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Abstract

Antiangiogenic therapy is a clinically validated modality in
cancer treatment. To date, all approved antiangiogenic drugs
primarily inhibit the VEGF pathway. Delta-like ligand 4 (DLL4)
has been identified as a potential drug target in VEGF-
independent angiogenesis and tumor-initiating cell (TIC)
survival. A dual-specific biologic targeting both VEGF and DLL4
could be an attractive strategy to improve the effectiveness of anti-
VEGF therapy. ABT-165 was uniquely engineered using a propri-
etary dual-variable domain immunoglobulin (DVD-Ig) technol-
ogy based on its ability to bind and inhibit both DLL4 and VEGF.
In vivo, ABT-165 induced significant tumor growth inhibition
compared with either parental antibody treatment alone, due,
in part, to the disruption of functional tumor vasculature. In

combination with chemotherapy agents, ABT-165 also induced
greater antitumor response and outperformed anti-VEGF treat-
ment. ABT-165 displayed nonlinear pharmacokinetic profiles in
cynomolgusmonkeys,with anapparent terminal half-life>5days
at a target saturation dose. In a GLP monkey toxicity study,
ABT-165 was well-tolerated at doses up to 200 mg/kg with
non-adverse treatment–related histopathology findings limited
to the liver and thymus. In summary, ABT-165 represents a novel
antiangiogenic strategy that potently inhibits both DLL4 and
VEGF, demonstrating favorable in vivo efficacy, pharmacokinetic,
and safety profiles in preclinical models. Given these preclinical
attributes, ABT-165 has progressed to a phase I study. Mol Cancer
Ther; 17(5); 1039–50. �2018 AACR.

Introduction
Angiogenesis is one of the integral hallmarks of cancer (1).

Multiple pathways orchestrate angiogenesis, among which the
VEGF and VEGF receptor (VEGFR) tyrosine kinase pathway have
been heavily studied, leading to the development of the first-
generation antiangiogenic drugs targeting these pathways (2).
However, these therapies exhibit only modest overall survival
benefit when combined with chemotherapy. In addition,

development of intrinsic and acquired VEGF-independent resis-
tance mechanisms limits their effectiveness (2, 3), thereby
highlighting the need for targeting additional VEGF-independent
pathways critical for tumor growth, angiogenesis, and survival
maintenance.

After the FDA approval of the first anti-VEGF agent bevacizu-
mab in 2004 (4), the Delta-like ligand 4 (DLL4)/Notch pathway
was discovered as another pivotal signaling node in regulating
tumor angiogenesis (5, 6). The essential role of DLL4 in angio-
genesis was initially revealed in knock-out studies in which mice
missing only a single copy of theDll4 gene resulted in embryonic
lethality due to major defects in vascular development (7–9).
Notably,DLL4 andVEGFare theonly angiogenic factors known to
have this haplo-insufficiency phenotype, highlighting the critical
requirement of both genes for vascular function (10, 11). DLL4 is
upregulated on tumor vasculature relative to the endothelium of
adjacent normal tissues (12–14), and endothelial expression
levels were found to be inversely correlated with survival of
breast and ovarian cancer patients treated with anti-VEGF therapy
(15, 16). To investigate the role of DLL4 on tumor growth, DLL4
function was blocked in experimental tumor models with either
anti-DLL4 neutralizing antibodies or a soluble form of
DLL4 protein that interferes with Notch receptor activation. DLL4
blockade results in the inhibition of tumor growth acrossmultiple
solid tumor types, and the enhancement of antitumor activity by
several anticancer agents (5, 6, 17, 18). Importantly, these studies
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also showed that DLL4 inhibition can be effective in tumors that
are resistant to VEGF inhibition (5, 6). Of note, DLL4 blockade
leads to an apparent increase of tumor vascular density, which is
the opposite of VEGF inhibition. However, these tumor blood
vessels were found to be nonfunctional and therefore could not
support tumor growth (5, 6). Notably, DLL4 is also implicated in
contributing to the chemoresistance of tumor-initiating cells
(TIC) or cancer stem cells (19). DLL4 mAb treatment delays
tumor recurrence postchemotherapy in a variety of primary
chemoresistant patient-derived xenograft (PDX)models that have
an enriched TIC population (19, 20). In serial transplantation
experiments involving PDX mouse models, DLL4 mAbs reduced
the portion of cancer stem cells in colorectal, breast, and pancre-
atic cancers (19–21). In addition, DLL4mAb treatmentwas found
to regulate gene expression involved in the epithelial-to-mesen-
chymal transition (EMT), a phenotype closely linked to stem cell
maintenance and metastasis (20, 22). In light of these findings,
DLL4 is an attractive therapeutic target and several anti-DLL4
mAbs have advanced into clinical trials as potential new antican-
cer therapeutics (23, 24).

However, inhibiting both DLL4 and VEGFmay provide amore
effective and durable antitumor response relative to blocking
either axis alone given the targeting of key VEGF-independent
and -dependent angiogenesis pathways, as well as TICs (25–28).
An additional benefit for dual targeting includes a potential
mitigation of safety liabilities associated withDLL4mAb-induced
endothelial cell hyperproliferation that is VEGF-dependent (29).
To support such a combination strategy, we have engineered a
potent DLL4/VEGF bispecific, ABT-165, based on a proprietary
dual-variable-domain immunoglobulin (DVD-Ig) technology
(30). DVD-Ig is dual-specific, tetravalent immunoglobulin G
(IgG)-like and has been used to successfully engineer bispecific
molecules with therapeutic efficacy in preclinical disease models
for rheumatoid arthritis (30) and age-related macular degenera-
tion (31). ABT-165 is capable of simultaneous bivalent binding
and inhibition of DLL4 and VEGF, and exhibits favorable pre-
clinical in vivo efficacy and safety profiles, thereby serving as an
attractive novel anticancer agent.

Materials and Methods
Reagents and cell lines

Recombinant human, cynomolgus monkey, and mouse DLL4
extracellular domains (ECD), human and cynomolgus monkey
VEGF165 proteins, and biotinylated human DLL4 ECD and sulfo-
tag–labeled human VEGF were produced by AbbVie. Recombi-
nant mouse VEGF164, human Notch1-Fc and human VEGFR-2-Fc
were purchased from R&D Systems. Paclitaxel, irinotecan, and
gemcitabine were purchased from Hospira. Temozolomide was
purchased from Merck.

The anti-DLL4 mAbs h1A11.1 (human IgG1/k L234A and
L235A), ABT-487 (human IgG1/l L234A and L235A), and
anti-VEGF mAb AB014 (human IgG1/k) were produced by Abb-
Vie. To generate anti-DLL4/anti-VEGF DVD-Igs, the variable
domain sequences from the humanized anti-DLL4 and anti-VEGF
mAbs were used to design the VH and VL domains of anti-DLL4/
anti-VEGF DVD-Ig molecules, according to the DVD-Ig technol-
ogy (30). ABT-165 was the lead DVD-Ig based on the in vitro
potency, physicochemical properties, in vivo activity, and phar-
macokinetic properties. The Fab and F(ab0)2 fragments of
ABT-165 were generated by AbbVie.

Human DLL4/293HEK-stable cell line was generated by trans-
fecting 293HEK with an expression vector encoding the full-
length human DLL4 cDNA and maintained in DMEM supple-
mented with 10% FBS and 800 mg/mL G418. Notch reporter cell
line was generated by cotransducing EA.hy926 (32) with lentivi-
rus containing the RBP-Jk firefly luciferase Notch reporter and
Renilla luciferase control reporter (SABiosciences) and main-
tained in DMEM supplemented with 10% FBS and 1 mg/mL
puromycin. Human umbilical vein endothelial cells (HUVEC)
were from Lonza and maintained in EBM-2 basal medium sup-
plemented with EGM-2 SingleQuots (Lonza). U87-MG and
SW-48 cancer cell lines were purchased from ATCC. HT-29 was
purchased from NCI (Bethesda, MD). PA0123 was purchased
from The Jackson Laboratory. SUM149PT was purchased from
Asterand Bioscience. MDA-MB-231-luc-D3H2LN was purchased
fromCaliper Life Sciences. HT-29 cells were cultured inMcCoy 5a
modified medium supplemented with 10% FBS. U87-MG,
SW-48, SUM149PT, and PA0123 cells were cultured in DMEM
supplemented with 10% FBS. MDA-MB-231-luc-D3H2LN cells
were cultured inminimum essential medium supplemented with
10% FBS, 2 mmol/L glutamine, 0.1 mmol/L nonessential amino
acids, and 1 mmol/L sodium pyruvate. All cells were maintained
at 37�C in 5%CO2 and 95% relative humidity. The cell lines were
expanded upon receipt and then cryopreserved at an early passage
number in liquid nitrogen. Cells were then cultured for fewer than
3months after resuscitation and were expanded for nomore than
5 passages when used for in vivo studies. Cell lines were charac-
terized at their original sources and used without additional
authentication, with the exception of U87-MG, SW-48, and
HT-29 that were verified with additional short tandem repeat
authentication by AbbVie using the GenePrint 10 System from
Promega. The cell lines were routinely tested to confirm the
absence of mycoplasma by the MycoAlert Kit from Lonza.

Binding assay using surface plasmon resonance technology
The simultaneous binding studies and binding kinetics mea-

surements of ABT-165 and parental mAbs against purified
recombinant DLL4 or VEGF proteins were analyzed by surface
plasmon resonance–based measurements at 25�C using Biacore
T100/T200 instruments (GE Healthcare). An anti-Fc capture
method was used for these binding studies. Data were
processed and fitted globally to a 1:1 bindingmodel using Biacore
T100/T200 Evaluation software to determine the binding kinetic
rate constants, ka (M�1s�1) and kd (s�1), and the equilibrium
dissociation constant KD (M). Details can be found in the Sup-
plementary Information.

Ligand and receptor binding competition ELISA assays
ELISA-based immunoassays were used to measure DLL4 and

Notch1, and also VEGF and VEGFR2 binding competitions.
Details can be found in the Supplementary Information.

Inhibition of cellular DLL4-mediated Notch activation in
coculture bioassay

EA.hy926 Notch reporter cells resuspended in DMEM supple-
mented with 10% FBS were preseeded in 96-well tissue culture
plates for 24 hours. Human DLL4-expressing 293HEK cells resus-
pended in DMEMwith 10% FBS were mixed with a test antibody
or DVD-Ig in serial dilutions for 30 minutes. The mixtures were
then added to the preseeded EA.hy926Notch reporter cells. Plates
were incubated at 37�C with 5% CO2 for an additional 24 hours.
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Firefly and Renilla luciferase assays were performed according to
the manufacturer's protocol (Dual-Glo Luciferase Assay System,
Promega). Luminescence was read on a plate reader (Victor,
PerkinElmer) and data generated were normalized to the Renilla
luciferase luminescence signal.

Inhibition of VEGF-mediated HUVEC proliferation
HUVECs were plated at 5,000 cells/well in 96-well plates in

maintenance medium. The following day, the medium was
replaced with EBM-2 basal medium (Lonza) with 0.1% BSA. Test
antibodies and DVD-Ig were serially diluted in EBM-2 with 0.1%
BSA and added to the cells together with recombinant VEGF
(50 ng/mL). The plates were incubated at 37�C with 5% CO2

for 72 hours. Viable cells were measured using CellTiter-Glo
(Promega) according to the manufacturer's protocol.

Tumor xenograft model studies
Female SCID mice (Charles River Laboratories) were inoculat-

ed with 1 � 106 cells subcutaneously in the right flank in a 50:50
mixture of cells in growthmediumandMatrigel (BDBiosciences).
Tumors were allowed to establish to an approximate volume of
200mm3, as determined by calipermeasurement (V¼ L�W2/2).
Animals were sizematched into treatment groups andwere dosed
with either biologic or cytotoxic agents as described in the figure
legends. All treatment groups consisted of 10 mice per group.
Tumor growth inhibition (TGI) was calculated as the greatest
treatment response using the following equation: TGImax ¼ (1 �
mean tumor volume of the treated group/mean tumor volume of
the vehicle control group) � 100. Tumor growth delay was
determined as the percentage increase of the median time period
for the treatment group to reach an arbitrary tumor volume of
1,000mm3 relative to the vehicle control group. Tumor regression
is defined as tumors that dropped below 50% of their starting
volume for at least three consecutive measurements. Statistical
significance within the experiments for TGImax and TGD were
performed by Student t test and Wilcoxon rank sum test, respec-
tively. All animal studies were conducted in accordance with the
guidelines andprotocols established and approvedby the internal
Institutional Animal Care and Use Committee of AbbVie.

Tumor vascular labeling and assessment
Three mice bearing U87-MG xenograft tumors from each treat-

ment group were used. Fluorescein isothiocyanate–labeled lyco-
persicon esculentum lectin (100 mg of lectin/FITC, Vector Labo-
ratories) was injected through tail vein and allowed to circulate for
10–15 minutes prior to euthanasia. Following dissection, tumors
were immersed into liquid nitrogen, fixed with 4% paraformal-
dehyde for 60minutes, and cut as 10-mm sections. Tumor sections
were stained with CD31/PE (BD Biosciences) and covered with
anti-fade mounting medium containing 40, 6-diamidino-2-
phenylindole (DAPI). Images were capturedwith a Zeiss AxioPhot
2 fluorescent microscope (Carl Zeiss) using AxioVision 4.6 soft-
ware. Vessels were examined by dual labeling of lectin/FITC and
CD31/PEandvessel densitywasquantifiedat200�magnification.
For each tumor, 2–4 sections were examined and 4–6 highly
vascularized areas (0.4 mm2/each) from each section were ran-
domly selected for image acquisition and analysis.

Imaging studies
For bioluminescence imaging, luciferin was dissolved in PBS

and administered intraperitoneally at 150 mg/kg. Animals were

then anesthetized (2% isoflurane) and images acquired using
an IVIS Spectrum. Luciferase activity was measured as photos
per second for designated regions-of-interest using Living Imaging
4.4 software.

For a dynamic contrast enhanced–MRI (DCE-MRI), animals
were imaged at baseline and at days 2, 7, and 14 posttreatment.
Group sizes ranged from 6 to 7 animals, depending on the time
point. Animals were given 0.2 mmol/kg Magnevist (Bayer) as an
intravenous bolus dose after beginning the MRI sequence. Imag-
ing was performed on a 4.7T Bruker Pharmascan (Billerica) using
DCE_FLASH sequence (33). An image-derived vascular input
function was obtained using the transverse sinus based on the
methods as described in ref. 34. Ktrans values were determined on
the basis of vascular and tissue concentrations of the contrast
agent (35).

Pharmacokinetic studies
The pharmacokinetics of ABT-165 was evaluated either in

single-dose pharmacokinetic studies or as part of the repeat-dose
toxicologic studies. The concentrations of ABT-165 in cynomol-
gus monkey serum samples were determined using an electro-
chemiluminescent (ECL) immunoassay on MSD platform (Meso
Scale Discovery). Briefly, biotinylated recombinant human DLL4
protein used as the capture reagent was incubated for 1 hour on
blocked streptavidin-coated MSD plates (Meso Scale Discovery).
The assay was carried out in 1% final serum concentration and
detection was achieved with sulfo-tag–labeled VEGF. Standard
curve fitting and data evaluation was performed using XLfit4
software. Pharmacokinetic parameters for each animal were cal-
culated using WinNonlin software Version 5.3 (Pharsight Cor-
poration) by noncompartmental analysis with the NCA Model
201 and linear trapezoidal method.

Toxicology and safety pharmacology studies
Toxicity of ABT-165 was evaluated in a non-Good Labora-

tory Practice (GLP) dose tolerability study and a GLP 1-month
toxicity study. In the non-GLP study (once weekly dosing for
3 weeks; 4 total doses), ABT-165 was administered via intra-
venous bolus injection to two female cynomolgus monkeys/
group at doses of 10, 30, or 100 mg/kg. Standard toxicology
endpoints including histopathology were evaluated. In the
GLP 1-month toxicity study, ABT-165 was administered to
cynomolgus monkeys (0 and 200 mg/kg/dose: 6 animals/
sex/group; 10 and 50 mg/kg/dose: 4 animals/sex/group) via
intravenous infusion (30 minutes) once weekly for 4 weeks
(a total of 5 doses), followed by a 12-week recovery period
(0 and 200 mg/kg/dose groups only; 2 animals/sex/group).
The GLP study included detailed assessments of clinical signs,
body weights, food consumption, ophthalmology, electrocar-
diography, ABT-165 serum concentrations and toxicokinetics,
ABT-165 cerebrospinal fluid concentrations, clinical pathology
(hematology, coagulation, clinical chemistry, and urinalysis),
and anatomic pathology (organ weights, gross necropsy eva-
luations, and histopathology). Antidrug antibodies (ADA)
were not evaluated in the GLP study as there was no evidence
of a decrease in exposure suggesting the presence of ADA. In a
stand-alone GLP safety pharmacology study, ABT-165 was
administered intravenously to conscious cynomolgus monkeys
at single doses of 10, 50, and 200 mg/kg. Animals were
monitored for cardiovascular function (heart rate, blood pres-
sure, and electrocardiograms).
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Results
Identification of ABT-165, a DLL4/VEGF dual variable domain
immunoglobulin

Using proprietary dual variable domain (DVD-Ig) technology,
ABT-165 was identified by the testing of multiple candidate
DVD-Ig molecules in a series of physicochemical, pharmacoki-
netic, and functional potency evaluations. On the basis of pre-
ferred expression, solubility and stability properties, and in vitro
and in vivo potencies coupled with mouse exposure, ABT-165
emerged as the lead candidate. ABT-165 contains the variable
domain of a humanized anti-DLL4 mAb (h1A11.1) at the outer
position of the DVD-Ig molecule, and the variable domain of a
humanized anti-VEGFmAb (AB014) at the inner position, joined
by a short heavy-chain linker (ASTKGP) and a long light-chain
linker (TVAAPSVFIFPP) (Fig. 1A). To reduce potential effector
function-induced toxicity within normal tissue that express DLL4
or VEGF, the Fc domain was engineered to contain two point
mutations at the lower hinge region (L234A, L235A) to signifi-
cantly attenuate binding to Fcg I and Fcg II receptors and com-
plement component C1q (36).

The simultaneous dual-binding properties of ABT-165 were
confirmed using surface plasmon resonance technology as dem-
onstratedby the ability of ABT-165 tobeboundby saturated levels
of both VEGF and DLL4 antigens (Fig. 1B). These results dem-
onstrate that ABT-165 can bind simultaneously to both targets,

and binding of one target does not hinder binding to the other. As
summarized in Supplementary Table S1, ABT-165 binds
to human DLL4 extracellular domain (ECD) with a KD of
8.7 nmol/L, and to human VEGF protein with a KD of
0.9 nmol/L, which are within comparable ranges relative to the
parentalmAbs.With regards to cross-species binding interactions,
ABT-165 cross-reacts with mouse DLL4, but not mouse VEGF.
However, ABT-165 binds to both cynomolgus monkey DLL4 and
VEGF at a similar binding affinity to that of the human counter-
parts, which enables pharmacokinetic and safety assessments.

Dual target inhibitory activities of ABT-165
The functional potency of ABT-165 was evaluated in ligand-

receptor competition ELISA and cell-based assays for both DLL4
and VEGF (Fig. 2A and B; Supplementary Table S2). ABT-165
blocked the interaction of DLL4 with Notch1, and VEGF with
VEGFR-2, with IC50 values of 0.37 nmol/L and 5.9 nmol/L,
respectively, comparable with the parental mAbs. This blockade
of ligand–receptor binding translates into potent inhibition of
DLL4-mediated Notch-1 signaling (IC50 ¼ 12 nmol/L) similar to
the parental anti-DLL4 mAb (IC50 ¼ 9.0 nmol/L), as measured
using DLL4-expressing cells to activate a Notch1-expressing cell
line engineered to express a luciferase reporter gene driven by a
Notch-responsive element. In addition, ABT-165 inhibited VEGF-
stimulated HUVEC proliferation (IC50 ¼ 3.6 nmol/L), compara-
ble with anti-VEGF mAb activity (IC50 ¼ 1.6 nmol/L). These data
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Figure 1.

Generation of ABT-165 with dual
binding activity to DLL4 and VEGF.
A, Schematic diagram of ABT-165
DVD-Ig with an anti-DLL4 and an
anti-VEGF variable domain linked in
tandem in heavy and light chain.
B, ABT-165, DLL4 mAb, and VEGF mAb
were captured on biosensor chips and
tested for binding to recombinant
VEGF. After the binding of VEGF
became saturated, recombinant DLL4
protein was injected resulting in a
second binding signal for ABT-165.
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demonstrate that ABT-165 retains in vitro binding and functional
potencies against both targets.

In the presence of recombinant VEGF (�1.2 nmol/L),
the anti-DLL4 potency of ABT-165 is enhanced by greater than
10-fold as measured in the DLL4-mediated Notch activation

bioassay (Fig. 2C; Supplementary Table S3). Notably, this
increased potency is unique to the DLL4/VEGF DVD-Ig as the
parental mAb combinations induced similar inhibition of
Notch activation whether in the presence or absence of recom-
binant VEGF (Fig. 2C).
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Figure 2.

ABT-165 DVD-Ig inhibits the function of DLL4 and VEGF. A, ABT-165 blocks the interaction between human DLL4 and Notch1 and the interaction between
human VEGF and VEGFR2 in competition ELISAs. B, ABT-165 potently inhibits DLL4 cell–mediated Notch activation in a coculture bioassay and inhibits
VEGF-stimulated HUVEC proliferation. C, VEGF potentiates the activity of ABT-165. The activities of ABT-165 and the combination of DLL4 and VEGF mAb
mixture were analyzed in the Notch activation bioassay in the presence or absence of recombinant VEGF (6 nmol/L). A nonrelevant recombinant protein, BSG2,
was used as the negative control.
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Tumor growth inhibition and angiogenesis regulation by
ABT-165

To investigate antitumor efficacy of ABT-165 in vivo, we focused
on human cancer xenograft models dependent on human VEGF
as ABT-165 binds human but not mouse VEGF. To this end,
U87-MG human glioblastoma and SW-48 human colon cancer
xenograft models were treated with ABT-165, negative control,
anti-VEGF or anti-DLL4 mAbs, or the combination of the VEGF
andDLL4mAbs at an equivalentmolar dose. As a result, ABT-165
treatment significantly increased tumor growth inhibition and
prolonged tumor growth delay compared with either anti-DLL4
mAb or anti-VEGF mAb monotherapy (Fig. 3A and B; Supple-
mentary Table S4). In each study, the antitumor activity of
ABT-165 was equivalent to the combination of the two mAbs.

Consistent with the expected mechanism of action, histologic
examinationwithin the viable regions of glioblastoma (U87-MG)
tumors following a single dose of ABT-165 revealed significant
changes in tumor vasculature at day 7 (Fig. 3C). Specifically,
ABT-165 treatment resulted in a decrease in overall tumor vessel
perfusion similar to anti-DLL4 mAb as indicated by reduction in
an intravascular tracer lectin/FITC. The staining of the endothelial
cell marker (CD31/PE) revealed that ABT-165 did not induce
significant change in tumor vascular density when comparedwith
anti-VEGF treatment (lower vascular density compared with the
negative control treatment). Nonfunctional vasculature as a result
of ABT-165 treatment is highlighted by the lack of lectin staining
in CD31-positive tumor vessels. Changes in tumor vasculature
function by ABT-165 in the U87-MG model were further con-
firmed by DCE-MRI, which is a quantitative imaging technique
used to assess changes directly at the tumor. A decrease in Ktrans,
a measure of perfusion and permeability, was observed two days
after a single dose of 6.7 mg/kg ABT-165 (Fig. 3D). These
mechanistic data demonstrate early changes in tumor vascular
function upon ABT-165 treatment that correlate with tumor
growth inhibition.

ABT-165 improves efficacy of chemotherapy, and outperforms
anti-VEGF treatment in combinationwith chemotherapy agents

We further investigated whether ABT-165 could be broadly
compatible with standard-of-care (SoC) chemotherapy agents
with diverse mechanisms of action to drive more durable anti-
tumor responses. ABT-165 in combination with temozolomide
(SoC for gliomas) induced significant prolonged tumor stasis and
increased tumor growth delay in the U87-MG glioblastoma
xenograft model compared with either monotherapy alone
(Fig. 4A; Supplementary Table S4). Similarly, the combination
of ABT-165 with irinotecan (SoC for colorectal cancer) induced
superior efficacy compared with irinotecan alone in the HT-29
colon cancer xenograft model (Fig. 4B; Supplementary Table S4).
Using a PDXmodel of pancreatic origin, PA0123, the addition of
ABT-165 to gemcitabine (SoC for pancreatic cancer) significantly
improved the tumor growth inhibition compared with gemcita-
bine alone (Fig. 4C; Supplementary Table S4). Furthermore, using
an orthotopic breast cancer model MDA-MB-231-luc, the addi-
tion of ABT-165 with paclitaxel (SoC for breast cancer) induced
tumor regressions during treatment with significantly improved
tumor growth inhibition and tumor growth delay compared with
paclitaxel alone (Fig. 4D; Supplementary Table S4). Of note,
bioluminescence imaging revealed that the combination of
ABT-165 with paclitaxel also significantly reduced spontaneous
metastasis to both the lung and lymph nodes (Fig. 4E).

The antitumor efficacy of ABT-165with SoC chemotherapywas
also compared with anti-VEGF mAb plus chemotherapy. In the
SUM149PT triple-negative breast cancer xenograft model, addi-
tion of paclitaxel to either ABT-165 or anti-VEGF mAb signifi-
cantly increased the antitumor efficacy compared with either
monotherapy (Fig. 5A; Supplementary Table S4). The combina-
tion of ABT-165 and paclitaxel demonstrated a 70% tumor
regression rate compared with 0% for all other treatments.
Importantly, compared with VEGF mAb plus paclitaxel, ABT-165
plus paclitaxel induced significant improvement in both tumor
growth inhibition and tumor growth delay. In the SW-48 colon
cancer xenograft model, addition of irinotecan to ABT-165 sig-
nificantly increased the antitumor efficacy compared with either
monotherapy (Fig. 5B; Supplementary Table S4). However, addi-
tion of anti-VEGFmAb to irinotecan did not significantly improve
efficacy beyond monotherapy. Furthermore, compared with
VEGF mAb plus irinotecan, ABT-165 in combination with irino-
tecan significantly improved both tumor growth inhibition and
tumor growth delay.

ABT-165 exhibits acceptable pharmacokinetic profiles in
cynomolgus monkeys

Pharmacokinetic properties of ABT-165 were assessed in
cynomolgus monkeys following single or weekly intravenous
dosing regimens (Table 1; Supplementary Fig. S1). ABT-165
exhibited nonlinear pharmacokinetic, indicating contributions
of target-mediated disposition (TMD) to total serum clearance.
Nonlinear elimination is likely due to saturation of binding to
cell membrane DLL4 followed by internalization and degra-
dation of ABT-165. At higher doses (�10 mg/kg), the pharma-
cokinetic profiles in cynomolgus monkeys approached linear
range and were similar to those of typical mAbs, with low
serum clearance (�5.1 mL/day/kg) and small volumes of
distribution (Vss< 40 mL/kg). The apparent terminal half-life
was >5 days. Notably, upon weekly dosing in cynomolgus
monkeys at 10 mg/kg, the steady-state Ctrough levels were
maintained at >140 mg/mL (week 3) and the overall pharma-
cokinetic profile approached linear range (Supplementary
Fig. S1). There was no loss of exposure following repeated
dosing in the monkey toxicology study, which indicates the
absence of antidrug antibody (ADA) response.

ABT-165 is well tolerated in cynomolgus monkeys
The comparable binding and potency of ABT-165 against both

human and cynomolgus monkey DLL4 and VEGF supported the
selection of the cynomolgus monkey species for toxicology and
safety pharmacology assessments.

ABT-165-was well tolerated in the repeat-dose toxicity studies
at doses up to 200 mg/kg/dose. Histopathologic findings in the
GLP study included non-adverse effects in the liver and thymus at
�10 mg/kg/dose (liver: sinusoidal dilation, centrilobular atro-
phy, and periportal hepatocellular hypertrophy; thymus: revers-
ible decrease in cortical lymphocytes). These findings were con-
sidered nonadverse due to the nature and generally low magni-
tude of these changes, and the absence of significant associated
alterations in the clinicopathologic data. Of note, these findings
differ from a previous GLP toxicity study in cynomolgusmonkeys
using an anti-DLL4 mAb (ABT-487; Supplementary Table S5),
which was shown to induce increased interstitial cellularity of the
heart that was potentially considered to be related to the mech-
anism of action targeting endothelial cells.
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Figure 3.

ABT-165 inhibits tumor growth and decreases functional tumor angiogenesis. A and B, In vivo efficacy was evaluated in glioblastoma (U87-MG) and colon
cancer (SW-48) xenografts. A 5 mg/kg dose of DLL4 mAb or VEGF mAb, alone or in combination, or an equimolar 6.7 mg/kg dose of ABT-165 was
administered intraperitoneally weekly for four weeks (black arrows). Tumor growth was measured by calipers, and mean tumor volumes with SEs are
presented (n ¼ 10 per group). C, U87-MG xenograft tumors were sectioned seven days postintraperitoneal administration of a single 5 mg/kg dose of mAbs or
6.7 mg/kg dose of ABT-165. Within viable regions of treated tumors, lectin perfusion (FITC, green) or anti-CD31 (PE, red) staining was performed.
Colocalization for both lectin/FITC and CD31/PE labeling is depicted in orange (Merge panel). Nuclei were stained with DAPI (blue). Percent positive functional
vessels (lectin staining), and vascular density quantitation (CD31 staining) are graphed below (� , P values <0.05 compared with control group). D, U87-MG
xenograft tumors were imaged by DCE-MRI after the animals were dosed with a single intraperitoneal dose of mAbs (5 mg/kg) or ABT-165 (6.7 mg/kg)
(�� , P values <0.01 compared with vehicle control group).
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In the safety pharmacology study in conscious cynomolgus
monkeys, ABT-165 had no cardiovascular effects at a dose of
10 mg/kg. At 50 and 200 mg/kg, ABT-165 produced an increase
in mean arterial pressure (�20 mm Hg) that is consistent with
antiangiogenic activity, and a decrease in heart rate (�15 bpm).

Discussion
Solid tumor growth depends on the development of neovas-

culature and therefore, an effective antiangiogenesis strategy may

offer significant antitumor benefits. Although the concept of
"antiangiogenesis" as a form of cancer therapy was first put forth
by Judah Folkman in 1971 (37), nearly three decades passed
before the development of the first antiangiogenic drug, bevaci-
zumab, followed by approvals of several other drugs mainly
targeting the same pathway (2, 4). As angiogenesis is a highly
complex process that involves several pathways and factors,
maximizing the potential of antiangiogenesis for cancer therapy
is likely to require amulti-pronged approach.Dual targetingof the
DLL4/Notch and VEGF/VEGFR pathways may represent one such

Figure 4.

Combination of ABT-165 with standard-of-care chemotherapy agents improves antitumor efficacy. A–D, ABT-165 was administered intraperitoneally weekly
at 6.7 mg/kg (black arrows). A single 5 mg/kg dose of temozolomide (TMZ) was administered intraperitoneally, irinotecan was given intraperitoneally at 60 mg/kg
every 3 days for 4 doses, gemcitabine was given intraperitoneally at 100 mg/kg every 3 days for 4 doses, or paclitaxel was given intraperitoneally at 25 mg/kg
every four days for 3 doses, respectively (pink arrows). Tumor growth was measured by calipers, and mean tumor volumes with SEs presented (n¼ 10 per group).
E, In the orthotopic MDA-MAB-231-luciferase model, spontaneous metastasis to the lung and lymph nodes were measured noninvasively by bioluminescent
imaging (n ¼ 10 per group).
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opportunity as DLL4 also plays a distinct pivotal role in tumor
angiogenesis through both VEGF-dependent and -independent
pathways, as well as in cancer stem cell maintenance (25, 38).

A bispecific approach represents an attractive combination
strategy to efficiently inhibit both targets, and currently two other
DLL4/VEGF bispecific biologics in addition toABT-165 have been
recently reported, HD105 (39) and OMP-305B83 (40). HD105
was engineered by fusing a DLL4-targeting single-chain variable
fragment (scFv) to the C-terminal of an anti-VEGF mAb. The in
vivo efficacy ofHD105 could not be directly determined asHD105
lacks mouse DLL4 cross-reactivity. Rather, a surrogate bispecific
withmouseDLL4bindingwas used toperform in vivo evaluations,
and the pharmacokinetics and safety profiles of HD105 remain
unknown. OMP-305B83 consists of a common light chain and
two different heavy chains with point mutations in the CH3
domain to drive heterodimer formation. This design makes
OMP-305B83 monovalent for binding to both targets (i.e.,
anti-DLL4 activity in one arm and anti-VEGF activity in the other
arm) (40).

Here, we describe the development of ABT-165, an IgG-like
DLL4/VEGF bispecific molecule using a proprietary DVD-Ig plat-
form. ABT-165 carries two anti-DLL4 variable domains and two
anti-VEGF variable domains with bivalent binding to both targets
(a tetravalent bispecific). Notably, we have found that anti-DLL4
bivalency is more potent than monovalency in blocking the
function of DLL4 in a cellular functional assay in vitro (Supple-
mentary Fig. S2). Also, ABT-165 cross-reacts with mouse DLL4,
which enables the direct assessment of its efficacy in a range of
human tumor xenograft murine models. In vivo, ABT-165 signif-
icantly augmented antitumor effects compared with either anti-
DLL4 or anti-VEGF mAb alone. Depending on the xenograft
tumor model and dosing schedule, we observed tumor growth
inhibition ranging from approximately 50%–80% by ABT-165
monotherapy (Supplementary Table S4), acknowledging the lack
ofmouseVEGF cross-reactivitymayunderestimate the full activity
of DLL4 and VEGF dual inhibition in these models. ABT-165 can
also be combinedwith chemotherapeutics of diversemechanisms
of action to enhance antitumor response, with activity that is also

Figure 5.

ABT-165 is superior to VEGF mAb in combination with chemotherapy. Tumor growth inhibition by ABT-165 in combination with paclitaxel (A) or irinotecan (B)
was assessed versus VEGF mAb plus chemotherapy. In the SUM149PT model, a 5 mg/kg dose of VEGF mAb or an equimolar 6.7 mg/kg dose of ABT-165 was
administered intraperitoneally weekly (black arrows), while paclitaxel was administered intraperitoneally at 25 mg/kg every four days for 12 doses (pink arrows).
In SW-48, a 10 mg/kg dose of VEGF mAb or an equimolar 13.3 mg/kg dose of ABT-165 was administered intraperitoneally weekly (black arrows), while
irinotecan was given intraperitoneally at 60 mg/kg every 3 days for 4 doses (pink arrows). Tumor growth was measured by calipers, and mean tumor
volumes with SEs presented (n ¼ 10 per group).

Table 1. Mean pharmacokinetic parameters of ABT-165 after single IV bolus administration in monkeys (n ¼ 2 per dose group)

Dose (mg/kg) AUC (mg*hr/mL) Cmax (mg/mL) Vss (mL/kg) CL (mL/day/kg) t1/2 (days) MRT (days)

1 2.6 30.3 35.9 10.5 2.8 3.9
3 9.7 92.8 33.9 7.5 4.2 4.6
10 47.0 395.1 35.9 5.1 4.8 7.1
30 207.0 1344.4 27.0 3.7 5.1 7.8

NOTE: Units: Dose (mg/kg); Cmax (denotes the first observed concentrations post IV dosing, mg/mL); Vss (volume of distribution at steady state, mL/kg); t1/2 (half life,
days; harmonic mean); AUC (area under the curve from 0 to infinity, mg*hr/mL); CL (serum clearance, mL/day/kg); MRT (mean residence time, days).
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superior to that of anti-VEGF plus chemotherapy. Vascular per-
fusion and DCE-MRI imaging studies confirmed that ABT-165
effectively reduced functional tumor angiogenesis, consistent
with its mechanism of action. As DLL4 has also been implicated
inmaintaining tumor initiating cell growth and survival (19–21),
evaluating ABT-165 for its ability to inhibit cancer stem cell
function is currently under investigation. Recent advances have
also suggested that angiogenesis and immunity may have com-
plementary mechanisms at the level of the tumor microenviron-
ment (41), and indeed ongoing clinical trials combining anti-
angiogenic agents with immune checkpoint inhibitorsmay reveal
some of these potential synergies (42, 43).

Interestingly, in a DLL4 cellular assay that measures the activity
of cell-bound DLL4 to activate the endogenous Notch pathway,
ABT-165 exhibited enhanced anti-DLL4 activity in the presence of
VEGF, a phenomenon not observed with the parental mAb
combinations. The underlying molecular mechanism may
involve VEGF dimer-induced cross-linking of the DVD-Ig, which
could in part contribute to enhanced DLL4 protein downregula-
tion. To support this hypothesis, we have observed in vitro that
VEGF can promote, in a dose-dependent manner, the activity of
ABT-165 to downregulate DLL4 protein (Supplementary Fig. S3).
It has been reported that VEGF levels are elevated at local tumor
sites than the peripheral blood (44). However, it remains to be
determined whether the VEGF-enhanced inhibition of DLL4 by
ABT-165 will contribute to more robust antitumor activity in vivo
where higher concentrations of localized VEGF are present at the
tumor site. As ABT-165 only neutralizes human VEGF, but not
mouse VEGF, an equivalent mouse VEGF/DLL4 cross-reactive
surrogate DVD-Ig will be required to further test this hypothesis
in VEGF-high xenograft tumor models by inhibiting VEGF
expressed from both human tumors and mouse stroma.

The cross-reactivity of ABT-165 to cynomolgus monkey DLL4
and VEGF allowed cynomolgus monkey to be a relevant toxicol-
ogy species to examine the safety profile. We found that ABT-165
waswell tolerated inmonkeys even at doses as high as 200mg/kg,
with nonadverse histopathologic findings noted only in the liver
and thymus. Of note, DLL4 inhibition alone is known to induce
endothelial cell proliferation that could be VEGF-dependent
(6, 39). Therefore, we hypothesized that dual DLL4 and VEGF
inhibitionmaymitigate some normal tissue toxicity derived from
DLL4 inhibition alone by potentially restoring the balance of
DLL4 and VEGF pathways thereby, preventing proliferation of
endothelial cells. In support of our hypothesis, we found that
ABT-165 did not induce increased interstitial cellularity in cyno-
molgus monkey heart, a histopathologic finding that was
observed when monkeys were dosed with an anti-DLL4 mAb
(ABT-487) that has comparable in vitro and in vivo anti-DLL4
potency. Recently, a VEGF trap was also reported to reverse
the vascular changes in mouse heart and liver caused by anti-
DLL4 mAb treatment (29) and interestingly, the monovalent
DLL4/VEGF bispecific OMP-305B83 also reported a potential
improvement of heart safety profile in cynomolgusmonkeys (40).

VEGF mAb administration is known to induce the accumula-
tion of total plasma VEGF in patients (45), and we saw a similar
effect on both total (ABT-165-bound and free) VEGF and soluble
DLL4 by ABT-165 in cynomolgus monkeys (Supplementary
Fig. S4). The increase of both VEGF and soluble DLL4 upon
ABT-165 administration is likely a result of their binding to
ABT-165 in circulation, which lends value as a surrogate marker
for target binding by ABT-165 in vivo.

In summary, ABT-165 is a novel DVD-Ig that potently inhibits
both DLL4 and VEGF, demonstrating favorable in vivo efficacy,
pharmacokinetic, and safety profiles in preclinical models. If an
acceptable therapeutic window canbe achieved in cancer patients,
ABT-165 may be an attractive next-generation antiangiogenic
agent armed with multiple mechanisms including targeting can-
cer stem cells. The preclinical attributes of ABT-165 in providing
superiority to anti-VEGF or anti-DLL4 treatments provide scien-
tific rationale for investigating its potential clinical utility for the
treatment of solid tumors. Indeed, ABT-165 is currently being
evaluated in a phase I clinical trial (NCT01946074) in cancer
patients, and to date has induced partial responses in several
heavily pre-treated ovarian cancer patients (46). Mechanistic-
based toxicities expected for antiangiogenic agents, such as sys-
temic hypertension, pulmonary hypertension, and gastrointesti-
nal perforation have been noted in the phase I study. Further
investigation in a controlled randomized clinical trial is needed to
establish the efficacy and safety of ABT-165 compared with an
anti-VEGF agent.
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