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Abstract

Purpose: Vanucizumab is an investigational antiangiogenic,
first-in-class, bispecificmAb targeting VEGF-A and angiopoietin-2
(Ang-2). This first-in-human study evaluated the safety, pharma-
cokinetics, pharmacodynamics, and antitumor activity of vanu-
cizumab in adults with advanced solid tumors refractory to
standard therapies.

Experimental Design: Patients received escalating biweekly
(3–30mg/kg) orweekly (10–30mg/kg) intravenous doses guided
by a Bayesian logistic regression model with overdose control.

Results: Forty-two patients were treated. One dose-limiting
toxicity, a fatal pulmonary hemorrhage from a large centrally
located mediastinal mass judged possibly related to vanucizu-
mab, occurred with the 19 mg/kg biweekly dose. Arterial hyper-
tension (59.5%), asthenia (42.9%), andheadache (31%)were the
most common toxicities. Seventeen (41%) patients experienced
treatment-related grade �3 toxicities. Toxicity was generally

higher withweekly than biweekly dosing. AMTDof vanucizumab
was not reached in either schedule. Pharmacokinetics were dose-
linear with an elimination half-life of 6–9 days. All patients had
reduced plasma levels of free VEGF-A and Ang-2; most had
reductions in KTRANS (measured by dynamic contrast-enhanced
MRI). Two patients (renal cell and colon cancer) treated with 30
mg/kg achieved confirmed partial responses. Ten patients were
without disease progression for�6months. A flat-fixed 2,000mg
biweekly dose (phamacokinetically equivalent to 30 mg/kg
biweekly) was recommended for further investigation.

Conclusions: Biweekly vanucizumab had an acceptable safety
and tolerability profile consistent with single-agent use of selective
inhibitors of the VEGF-A and Ang/Tie2 pathway. Vanucizumab
modulated its angiogenic targets, impacted tumor vascularity, and
demonstrated encouraging antitumor activity in this heteroge-
neous population. Clin Cancer Res; 24(7); 1536–45. �2017 AACR.

Introduction
Targeting angiogenesis is an attractive therapeutic approach in

many cancers (1). Several inhibitors of the VEGF receptor

(VEGFR) and family of ligands are approved, including the
anti-VEGF-A mAb bevacizumab; the anti-VEGFR2 mAb ramucir-
umab; the dual VEGF-A/placenta growth factor (PlGF) inhibitor
aflibercept; and the tyrosine kinase inhibitors sunitinib, sorafenib,
pazopanib, regorafenib, and axitinib. Bevacizumab plus chemo-
therapy prolongs patient survival inmany cancers compared with
chemotherapy alone (2). However, patients who respond to
VEGF/VEGFR inhibition invariably develop resistance due to
activation of compensatory angiogenic signaling pathways (3).

Resistance to VEGF-targeted therapies may be partly mediated
by Angiopoietin-1 and 2 (Ang-1 and Ang-2), the functional
ligands of the Tie2 receptor tyrosine kinase found on endothelial
cells (4, 5). Binding of Ang-1 to Tie2 stabilizes new blood vessels
leading to maturation, whereas binding of Ang-2 to Tie2 triggers
angiogenic sprouting and increased vessel plasticity (6). A shift in
the Ang-1/Ang-2 ratio toward Ang-2 therefore represents a proan-
giogenic switch. Tumors expressing high levels of Ang-2 have a
poor prognosis (7–10) and poor response to bevacizumab-based
therapy (11, 12) and sunitinib (13). Several Ang-2 pathway
inhibitors have been developed including the Ang-1/Ang-2–neu-
tralizing peptibody trebananib (AMG 386); the fusion proteins
CVX-060 and CVX-241(the latter binds both Ang-2 and VEGF);
and the Tie2 receptor inhibitors ARRY614 and CEP-11981.
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Dual Ang-2 and VEGF-A inhibition is attractive as both path-
ways show complementary and synergistic actions during
tumor angiogenesis (14, 15). Tumors with elevated levels of
both proteins have a worse prognosis than those expressing high
levels of either protein alone (8, 16). Vanucizumab (RG7221/
RO5520985) is a novel humanized IgG1-like bispecific mAb
established using CrossMAb technology that binds both Ang-2
and VEGF-A with high affinity (17, 18). Vanucizumab inhibited
angiogenesis, tumor growth, and metastasis formation in vivo
more effectively than mono-specific anti-Ang-2 or anti-VEGF-A
mAbs, and reduced microvessel density and promoted vessel
maturation in a murine breast cancer model (17, 18). Normal-
ization of vessel architecture appeared to improve chemotherapy
drug delivery; combining vanucizumabwith docetaxel resulted in
complete and long-term tumor regression in vivo (18). Impor-
tantly, vanucizumabdid not aggravate the known adverse effect of
anti-VEGF-A treatment on healthy vessels.

Here we report results from part I of the first-in-human phase I
study that investigated the MTD and/or recommended phase II
dose (RP2D) of vanucizumab in patients with locally advanced or
metastatic solid tumors.

Patients and Methods
The study was conducted according to the principles of the

Declaration of Helsinki and was registered (clinicaltrials.gov
NCT01688206). Institutional Review Board approval andwritten
informed consents were obtained before study-related procedures
commenced.

Eligibility criteria
Inclusion criteria included age �18 years; histologically/cyto-

logically confirmed locally advanced or metastatic, nonresectable
solid tumors that progressed despite standard therapy, or where
no standard therapy existed; measurable disease by Response
Evaluation Criteria In Solid Tumors (RECIST) version 1.1 criteria;
EasternCooperativeOncologyGroupperformance status�1; and

adequate hematologic, coagulative, hepatic, renal, and cardiovas-
cular function. Exclusion criteria included unstable primary cen-
tral nervous system tumors or metastasis; squamous non–small
cell lung cancer histology; hemoptysis grade (G) �2 within 4
weeks; bleeding diathesis or coagulopathy;major surgerywithin 4
weeks; anticancer therapy within 4–6 weeks (6 months for agents
targeting VEGF/Ang-1/Ang-2/PlGF pathways); significant cardio-
vascular/cerebrovascular disease; or abdominal fistula/gastroin-
testinal perforation within 6 months.

Study design
This was part I (dose-escalation) of a four-part first-in-human,

open-label, multicenter, phase I study. The primary objective was
to determine the MTD and/or RP2D of vanucizumab. Secondary
objectives were to characterize the safety, tolerability, pharmaco-
kinetics, pharmacodynamics, and preliminary antitumor activity
of single-agent vanucizumab.

Vanucizumab was administered by intravenous infusion with-
out premedication on day (D) 1 of each cycle with two dosing
schedules: weekly and biweekly. One cycle (C) corresponded to
one vanucizumab dose. Vanucizumab was infused over 90 min-
utes for the first infusion. If the first and second infusion were
tolerated without signs and symptoms of infusion-related reac-
tions (CTCAE G�2), the second and all subsequent infusions
were administered over 60 and 30 minutes, respectively.

The starting dose of 3 mg/kg for biweekly dosing was deter-
mined on the basis of nonclinical toxicology and efficacy studies,
anticipated efficacious concentration based on dynamic pharma-
cokinetic/pharmacodynamic modeling, and subsequent predic-
tion of the human pharmacokinetics of vanucizumab. This dose
was anticipated to result in safety margins of 26-fold based on the
AUCt to the exposure at the highest nonseverely toxic dose of
60 mg/kg and 52-fold based on Cmax. This dose was close to the
predicted minimum efficacious dose of 3.5 mg/kg. One patient
was enrolled at the 3 mg/kg biweekly starting dose and at least
three patients in subsequent cohorts. The first patient at each dose
levelwasmonitored for thefirstfivedays ofC1. If nodose-limiting
toxicity (DLT) occurred, the remaining patients in the cohort were
treated simultaneously.

Dose escalation was guided by an Escalation With Overdose
Control model with modified continual reassessment (Supple-
mentary Methods; refs. 19, 20). This method seeks a dose level
close to the MTD by using toxicity data (incidence of DLTs) from
evaluable patients to estimate a dose–toxicity curve and mini-
mizes the number of patients treated at possibly pharmacolog-
ically inactive doses. To our knowledge, this is the first reported
phase I entry-into-human study to employ a continual reassess-
ment method (CRM) design to assess the safety/tolerability at
escalating dose levels of an investigational, large-molecule anti-
angiogenic drug.

Intra-patient dose escalation to a higher dose already consid-
ered safe was allowed after C6 (biweekly) and C12 (weekly).

DLTs, MTD, and RP2D
Toxicities were graded according to Common Terminology

Criteria for Adverse Events version 4.03. A DLT was defined as
an adverse event (AE) considered study drug–related occurring
during the 28-day observation period (42 days in case of treat-
ment delays) that met the criteria listed in Supplementary Table
S1. The MTD was defined as the predicted dose at which the
probability of DLT rate was 33%. The prediction was based on

Translational Relevance

Treatment of cancer by targeting VEGF-A with bevacizumab
has been extensively validated in the clinic. However, not all
tumors respond to VEGF-A blockade and escape mechanisms
due to overlapping and compensatory pathways can limit
the full potential of antiangiogenic agents. Angiopoietin-2
(Ang-2) and VEGF-A have complementary roles in regulating
tumor angiogenesis andmetastasis, suggesting that dual path-
way inhibition is necessary to improve treatment outcomes.
Vanucizumab is an investigational, first-in-class, bispecific
IgG1-likemAbusingCrossMab technology that simultaneous-
ly blocks VEGF-A and Ang-2 from interacting with their
receptors. This first-in-human study demonstrated an accept-
able safety and tolerability profile for vanucizumab in patients
with advanced solid tumors. A MTD was not reached with
either vanucizumab schedule (weekly/biweekly) tested at the
highest dose (30 mg/kg). Vanucizumab also demonstrated
consistent pharmacokinetic and pharmacodynamic effects,
and showed encouraging signs of antitumor activity that
support further evaluation of vanucizumab in clinical trials.

Phase I Study of Vanucizumab
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two-parameter logistic dose–toxicity relationship model using a
uniform prior for the toxicity at the starting dose and a truncated
normal prior for the MTD.

The RP2D was selected on the basis of the integrated analysis
of clinical safety/tolerability, antitumor activity, pharmacody-
namic (including functional imaging), and pharmacokinetic
data.Once a suitable dose had been established, pharmacokinetic
modeling and simulation was conducted to identify a flat-fixed
dose that had comparable steady-state systemic exposures, peak,
and trough concentrations.

Pharmacokinetics
Blood for pharmacokinetic assessments was taken during C1,

C2, and C4 at predose, 0.5 hours, end-of-infusion, and 2, 4, 6, 24,
96, and 168 (biweekly cohort only) hours post start of infusion.
From C5, predose and end-of-infusion samples were taken every
cycle (biweekly) or every second cycle (weekly). Additional sam-
ples were taken upon the occurrence of DLTs, dose reductions,
disease response/progression, or study discontinuation. Plasma
vanucizumab was measured using a validated ELISA (lower limit
of quantification 1.00 ng/mL). Pharmacokinetic parameters were
estimated using noncompartmental analysis (Supplementary
Methods) with Phoenix WinNonlin (v6.2; Pharsight). Anti-drug
antibodies (ADA) were measured using a bridging ELISA at
baseline, every 4 weeks, and upon occurrence of a G�3 hyper-
sensitivity reaction, to assess the potential immunogenicity of
vanucizumab.

Pharmacodynamics
Circulating free and total (drug-bound and unbound) VEGF-A

and Ang-2 levels weremeasured (see SupplementaryMethods) in
plasma obtained at baseline and D1, D2, D5 (biweekly), D8
(weekly),D15 (biweekly only),D18 (weekly only)D29,D57, and
at disease progression/study discontinuation.

Multiparametric diffusion-weighted (DW) and dynamic con-
trast-enhanced (DCE)MRI scanswere performed twice at baseline
(�2 days apart) and on D5, D15, and D29 (biweekly dosing), or
D8 and D18 (weekly dosing). Target lesions were selected on the
basis of contrast uptake and lesion size (�2/�3 cm inareas subject
to low/high respiratory motion, respectively). Parameters evalu-
ated comprised KTRANS derived from Extended Toft model, the
blood gadolinium-normalized area under the gadolinium con-
centration–time curve (AUCBN), and the apparent diffusion coef-
ficient (ADC). Images were analyzed independently (Virtual-
Scopics) blinded to the administered vanucizumab dose.

Response evaluation
Tumors were assessed using CT or MRI per RECIST criteria

(version 1.1) at baseline and every 8 � 1 weeks thereafter.

Statistical analysis
The planned sample size for this dose-escalation part of

the studywas 18 (minimum) to 60 (maximum)patients. Descrip-
tive statistics were presented for all data. Logarithmically trans-
formed, dose-normalized values of the area under the concen-
tration–time curve from 0 hours to time t (AUC0–t), minimum
concentration (Cmin), and maximum concentration (Cmax)
were analyzed separately by regimen using a linear mixed-effect
model to evaluate accumulation and dose proportionality. Pop-
ulation pharmacokinetics and the relationship between pharma-
cokinetic, pharmadynamic biomarkers, and safety parameters

were explored using nonlinear mixed-effect modeling (NON-
MEM version VI, ADVAN4, GloboMax LLC).

Results
Between October 2012 and November 2013, 42 patients

(Table 1) were enrolled and treated at seven dose levels. Patients
received a median of eight cycles of vanucizumab on both
schedules [range1–70 (biweekly) and2–56 (weekly)]. Theoverall
median treatment duration was 63 days. Twenty-two (52.4%)
patients were treated on the biweekly schedule [3 mg/kg (n ¼ 1),
6 mg/kg (n ¼ 3), 12 mg/kg (n ¼ 4), 19 mg/kg (n ¼ 8), 30 mg/kg
(n ¼ 6)], and 20 (47.6%) patients on the weekly schedule
[10 mg/kg (n ¼ 4), 20 mg/kg (n ¼ 4), 30 mg/kg (n ¼ 12)]. At
the data cutoff (December 02, 2016), 41 patients had discon-
tinued the study due to disease progression (n ¼ 34), consent
withdrawal (n ¼ 1), and toxicities (n ¼ 6). The six toxicities
leading to withdrawal were all assessed as study drug related by
the investigator and comprised one death (described below);
cerebral hemorrhage (G2), hypertension (G3), thromboticmicro-
angiopathy (G3), and hypertensive encephalopathy (G4) all at
30 mg/kg weekly vanucizumab and vesicocutaneous fistula (G3)
at 12 mg/kg biweekly vanucizumab.

DLT and MTD
Vanucizumab was reasonably well tolerated across dose levels

and schedules. The MTD was not reached. One DLT (hemoptysis
with fatal outcome) occurred in a female with colorectal cancer
and a large, centrally located mediastinal mass. This patient

Table 1. Baseline demographics and disease characteristics of the treated
patients (N ¼ 42)

Characteristics Value

Gender (male, female) 18, 24
Median age (range), years 63 (25–76)
Tumor stage at time of first diagnosis, n (%)
III 11 (26.2)
IV 18 (42.9)
Other 13 (31.0)

Tumor stage at time of study entry, n (%)
Metastatic 40 (95.2)
Locally advanced 2 (4.8)

Tumor type, n (%)
Colon cancer 13 (31.0)
Breast cancer 3 (7.1)
Cervical cancer 3 (7.1)
Ovarian cancer 2 (4.8)
Gastric cancer 2 (4.8)
Pancreatic cancer 2 (4.8)
Rectum cancer 2 (4.8)
Uterine leiomyosarcoma 2 (4.8)
Cancer of unknown primary 2 (4.8)
Adenoid cystic carcinoma 2 (4.8)
Endometrial cancer 2 (4.8)
Othera 7 (16.7)

Median previous lines of therapy (range) 3 (1–10)
Antimetabolites, n (%) 33 (78.6)
Platinum compounds, n (%) 31 (73.8)
Topoisomerase inhibitors, n (%) 25 (59.5)
Cytotoxic agents, n (%) 19 (45.2)
Radiotherapy, n (%) 17 (40.5)
Bevacizumab 8 (19.0)

aOne case each of bladder cancer, renal cell cancer, soft tissue (Ewing) sarcoma,
thyroid cancer, non–small cell lung cancer, hypopharyngeal cancer, and ovarian/
endometrial cancer.
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received two doses of 19 mg/kg biweekly vanucizumab and died
on D25.

Safety
Themost commonAEs were hypertension, asthenia, headache,

and diarrhea (Table 2). Thirteen (31%) patients experienced 14
serious AEs (SAE); including seven SAEs considered to be study
drug-related: cerebral hemorrhage, hypertension, hypertensive
encephalopathy, and thrombotic microangiopathy (all 30 mg/
kgweekly); vesicocutaneous fistula (12mg/kg biweekly); hemop-
tysis (19 mg/kg biweekly); and blood creatinine increase (30mg/
kg biweekly).

Seventeen (40.5%) patients experienced G�3 toxicities judged
to be study drug-related. Table 3 summarizes severe AEs expected
from themode of action (MoA) of vanucizumab. Fourteen (33%)
patients experienced G�3 hypertension, particularly with weekly
and higher vanucizumab doses. Eight of these patients had a
history of preexisting arterial hypertension. Hypertension led to
vanucizumab dose modification/interruption in three patients
and vanucizumab discontinuation in one patient. Ten (24%)
patients experienced hemorrhagic events. Eight events were non-

serious and G1: epistaxis (three patients); hemoptysis (two
patients); mouth hemorrhage, purpura, and melena (one patient
each). The other two events were SAEs, study drug-related, and led
to vanucizumab discontinuation: G5 hemoptysis (19 mg/kg
biweekly; described above) and G2 cerebral hemorrhage (30
mg/kg weekly). Five patients (11.9%) experienced proteinuria:
1 G3 (12 mg/kg biweekly) and 4 G1/2. Edema occurred in 5
(11.9%) patients (all G1/2).

Five patients had G1 AEs suggestive of an infusion-related
reaction: influenza-like illness (3 patients) and hot flush and
pruritus (1 patient each). Infusions were not interrupted or
stopped in any of these patients.

Pharmacokinetics
Vanucizumab pharmacokinetic profiles are shown in Fig. 1A

and descriptive statistics for the parameters are provided in
Supplementary Tables S2 and S3. Cmax and AUC0–t increased
dose proportionally for both schedules with low inter-individual
variability (<43%). Across the doses and schedules investigated,
the volume of distribution of vanucizumab ranged from 2.9 to
6.1 L, plasma clearance was similar (range 10.9–36.7 mL/h), and

Table 3. Adverse events of special interest grade � 3 (regardless of relationship)

Adverse event, Biweekly dosing Weekly dosing
n (%) MedDRA
preferred term

3 mg/kg
(n ¼ 1)

6 mg/kg
(n ¼ 3)

12 mg/kg
(n ¼ 4)

19 mg/kg
(n ¼ 8)

30 mg/kg
(n ¼ 6)

Total
(n ¼ 22)

10 mg/kg
(n ¼ 4)

20 mg/kg
(n ¼ 4)

30 mg/kg
(n ¼ 12)

Total
(n ¼ 20)

Hypertension — — — — 4 (66.7) 4 (18.2) 1 (25.0) 1 (25.0) 8 (66.7) 10 (50.0)
Thrombocytopenia — — — 1 (12.5) — 1 (4.5) — — 1 (8.3) 1 (5.0)
Proteinuria — — 1 (25.0) — — 1 (4.5) — — — —

Hemoptysis — — — 1 (12.5)a — 1 (4.5) — — — —

Vesicocutaneous fistula — — 1 (25.0) — — 1 (4.5) — — — —

Hypertensive encephalopathy — — — — — — — — 1 (8.3) 1 (5.0)
Thrombotic microangiopathy — — — — — — — — 1 (8.3) 1 (5.0)

Abbreviations: MedDRA, Medical Dictionary for Regulatory Activities. Multiple occurrences of the same AE in one individual are counted once.
aG5 adverse event.

Table 2. Adverse events regardless of relationship to vanucizumab occurring in �10% of the total population (N ¼ 42)

NCI-CTCAE
Adverse event, n (%) MedDRA preferred term Grade 1/2 Grade 3/4a,b Total, n (%)

Hypertension 11 (26.2) 14 (33.3) 25 (59.5)
Asthenia 17 (40.5) 1 (2.4) 18 (42.9)
Headache 12 (28.6) 1 (2.4) 13 (31.0)
Diarrhea 10 (23.8) 1 (2.4) 11 (26.2)
Cough 10 (23.8) — 10 (23.8)
Back pain 9 (21.4) — 9 (21.4)
Constipation 9 (21.4) — 9 (21.4)
Fatigue 8 (19.0) — 8 (19.0)
Vomiting 8 (19.0) — 8 (19.0)
Dysphonia 7 (16.7) 7 (16.7)
Anxiety 6 (14.3) — 6 (14.3)
Arthralgia 6 (14.3) — 6 (14.3)
Dyspnea 6 (14.3) — 6 (14.3)
Musculoskeletal pain 6 (14.3) — 6 (14.3)
Nausea 6 (14.3) — 6 (14.3)
Toothache 6 (14.3) — 6 (14.3)
Abdominal pain 4 (9.5) 1 (2.4) 5 (11.9)
Decreased appetite 5 (11.9) — 5 (11.9)
Edema peripheral 5 (11.9) — 5 (11.9)
Proteinuria 4 (9.5) 1 (2.4) 5 (11.9)

Abbreviations: MedDRA; Medical Dictionary for Regulatory Activities; NCI-CTCAE, National Cancer Institute-Common Terminology Criteria for Adverse Events.
aOne patient had a G5 event (a DLT of pulmonary hemorrhage in a patient treated with 19 mg/kg biweekly).
bOther G3/4 AEs comprised thrombocytopenia in two (4.8%) patients and one case (2.4%) each of peripheral sensory neuropathy, ascites, dyspnea exertional,
gamma�glutamyltransferase increased, stomatitis, appendicitis, blood alkaline phosphatase, blood bilirubin increased, hepatic failure, hypertensive encephalop-
athy, hyperuricaemia, hypokalaemia, infection, pleural effusion, pneumonia, subileus, thrombotic microangiopathy, urinary incontinence, and vesicocutaneous
fistula. Multiple occurrences of the same adverse event in one individual counted only once with the highest grade.
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t1/2 remained stable (range 6–9 days). Greater accumulation
occurred with weekly dosing [accumulation ratios: 2.6-fold
(Cmin), 2.1-fold (AUC0–t)] than with biweekly dosing [1.9-fold
(Cmin), 1.7-fold (AUC0–t)].

Population pharmacokinetic modeling indicated that Ctrough

and Cavg vanucizumab concentrations comparable with those
seen with 5 and 10 mg/kg bevacizumab (biweekly) would occur
in 95% and 50%, respectively, of patients treated with 30 mg/kg
biweekly vanucizumab by C2 (Fig. 1B). Simulations adjusted for

an average 70 kg body weight predicted that a 2,000 mg biweekly
flat dose would achieve similar vanucizumab exposure and peak/
trough concentrations as 30 mg/kg biweekly dosing (Fig. 1C).

Two (5%) patients developed ADA following vanucizumab
treatment (one after four cycles of 10 mg/kg weekly and one after
12 cycles of 30 mg/kg weekly); both without associated clinical
symptoms or change in vanucizumab exposure. Accordingly, the
ADA appeared to be non-neutralizing. Two patients had preexist-
ing ADA.
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Figure 1.

Pharmacokinetics of vanucizumab. A,
Plasma concentration–time course (mean
� SD) of vanucizumab on cycles 1 and 4
following a biweekly (q2w) or weekly
(qw) schedule at doses of 3 mg/kg to 30
mg/kg. B,Observed and model predicted
vanucizumab concentrations after
multiple administrations of vanucizumab
30 mg/kg biweekly or weekly. Circles/
diamonds indicate observed values, solid
lines indicate median predicted values,
and shaded regions are the 95%predicted
intervals. Red and green dotted lines
indicates the Ctrough levels for
bevacizumab 5 mg/kg biweekly and 10
mg/kg biweekly, respectively. C, Model
predicted vanucizumab concentrations
after multiple administrations of
vanucizumab 30 mg/kg biweekly or
2,000 mg biweekly (solid lines indicate
medians, and shaded regions are the 95%
predicted intervals).
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Pharmacodynamics
The median baseline total plasma Ang-2 level was 2.5 ng/mL

(range: 1.6–9.3 ng/mL) without apparent differences across
tumor types. As expected, plasma levels of free VEGF-A
and Ang-2 were depleted within 24 hours of administration,
independent of dose and schedule (Fig. 2A and B). Conversely,
total VEGF-A and Ang-2 levels increased upon first dose of
vanucizumab.

MRI was conducted in 34 patients, including 29 and 25
patients, respectively, with two baseline DCE-MRI and DW-MRI
scans. The median baseline coefficient of variability was 20% for
KTRANS, 9.0% for AUCBN, and 11.2% for ADC. Twenty-two
(64.7%)patients hadmoderate-to-significant sustainedposttreat-
ment reductions in DCE-MRI parameters reflecting changes in
vascular permeability, leakiness, and perfusion. Patients were
grouped as either weekly or biweekly �20 mg/kg and 30 mg/kg.
At C2D1, percent decrease from baseline in median KTRANS for
�20 mg/kg biweekly was lower than �20 mg/kg weekly (–0.79
�9.68 vs. �24.06 �14.56), while for 30 mg/kg biweekly and 30
mg/kg weekly, the percent decrease from baseline in median
KTRANS was similar (�31.37% � 15.68 vs. �29.74% � 6.53; Fig.
2E). A trend toward sustaineddecreases in vessel permeability and
leakiness was observed in weekly patients and biweekly patients
treated with 30 mg/kg (Fig. 2E). Supplementary Figure S1 shows
parametric KTRANS map MRI images illustrating changes in vas-
cular permeability for a colorectal cancer patient treated with
30mg/kg biweekly. ThemedianADC for the 25 evaluable patients
ranged from769 to 4,805mm/s. Seven (28%)patients had a>20%
increase in posttreatment necrosis; six of whom were treated at
30 mg/kg (weekly or biweekly).

Clinical activity
Thirty-eight patients were evaluable for tumor response: Two

had confirmed partial responses (PR), one had unconfirmed PR,
19 had stable disease, and 16 had progressive disease (Fig. 3). A
65-year-oldmalewithmetastatic colon cancerwho switched from
30 mg/kg weekly to biweekly dosing after 6 months achieved a
confirmed PR after one year of treatment. A 68-year-oldmalewith
metastatic renal cell cancer also exposed to30mg/kgbiweekly had
a confirmed PR upon 20 months of treatment and meanwhile
remains on study formore than 3 years. A 48-year-old femalewith
cervical cancer achieved a PR after six cycles of 30 mg/kg weekly,
but discontinued the study due to brain hemorrhage before a
confirmatory scan was available.

Eleven (55%) and8 (44%)patients on the biweekly andweekly
schedules, respectively, had reductions in the sumof target lesions
at least once during the study. At the first 8-week tumor assess-
ment, 13 (65%) and 9 (50%) evaluable patients on the biweekly
and weekly schedules, respectively, had not progressed. Overall,
10patientswerewithout disease progression for at least 6months.

Discussion
In this phase I study, vanucizumab, an investigational, first-in-

class, bispecific Ang-2 and VEGF-A inhibitor, had an acceptable
safety and tolerability profile in adult patients with advanced
cancer consistent with that seen with bevacizumab and selective
inhibitors of the Ang/Tie2 axis. Of note, the bispecific antibody
generated using CrossMAb technology did not have a higher
immunogenic potential compared with conventional antibody
formats.Onepatient died due to pulmonary bleeding froma large

centrally located mediastinal mass; this event was the only vanu-
cizumab-related DLT. A MTDwas not reached at the highest dose
administered (30mg/kg weekly /biweekly). Arterial hypertension
was the most common G3/4 AE of vanucizumab, with an overall
incidence of almost 60% (G�3: 33%) and which was higher than
previously reported for other single-agent inhibitors of the VEGF-
AorAng/Tie2 axis.Hypertensionwas generally asymptomatic and
easily controlled. High blood pressure appeared to be dose
dependent and predominantly driven by the systemic vanucizu-
mab-mediated VEGF-A inhibition. Across clinical studies, the
frequency of G3/4 hypertension is 9%–32% with bevacizumab
monotherapy (21–25) but�6% for single-agent Ang-1/2 antago-
nists (26–33). Moreover, hypertension rates with bevacizumab
treatment did not increase by concurrent inhibition of the Ang/
Tie-2 signaling pathway in patients with metastatic breast cancer
[39%–40% (G�3: 18%–23%) compared with 38% (G�3: 19%)
without concurrent Ang/Tie-2 inhibition; ref. 33)].

Ang-2 and VEGFmay be involved in promoting the integrity of
glomerular endothelia (34–36). Altered glomerular permeability
with leakage of large proteins into the urine appears to be a direct
result of VEGF-A and Ang-2 inhibition. Proteinuria is a common
side effect of bevacizumabwith anoverall incidence (all grades) of
20% (37) and has been reported in 14% of patients treated with
agents targeting the Ang/Tie2 pathway (28). Simultaneous inhi-
bition of VEGF-A and Ang-2 with vanucizumab did not increase
the rate or grade of proteinuria. Although the exactmechanism by
which edemamight occur is unclear, dual, nonselective Ang-1 and
Ang-2 inhibition frequently induces edema formation in up to
30% of patients (27, 28). In preclinical models, Ang-1 acts as an
antipermeability factor and protects adult vessels from leaking
(38).We observedmild-to-moderate peripheral edema in 12% of
our patients treated with the Ang-2–selective CrossMAb, thereby
suggesting a mostly anti-Ang-1–mediated adverse effect.

Vanucizumab demonstrated a favorable pharmacokinetic pro-
file. The elimination t1/2 (6–9 days) was shorter than that of a
typical IgG molecule. A low volume of distribution (2.9–6.1 L),
consistent with other therapeutic mAbs (3–5 L; ref. 39), indicates
that most of the drug was likely confined within the central
compartment. Population pharmacokinetic simulations sug-
gested that Ctrough and Cavg levels after biweekly dosing of 30
mg/kg vanucizumab will result in serum exposures comparable
with the clinically established bevacizumab dosages of 5–10 mg/
kg biweekly. A flat dose of 2,000 mg vanucizumab biweekly was
also predicted to achieve similar exposure as 30 mg/kg biweekly.
Dosing every other week supports patient convenience and com-
bination with other systemic anticancer therapies administered at
this interval. Fixed dosing offers considerable advantages in ease
of dose preparation, reduced potential of dose calculation errors,
and lower costs (40).

Circulating VEGF-A and Ang-2 kinetics provided further evi-
dence of the biologic effects of vanucizumab on angiogenic
pathways. Consistent with the postulated MoA, drug-unbound
(free) levels of both biomarkers decreased rapidly following
treatment. Free circulating VEGF concentrations were also
reduced upon treatment with bevacizumab in previous clinical
trials (41–45). The paradoxical increases of total VEGF-A and total
Ang-2 across all dose groups were likely due to the prolonged t1/2
of vanucizumab-bound (inactive) targets and de novo synthesis of
the ligands (43). The increase of total Ang-2might also have been
caused by the release of Ang-2 from Weibel–Palade–Bodies fol-
lowing vanucizumab treatment (46).
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Figure 2.

Pharmacodynamics of vanucizumab. Scatterplots depicting mean changes from baseline (� SEM) plasma levels of free (A and B) and total (C and D) VEGF-A and
Ang-2. There were overall no significant differences across dosing cohorts and administration schedules. The single patient within the 19 mg/kg group is
considered an outlier. E, AUCBN was measured by DCE-MRI.
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DCE-MRI serves as a pharmacodynamic marker of biological
activity for antiangiogenic cancer drugs by providing information
about tumor microvessel structure and function, thereby helping
to define the biologically active dose (47). DW-MRI provides
complementary information about cellularity andnecrosiswithin
tumor tissue (48). Vanucizumab induced the anticipated effects
on tumor perfusion and reduced vascular permeability in most
patients and across a variety of tumor types. Notably, we observed
a sustained decrease in tumor vessel permeability (measured by

KTRANS) and an increase in necrosis (measured as ADC) consis-
tently with 30 mg/kg dosing in both schedules; the magnitude of
reductions in KTRANS was similar to those occurring with agents
targeting the VEGF pathway (49, 50).

Vanucizumab also showed encouraging signs of antitumor
activity in this heterogeneous population of patients with
advanced solid tumors refractory to available therapy. Although
overall three patients treated at the highest dose level achieved PR,
there was no clear trend suggesting a relationship between the
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Waterfall plot of best percentage change frombaseline in the sumof the target lesions for patients treated biweekly (A) orweekly (B).The figure also shows the dose
cohort. # Renal cell cancer patient with PR after approximately 20 months on treatment. �, Colon cancer patient who switched from weekly to biweekly
dosing after 6 months and achieved a confirmed PR after approximately one year. ¶, Cervical cancer patient who achieved PR after six cycles and discontinued the
study due to the AE of brain hemorrhage; therefore, no confirmatory scan was available. z, Patient had SD as the absolute increase from nadir was <5 mm.
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dose and schedule of vanucizumab and the regression of tumors.
Likewise, although limited by the small sample size and number
of responders, there was no apparent relationship between base-
line circulating Ang-2 levels and response.

In summary, the VEGF-A and angiopoietin signaling path-
ways represent attractive targets for cancer therapy. Vanucizumab
simultaneously blocks VEGF-A and Ang-2 from interacting with
their receptors and demonstrated an acceptable safety profile
and evidence of antitumor effect at intravenous doses of up to
30 mg/kg biweekly. Clinical evaluations of vanucizumab com-
bined with standard chemotherapy or novel cancer immuno-
therapies are in progress.
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