parameters including
Tmax, Cmax, AUCall, T1/2 of each antibody were determined
based on non-compartment model.
Stability of antibodies
To determine the stability of the HD105 bispeciﬁc antibody,
HD105 (20 mg/ml) in histidine buffer including NaCl, arginine
and trehalose was stored at 4 C, 25 C, or 40 C for 4 weeks, and
then was analyzed by SEC-HPLC, SDS-PAGE (silver staining kit,
Elpis-Biotech), and DACE after 1 week, 2 weeks, and 4 weeks.
Statistics
Values are expressed as the means § SE. The signiﬁcance of
differences between group means was assessed by ANOVA followed by the Bonferroni test for multiple comparisons (P <
0.05 values were considered signiﬁcant).
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