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a b s t r a c t 

Vanucizumab is a novel bispecific antibody inhibiting vascular endothelial growth factor (VEGF-A) and 

angiopoietin-2 (Ang-2) that demonstrated safety and anti-tumor activity in part I of a phase I study of 42 patients 

with advanced solid tumors. Part II evaluated the pharmacodynamic effects of vanucizumab 30 or 15 mg/kg ev- 

ery 2 weeks in 32 patients. Serial plasma samples, paired tumor, and skin-wound-healing biopsies were taken 

over 29 days to evaluate angiogenic markers. Vanucizumab was associated with marked post-infusion reductions 

in circulating unbound VEGF-A and Ang-2. By day 29, tumor samples revealed mean reductions in density of mi- 

crovessels ( − 32.2%), proliferating vessels ( − 47.9%) and Ang-2 positive vessels ( − 62.5%). Skin biopsies showed a 

mean reduction in density of microvessels ( − 49.0%) and proliferating vessels ( − 25.7%). Gene expression profiling 

of tumor samples implied recruitment and potential activation of lymphocytes. Biopsies were safely conducted. 

Vanucizumab demonstrated a consistent biological effect on vascular-related biomarkers, confirming proof of 

concept. Skin-wound-healing biopsies were a valuable surrogate for studying angiogenesis-related mechanisms. 
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Angiogenesis is a key process in tumor growth and metastasis, as

dequate vasculature and blood supply ensures tumor growth and de-
Abbreviations: ANG, angiopoietin; CD, cluster of differentiation; CNS, central ner  

istochemistry; IF, immunofluorescence; IQR, interquartile range; miRNA, micro RN  

anucizumab gene signature. 
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elopment [1] . In normal tissues, blood vessel growth is usually kept to a

inimum, and angiogenesis is regulated by a balance of pro-angiogenic

e.g. vascular endothelial growth factor; VEGF) and anti-angiogenic (e.g.

hrombospondin-1) factors [2] . In the tumor environment, the balance
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b  
etween angiogenic and anti-angiogenic processes is disturbed, favor-

ng angiogenic stimulation, blood vessel growth, and tumor perfusion

2] . This knowledge has allowed targeting of angiogenesis in the devel-

pment of effective anticancer agents [3] . Indeed, several agents that

arget the pro-angiogenic VEGF ligands and the VEGF receptor are now

pproved, including the anti-VEGF-A monoclonal antibody (mAb) be-

acizumab, the anti-VEGF-2 mAb ramucirumab, the dual inhibitor of

EGF-A and placental growth factor aflibercept, and the small molecule

yrosine kinase inhibitors sunitinib, sorafenib and axitinib [ 4 , 5 ]. Despite

he introduction of these agents and the associated benefits for patients

 4 , 5 ], it appears that given the complexity of the angiogenic control

echanisms that allow the tumor to compensate and continue the an-

iogenic drive [6] , further control of angiogenesis is desirable [3] . One

pproach to this problem is the development of a bispecific antibody

ith two targets, potentially allowing for improved efficacy by address-

ng anti-angiogenic escape and resistance mechanisms [7] . Targeting

EGF-A and angiopoietin-2 (Ang-2) may provide an opportunity in this

espect. 

VEGF-A has a major role in tumor development, angiogenesis and

ascular permeability [8] , and the Tie2 receptor ligands angiopoietin-1

Ang-1) and Ang-2 have also been implicated in remodeling of the tumor

asculature [9–11] . Ang-1 has been shown to have a role in regulating

ascular maturation and stability, and Ang-2 has a role in promoting an-

iogenesis and tumor growth by priming the vasculature to angiogenic

timuli via Tie2 and causing endothelial cell migration and sprouting via

timulation of integrins [9–11] . Furthermore, Ang-2 abrogates the posi-

ive effects of anti-VEGF therapy on the tumor vasculature [ 12 , 13 ] and

as been shown to be upregulated in several tumor types and associated

ith poor prognosis [14–16] . As Ang-2 acts mainly as a counterpart to

ng-1, a shift in the Ang-1:Ang-2 ratio in favor of Ang-2 therefore rep-

esents a change to a more pro-angiogenic state. 

Vanucizumab (RO5520985) is a novel bispecific humanized im-

unoglobulin G-1 (IgG-1)-like antibody that acts as a dual targeting

nhibitor of VEGF-A and Ang-2 [17] . In preclinical studies, vanucizumab

as shown to possess notable anti-tumor, anti-angiogenic, and anti-

etastatic effects [17] , providing the rationale for clinical development

nd evaluation of the agent in a phase I study of patients with advanced

olid tumors (NCT01688206). In the first part of this investigation, vanu-

izumab was associated with an acceptable safety profile and favorable

harmacokinetic and pharmacodynamic effects [18] . Here, we report

he biomarker data demonstrating the mode of action for vanucizumab

or a proportion of patients recruited to this study. 

aterials and methods 

tudy design 

This was a four-part, phase I, open-label, dose-escalation study

o evaluate the safety, tolerability, pharmacokinetics, and pharma-

odynamics of vanucizumab in patients with advanced solid tumors

NCT01688206); parts I–IV included 42, 32, 41, and 17 patients, re-

pectively. Part I of this investigation involved single-agent dose esca-

ation in 42 patients, with the aim of determining the safety profile and

nvestigating pharmacokinetic and pharmacodynamic parameters (in-

luding circulating VEGF-A and Ang-2, vascular permeability, leakiness,

nd perfusion) as reported previously [18] . In part II of the investiga-

ion, reported here, a cohort of 32 patients treated with vanucizumab

0 mg/kg or 15 mg/kg every 2 weeks (the recommended dosages for

hase II evaluation) provided blood and/or tumor/skin-wound-healing

iopsy samples for biomarker analysis to confirm the mode of action

or vanucizumab. This report is restricted to the cohort of patients in

art II of the investigation and these specific measures (biomarkers

nd mode of action). Clinical methodology relating specifically to part

 of this investigation has been previously reported [18] . The study

NCT01688206) was conducted in accordance with the principles of the

eclaration of Helsinki and good clinical practice, with institutional re-
2 
iew board/ethics committee approval and written informed consent

rom all patients. 

atients 

Patients aged ≥ 18 years with histologically or cytologically con-

rmed locally advanced or metastatic non-resectable solid tumors being

ensitive to anti-angiogenic treatment (colorectal cancer, non-squamous

on-small-cell lung cancer, breast cancer, gastric cancer, pancreatic can-

er or melanoma) and who had progressed on standard therapy or had

o standard therapeutic option were eligible for participation. Patients

ere required to have measurable disease (RECIST V1.1), an Eastern

ooperative Oncology Group/World Health Organization performance

tatus of 0–1 and adequate hematological, liver, renal, and cardiovas-

ular function. Moreover, patients were obliged to have tumor tissue

rom which a biopsy can safely be obtained for pharmacodynamics as-

essments (lesion size ≥ 2 cm, in regions of motion ≥ 3 cm). Patients were

xcluded from participation if they had unstable central nervous system

CNS) tumors or CNS tumor involvement, non-squamous non-small cell

ung cancer, significant cardiovascular/cerebrovascular disease or ab-

ominal fistula or gastrointestinal perforation in the previous 6 months,

emoptysis grade ≥ 2 within 4 weeks, bleeding diathesis or coagulopa-

hy, severe non-healing wound, active ulcer, untreated bone fracture,

nown HIV infection, or known active hepatitis B virus or hepatitis C

irus infection. Exclusion criteria were also applied to those who had

een treated with an anti-angiogenic agent 6 months before the start of

he study, had received cyclical chemotherapy within a time that was

horter than the standard cycle length or a biological agent/targeted

herapy within 4 weeks or five times the elimination half-life of that

gent. Patients treated with an investigational agent up to 4 weeks (or

he cycle duration) before study start or oral anticoagulants within 7

ays, and those who had undergone major surgery up to 4 weeks be-

ore study enrolment or who had not adequately recovered were also

xcluded. Female and male patients were required to use appropri-

te contraception if applicable, and pregnant or nursing females were

xcluded. 

iomarker sampling and analysis 

Biomarker sampling and analyses are reported in accordance with

iospecimen Reporting for Improved Study Quality guidelines [19] . 

oluble biomarkers 

Blood (approximately 6 mL) samples were drawn from the antecu-

ital area of the arm at baseline and prior to vanucizumab infusion

n days 2 and 5 of cycle 1, and prior to infusion on day 1 of cycles

 and 3 for determination of plasma-free (unbound biologically active)

EGF-A, total (drug-bound inactive and unbound biologically active)

EGF-A, and free and total Ang-2 circulating levels. Samples for Ang2-

nalysis were stabilized in K3-EDTA, and those for VEGF-A in citrate,

heophylline, adenosine and dipyridamole anticoagulant. Samples were

rozen after preparation and centrally collated before analysis. Free

EGF-A levels were determined using the Human VEGF Quantikine R ○

nzyme-linked immunosorbent assay (ELISA) kit (R&D Systems UK).

otal VEGF-A was determined using the Elecsys R ○ assay (Roche Profes-

ional Diagnostics) comprising a biotinylated murine anti-VEGF-A an-

ibody (clone 3C5) for detection and ruthenylated murine anti-VEGF-

 antibody (clone A4.6.1) for capture. Free Ang-2 levels were deter-

ined by a two-step process, first using a novel magnetic bead-based

epletion procedure developed in-house that employed an anti-idiotypic

Ab specific for the VEGF-A-binding site of vanucizumab to capture

he drug along with drug-bound Ang-2 [20] , and then using the Ang-2

uantikine R ○ ELISA kit. 

issue biomarkers 

Paired tumor punch needle ( ≥ 18 gauge) biopsies were obtained at

aseline and on day 1 of cycle 3 from easily accessible representative
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Table 1 

Staining details Ki67, CD31, Ang2/Tie2, and CD31 + CD34/aSMA, CD4, CD8, and CD16. 

Staining performed at HistogeneX 

Antibody clone Detection system Staining instrument 

CD4 – clone 1F6 monoclonal mouse Ab 

(Novocastra - NCL-CD4-1F6) 

Optiview DAB Ventana Benchmark XT 

CD8 – clone C8/144B (Dako, M7103) monoclonal mouse Ab Ultraview DAB Ventana Benchmark XT 

CD16 – clone SP175 monoclonal rabbit Ab (Ventana – 760-4863) Ultraview DAB Ventana Benchmark XT 

CD31 – clone 1A10 monoclonal mouse Ab (Novocastra – NCL-CD31-1A10) 

Ki67 – clone 30.9 monoclonal rabbit Ab 

(Ventana – 790-4286) 

Cy3 – goat anti-mouse 

(Jackson ImmunoResearch 115–165–166) 

Alexa488 – goat anti-rabbit 

(Invitrogen, A11070) 

Ventana Discovery XT 

CD31 – clone 1A10 monoclonal mouse Ab 

(Novocastra – NCL-CD31-1A10) 

CD34 clone QBEnd/10 monoclonal mouse Ab 

(Ventana, 790-2927) 

aSMA – polyclonal rabbit Ab 

(Abcam, ab5694) 

Alexa647 – goat anti-mouse 

(Invitrogen A21236) 

Alexa647 – goat anti-mouse 

(Invitrogen A21236) 

Alexa488 – goat anti-rabbit 

(Molecular probes A11070) 

Ventana Discovery XT 

Ang2 – clone F-1 monoclonal mouse Ab 

(Santa Cruz Technology, sc-74,403) 

Tie2 – polyclonal goat Ab 

(R&D Systems, AF313) 

Cy3 – rabbit anti-mouse 

(Invitrogen A11078) 

Alexa488 – rabbit anti-goat 

(Jackson Immunoresearch 315-165-003) 

Ventana Discovery XT 

Staining performed in the Good Clinical Practice Pathology Laboratory in Penzberg 

CD3 – clone 2GV6 monoclonal rabbit Ab 

(Ventana – 790-4341) 

Ultraview AP Red Ventana Benchmark Ultra 

CD68 – clone KP1 monoclonal mouse Ab 

(Ventana – 760-2931) 

CD163 – clone MRQ-26 monoclonal mouse Ab 

(Cell Marque), ready to use Dispenser (Ventana – 760-4437) 

Ultraview AP Red 

(Ventana – 760-501) 

Optiview DAB 

(Ventana – 760-700) 

Ventana Benchmark XT 

Ventana Benchmark XT 

Ab, antibody; CD, cluster of differentiation. 
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a  
umor metastasis (e.g. liver, lymph node, lung) by needle drawing

uided by ultrasound or computed tomography scan. Due to the inclu-

ion in this study of patients with various cancer indications, biopsy site

aried. However, baseline and on-treatment tumor biopsies for each pa-

ient were collected from the same lesion. 

Given potential problems with performing sequential tumor biopsies

n general, the potential of skin-wound-healing biopsies as a surrogate

or tumor samples as described in the literature [ 21 , 22 ] was assessed.

aired skin biopsies were performed at baseline and on cycle 3 day 1

oncurrent with tumor biopsies and were taken after local anesthesia

rom areas of normal skin. Skin wound-healing biopsies were collected

rom the same anatomical region of the right shoulder in each patient.

n initial 2 mm punch biopsy was conducted to create a site of injury.

he biopsy was guided by computed tomography scan or ultrasound and

as performed using a ≥ 18 gauge needle under aseptic conditions and

ocal anesthesia. This was followed by an overlapping 4 mm biopsy 7

ays later to collect the wound-healing material as surrogate tissue of

eoangiogenesis. 

Tumor and skin biopsies were collected into 10% neutral buffered

ormalin-filled vials, fixed for 24 ± 2 h, transferred into 70% ethanol and

hipped within 24–48 h to a central pathology laboratory (HistoGeneX

r Penzberg) for paraffin embedding. Paraffin blocks were stored at − 15

o − 20 °C 

issue processing and IHC 

Eight sections (2–4 μm thick), per tumor block and skin biopsy,

espectively, were processed according to routine histology and IHC

rotocols. Sections were stained with hematoxylin and eosin. Each

ample containing at least 50 cells of interest was subjected to ad-

itional immunofluorescence (IF) and chromogenic assays. Formalin-

xed paraffin-embedded tissues (FFPET) were stained using IF mul-

iplex assays. Ang-2/Tie-2, CD31/Ki67 (only assay used in skin) and

D31 + CD34/aSMA were analyzed to determine ligands/receptors (e.g.

ng-2) as well as vessel-related parameters (MVD, proliferation and ma-

urity of blood vessels). Single and duplex standard chromogenic assays

ere performed to assess CD3, CD4, CD8, CD16, and CD68/CD163 to

ssess the level of immune cells. Staining for Ki67 and CD31, Ang2/Tie2
3 
nd CD31 + CD34/aSMA, CD4, CD8, and CD16 was performed at Histo-

eneX. CD3 and CD68/CD163 samples were stained in the Good Clinical

ractice Pathology Laboratory in Penzberg. Staining details are provided

n Table 1 . 

lide analysis 

utomated image analyses (IRIS – in-house platform) 

Tissue slides were scanned in brightfield at 20 ×magnification using

he high-throughput whole-slide scanner Ventana iScan HT (Ventana

edical Systems, Inc.). Visual slide assessments of the samples were

erformed in the Roche Innovation Centre, Munich, with staining re-

ults checked for consistency. Tumor area was manually annotated by a

ertified pathologist according to internal guidelines before subjecting

he digital whole-slide scans to automated image analysis in IRIS, an in-

ouse-developed, next-generation, digital standardized oncology plat-

orm. Artefacts and necrotic areas were manually excluded. The differ-

nt algorithm detection results were checked for accuracy. Tissue digital

mages were scored using whole-slide automated image analysis algo-

ithms for perforin/CD3 and CD163/CD68. The image analysis included

 color deconvolution step as described by Ruifrok and Johnson [23] ,

ollowed by segmentation using morphological operations that sepa-

ated the objects of interests from background and/or machine learning

teps to classify different phenotypes based on its features and to remove

on-specific staining. 

Classification methods used included random forest, logistic regres-

ion with L1 regularization and support vector machine. The x and y

oordinates of the detected objects were recorded in the form of seeds

dots over each cell), typically for nuclear and membrane stains. The

erformance of the algorithms was assessed by means of a verification

tep on a representative set of fields of view, before its release in our

n-house developed R&D digital pathology platform, IRIS, and its use in

tudies (see following section). Notwithstanding, algorithm results ob-

ained during the study execution were displayed over the tissue images

or detection accuracy check by a pathologist. Artefacts were manually

nnotated and excluded. Tissue annotations and algorithm results (x,y
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(  
oordinates and respective label) were stored in a spatial database for

urther data analysis. 

lide analysis – histogenex 

Whole-slide images of the IHC-stained slides were generated at room

emperature with a whole-slide scan device Pannoramic SCAN (3D-

istech, Budapest, Hungary). A 20 ×Plan Apo objective (0.80 numerical

pertures) and a Hitachi (HV-F22L) charge-coupled device progressive

can color camera with a resulting image resolution of 0.23 μm/pixel

ere used. Joint Photographic Experts Group (JPEG) image encoding

ith quality factor 80 and an interpolated focus distance of 15 with

titching in the scan options were chosen. Scanned images were exam-

ned in Pannoramic Viewer (3DHISTECH, Budapest, Hungary) to check

or image quality and to confirm that the whole tissue section was cap-

ured. 

The whole-slide images were analyzed with Tissue Studio 3.5 image

nalysis software from Definiens (Munich, Germany). The percentage

arker area of the CD4 + , CD8 + , and CD16 + stained cells was deter-

ined in the center of the tumor and in the invasive margin. The inva-

ive margin represents an area along the edge of the tumor and normal

issue that reaches 500 𝜇m in the normal tissue and 500 𝜇m in the tumor.

Image acquisition of the IF-stained slides was performed at room

emperature with an AxioImager Z2 microscope (Carl Zeiss AG,

berkochen, Germany), and the ZEN 2.0 (blue edition) software

ackage. A 20 ×Plan Apo objective (0.80 numerical apertures) and

 Hamamatsu (OrcaFlash4.0) complementary metal-oxide semicon-

uctor monochromatic camera with a resulting image resolution of

.325 μm/pixel were used. The digital images were analyzed according

o stereological principles: areas of interest were selected via systemat-

cally uniform random sampling and combined with a digital counting

rid in the AxioVision 4.8 software package (Carl Zeiss AG, Oberkochen,

ermany). For each sample in which at least three areas of interest could

e identified, all vasculature structures were classified (positive for both

arkers of interest, positive for marker 1, positive for marker 2, nega-

ive for both markers) in a semiautomatic manner with the AxioVision

.8 software. The average vessel diameter, the number of vessels per

rea and the area occupied by the vessels was calculated for each class.

ata analysis 

All biomarker analyses were based on the full analysis population.

or the analysis of pharmacodynamic biomarkers, the primary evalua-

ion was based on the observed change from baseline. Both actual val-

es and estimated parameters were collated and analyzed descriptively.

o assess predictability of a biomarker, the association between clini-

al outcome (e.g. responders vs. non-responders; RECIST criteria V1.1)

nd the biomarker level was explored. Data were analyzed with SAS

MP software version 13.0.0 (SAS Institute Inc.) or R statistical pro-

ramming language version 3.4.0. The distributions of concentrations

f circulating biomarkers were checked for log-normality. If the data

ere well described with log-normal distribution, logarithmization was

one. Relative changes of the biomarker levels for each patient were

alculated and group medians as well as 25% and 75% quantiles were

alculated and reported. Statistical analysis was performed using a two-

ailed matched pairs t -test or ANOVA. All results are reported on the

riginal (back-transformed scale). 

ene expression profiling 

andomization of tumor samples 

At accessioning, tumor samples were randomized to avoid potential

onfounding effects with tumor entity, visit, dosing group, and response.

rotocol summary: RNA isolation from formalin-fixed paraffin-embedded 

issue (FFPET) 

Total RNA, including microRNA (miRNA), was isolated from FFPET

sing the Qiagen miRNeasy FFPE kit (Qiagen 217504, 50 reactions).
4 
riefly, FFPE material was deparaffinized with xylene and lysed under

enaturing conditions with proteinase K. The sample was heated to re-

erse formalin cross-linking and then treated with DNase to eliminate

ll genomic DNA. The lysate was then mixed with a buffer to optimize

inding conditions and applied to an RNeasy MinElute column where

he total RNA, including miRNA, binds to the membrane and contam-

nants are efficiently washed away. Total RNA, including miRNA, was

hen eluted with nuclease-free water. 

rotocol summary: RNA sequencing utilizing illumina TruSeq RNA access 

ibrary preparation and instrumentation 

The library was generated using Illumina TruSeq RNA Access Library

reparation (recently renamed TruSeq RNA Exome, Illumina 20020189,

8 rxns). Cluster generation and sequencing of libraries was performed

n the Illumina HiSeq. 

rotocol summary 

The TruSeq RNA Access method is a hybridization-based assay to

nrich for coding RNAs from total RNA sequencing libraries. The as-

ay consists of two major steps: 1) total RNA library preparation, and

) coding RNA enrichment. 

reparation of total RNA library 

First-strand complementary DNA (cDNA) synthesis was primed from

otal RNA using random primers, followed by the generation of second-

trand cDNA with deoxyuridine triphosphate utilized in place of de-

xythymidine triphosphate in the master mix. This facilitates the preser-

ation of strand information, as amplification in subsequent steps stalls

hen it encounters uracil in the nucleotide strand. Double-stranded

DNA undergoes end-repair, A-tailing, and ligation of adapters that in-

lude index sequences. The resulting molecules were amplified via poly-

erase chain reaction (PCR), their yield and size distribution were de-

ermined, and their concentrations were normalized in preparation for

he enrichment step. 

nrichment for coding RNA 

Libraries were enriched for the mRNA fraction by positive selection

sing a cocktail of biotinylated oligos corresponding to coding regions of

he genome. Targeted library molecules were then captured via the hy-

ridized biotinylated oligo probe using streptavidin-conjugated beads.

fter two rounds of hybridization–capture reactions, the enriched li-

rary molecules were subjected to a second round of PCR amplification

rior to paired-end 2 ×50 sequencing on the Illumina HiSeq. 

ata quality-control metrics 

Samples needed to have 100 ng of input RNA to move forward with

ibrary preparation. Samples with < 30% of RNA fragments of > 200 nu-

leotides in size (%DV 200 < 30) are not recommended for analysis by

his method. In total, 12 samples had DV 200 values < 30 (one of which

as < 20), two samples had yields < 100 ng (one of which was also a

V 200 value < 30). Since the material was limited, samples that did not

ualify for the RNA quality control threshold proceeded to sequencing

nd sequencing quality control. 

NA sequence alignment 

Raw reads data were aligned using an in-house pipeline against the

uman reference genome GRCh37/hg19. 

ioinformatic (gene expression) analysis 

Statistical and bioinformatic analyses were performed with the com-

uting environment R [24] . 

The RNA-seq RPKM matrix was log2-transformed. Differential gene

xpression analysis used linear mixed-effect models with the nlme pack-

ge [25] . A set of 203 genes was obtained by selecting the most changing

enes with a p-value < 0.05 and an absolute log 2-fold change of > 0.5

selected log-fold change [ − 2.01–4.94]). Signatures were obtained from
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A B

DC

Fig. 1. Change from baseline in (A) total (bound and unbound) and (B) free (unbound) vascular endothelial growth factor-A (VEGF-A) and (C) total (bound and 

unbound) and (D) free (unbound) angiopoietin-2 (Ang-2) circulating levels during treatment with vanucizumab ( n = 23 in the 30 mg/kg cohort [blue]; n = 9 in the 

15 mg/kg cohort [red]). As VEGF-A and Ang-2 bind to vanucizumab, levels of free circulating VEGF-A and Ang-2 fall. Free biomarker levels return to baseline levels 

prior to the next infusion via mechanisms that may include antibody-binding kinetics, the de novo synthesis of these target molecules or, in the case of Ang-2, the 

release of this marker from Weibel-Palade bodies [31–33] . Total VEGF-A and Ang-2 levels increase over time given the prolonged half-life of vanucizumab and the 

de-novo synthesis of VEGF-A and Ang-2. 
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(  
he Molecular Signatures Database (MSigDB) [ 26 , 27 ] and peer-reviewed

ublications [28–30] . The Mann–Whitney U statistic was computed for

hose signatures in each sample. Differences between baseline and on-

reatment samples were evaluated using a linear mixed-effect model

ith a p-value threshold of 0.05. 

Spearman correlation coefficients were computed between gene ex-

ression levels and different biomarkers (CD8 + T cells, CD3 + T cells and

acrophage levels, along with MVD and Ang-2). Spearman correlation

oefficients were also calculated between the signature scores in each

ample (Mann–Whitney U statistic) and the biomarkers. 

esults 

atient population 

A total of 32 patients participated in this analysis; all patients pro-

ided samples for soluble marker analysis, 26 gave evaluable paired skin

iopsies and 19 gave evaluable paired tumor biopsies. Patient demo-

raphics showed that 15 (47%) were male, mean age (range) was 58.2

31–75) years, and all recorded their ethnicity as White. The most com-

on cancers were those of the colon/rectum ( n = 11 patients), followed

y cancer of the breast ( n = 7), lung ( n = 3), stomach/esophagus ( n = 3),
5 
ancreas ( n = 2), cervix, kidney, skin, thyroid, uterus ( n = 1 each), or

rimary of unknown origin ( n = 1). 

Patients included in this analysis received vanucizumab for a me-

ian (range) of 4.0 (2.0–60.0) cycles at doses of 30 mg/kg (median 4.0

ycles; range 2.0–60.0; n = 23 patients) or 15 mg/kg (median 4.0 cycles;

ange 3.0–12.0; n = 9 patients). A documented best overall response (RE-

IST V1.1 criteria) of partial response was experienced by one patient

30 mg/kg), stable disease was experienced by 12 patients (15 mg/kg,

 = 4; 30 mg/kg, n = 8) and progressive disease was experienced by 19

atients (15 mg/kg, n = 5; 30 mg/kg, n = 14). During the study, 28 pa-

ients withdrew because of progressive disease, one patient each with-

rew because of gastrointestinal perforation or withdrawal of consent,

nd two patients were still receiving vanucizumab at data cut-off. 

ode of action based on soluble markers and immunohistochemistry (IHC) 

oluble markers 

The mode of action of vanucizumab was confirmed by changes in

irculating levels of VEGF-A and Ang-2 as soluble biomarkers of an-

iogenesis ( Fig. 1 ). Although total (drug-bound and unbound) levels of

oth VEGF-A and Ang-2 increased during treatment ( Fig. 1 a and c), free

unbound biologically active) levels of both these biomarkers markedly
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Fig. 2. Box plot representing minimum, first quartile, me- 

dian, third quartile, and maximum relative change (%) in 

( A ) microvessel density (MVD) and density of proliferat- 

ing vessels following vanucizumab treatment (day 29 vs. 

baseline) in tumor and skin-wound-healing biopsies, and 

( B ) density of angiopoietin-2-positive (Ang2 + ) vessels fol- 

lowing vanucizumab treatment (day 29 vs. baseline) in 

tumor biopsies (due to the small sample size, assessment 

was not possible in skin biopsy samples). Extreme values 

are located outside the limits of the box. 
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Fig. 3. Extent of cell infiltration in tumor biopsies at baseline and during treat- 

ment (day 29) with vanucizumab for patients with a documented best overall 

response of progressive disease (PD) or stable disease (SD) a ( n = 17) a Non-paired 

data points are shown for completeness where data points are missing. CD, clus- 

ter of differentiation. 
ecreased within 24 h after the first infusion of vanucizumab, returning

o baseline prior to the next infusion ( Fig. 1 b and d). These effects were

ndependent of dose or schedule. 

HC 

Consistent with the above finding relating to free circulating levels

f angiogenesis markers, analysis of tumor biopsies revealed a signifi-

ant median relative reduction during vanucizumab treatment (day 29)

ersus baseline for microvessel density (MVD) (cluster of differentiation

CD]-31 of − 32.2% (interquartile range [IQR] − 66.2%, 0.0%) and den-

ity of proliferating vessels (Ki67) of − 47.9% (IQR − 82.1%, + 24.9%)

 Fig. 2 A). These findings were accompanied by a reduction in the me-

ian density of Ang-2 positive vessels of − 62.5% (IQR − 70.4%, − 0.6%)

t day 29 compared with baseline ( Fig. 2 B). 

MVD and vessel proliferation (CD31 and Ki67) for skin-wound-

ealing biopsies followed a similar pattern as for tumor biopsies. At day

9, vanucizumab treatment was associated with a reduction in median

VD of − 49.0% (IQR 74.9%, 7.7%) and a reduction in median prolif-

rating vessel of − 25.7% (IQR − 46.2%, + 2.4%) when compared with

aseline ( Fig. 2 A). 

Evaluation of immune markers for patients with paired tumor sam-

les classified by best overall response showed overall low levels of

D8 + T -cell infiltration (0–4.1% per central tumor area) at baseline

nd during treatment (see Fig. 3 ). There was a slight non-significant in-

rease in CD8 + T cells on day 29 versus baseline for patients receiving
6 
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Fig. 4. Box plot representing minimum, first quartile, median, third quartile, 

and maximum change in percentage area coverage of cluster of differentiation 

(CD) − 8 + cells in tumor samples from patients treated with vanucizumab (pooled 

data from both treatment groups) and a best overall response of progressive 

disease (red) or stable disease (blue). Extreme values are located outside the 

box. 
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Table 2 

Spearman correlation coefficients between the signature scores from Angelova 

et al., [28] , Li et al., [29] and Tirosh et al., [30] and CD8 + and CD3 + biomarker 

quantification, and between the signature scores from Angelova et al., [28] and 

Tirosh et al., [30] and the measured macrophage areas. 

Signature CD8 + cells CD3 + cells 

Li et al. [29] 

Enriched in T cells (I) (M7.0) 

0.665 0.741 

Li et al. [29] 

T-cell activation (IV) (M52) 

0.705 0.708 

Li et al. [29] 

T-cell activation (I) (M7.1) 

0.669 0.707 

Li et al. [29] 

T-cell surface signature (SO) 

0.595 0.702 

Li et al. [29] 

T-cell activation (II) (M7.3) 

0.650 0.701 

Angelova et al. [28] 

Treg cells 

0.600 0.646 

Angelova et al. [28] 

T cells 

0.511 0.633 

Tirosh et al. [30] 

T cells 

0.632 0.691 

Signature All macrophages 

Angelova et al. [28] 

Macrophages 

0.229 

Tirosh et al. [30] 

Macrophages 

0.090 

CD, cluster of differentiation; Treg, T regulatory cells. 
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anucizumab 30 mg/kg (median change + 0.04%; IQR − 0.28%, 0.7%)

 Fig. 3 ). However, the small sample size meant no reliable interpreta-

ion could be applied to CD8 + T -cell levels and best overall response

 Figs. 3 and 4 ). There was no discernible increase in CD8 + T cells at the

ower dose. When the same evaluation was conducted for CD4 + T cells

 Fig. 5 A) and CD16 + T cells ( Fig. 5 B), no significant changes or trends

ere detected. Of the 20 patients, 11 showed an increase of > 10% in

D3 + T cells. The patients with higher increase ( > 10%) represented the

igher dosing group. Of 20 patients, 11 (all in the higher dose group)

howed an increase in M2 (CD68 + /CD163 + ) macrophage coverage of

 10% (data not shown). 

ode of action based on transcriptome data 

Further transcriptome analysis of the paired tumor samples supports

 potential vanucizumab-induced immune infiltration. A signature com-

osed of 203 genes regulated by vanucizumab (the “vanucizumab gene

ignature ” [VGS]), includes a large number of immune-related genes

e.g. T-cell receptors and IgGs). 

Signature score analysis showed an increased score for T-cell-specific

ignatures and for signatures related to inflammation processes after

reatment ( Fig. 6 ). Such analysis thus also supports the activation of the

mmune response after treatment. 

orrelation between transcriptome and histological data 

The expression of the VGS genes correlated moderately with CD8 +
 cells (maximum correlation of 0.686), CD3 + T cells (maximum corre-

ation of 0.819) and macrophage area (maximum correlation of 0.687)

ithin tumor tissue. Furthermore, as expected, upregulation of some

GS genes upon treatment showed an inverse correlation with MVD and

ng-2 histological measurements (most negative correlation of − 0.479

nd − 0.411, respectively) ( Fig. 7 ). Moreover, T-cell-specific signatures

orrelated (maximum correlation of 0.741) with CD8 + T cells and CD3 +
 cells as assessed by immunohistochemistry (IHC) displaying an agree-

ent between histology and gene expression ( Table 2 ). This is not the
7 
ase for macrophage-specific signatures and macrophage coverage using

HC ( Table 2 ). 

iscussion 

This is the first study exploring the intra-tumoral pharmacodynamic

ffect of an investigational new anti-angiogenic antibody by assessing

aired tumor- and corresponding skin biopsies. Sequential skin- and core

eedle biopsies could be obtained safely and yielded in tissue material

vailable for multiple translational applications. 

This analysis of patients with a variety of advanced solid tumors

reated with two doses of vanucizumab confirmed a biological effect

n vascular-related biomarkers in plasma, tumor samples and surrogate

ound-healing biopsies, thus demonstrating proof of mechanism for this

ispecific anti-angiogenic antibody. 

Soluble markers of angiogenesis were affected by administration of

anucizumab, with a reduction in circulating levels of free (unbound

iologically active) VEGF-A and Ang-2 after infusion, confirming the

echanism of action of vanucizumab. Their return to baseline before

he next infusion might reflect antibody-binding kinetics, a potential de

ovo synthesis of these target molecules or, in the case of Ang-2, the

elease of this marker from Weibel-Palade bodies [31–33] . Although to-

al levels (bound and unbound) of VEGF-A and Ang-2 increased during

reatment, this most likely reflects saturated vanucizumab-target com-

lex formation [18] or, in the case of Ang-2, release from Weibel-Palade

odies [ 31 , 32 ]. 

In accord with the effects on soluble markers of angiogenesis, vanu-

izumab was also associated with notable reductions of angiogenesis

arkers in tissue. Indeed, the magnitude of the effect is worthy of note,

ith vanucizumab-associated reductions from baseline of − 32.2% in

VD, − 47.9% in density of proliferating vessels and − 62.5% in the

ensity of Ang-2-positive vessels in tumor biopsies. Moreover, the in-

erse correlations between some of the VGS genes and the MVD and

ng-2 histological markers reflect the anti-angiogenic mode of action of

anucizumab at the transcriptomic level. Finally, there was reasonable

ccordance (concordance) between markers of angiogenesis in tumor

amples and surrogate skin-wound-healing biopsies, with MVD changes

f − 49.0% and density of proliferating vessels changes of − 25.7% over-

ll in the skin samples tested. 
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Fig. 5. Extent of ( A ) cluster of differentiation (CD) − 4 + and 

( B ) CD16 + T -cell infiltration in tumor biopsies at baseline and 

during treatment (day 29) with vanucizumab for patients with 

a documented best overall response of progressive disease (PD) 

or stable disease (SD) a . a Non-paired data points are shown for 

completeness where data points are missing. 
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Over the treatment period of 1 month, the observed pharmacody-

amic effects on angiogenic biomarkers, with a primary effect on cir-

ulating levels of VEGF receptor and Ang-2 were consistent during the

bservation period of 1 month and translated into secondary effects on

umor markers of angiogenesis, including tissue Ang-2, MVD, and vessel

roliferation. 

These observations are consistent with the moderate-to-significant

ustained post-treatment reductions in tumor vascular permeability, vas-

ular leakiness and permeability in patients undergoing magnetic res-

nance imaging in this study as reported previously [18] and overall

eflects the anticipated inhibitory effect on the VEGF-A and Ang-2 axis.

ur findings also suggest that wound-healing skin biopsies may be a

seful surrogate marker and an alternative to tumor biopsies for the

ssessment of anti-angiogenic effects. Of note, paired tumor and skin

iopsy samples were safely collected during this investigation with-
8 
ut any bleeding events. Finally, the principal objective of this phase

 study was to evaluate the safety, pharmacokinetics, and pharmacody-

amics of vanucizumab. The low clinical activity of vanucizumab and

he small numbers of responders versus non-responders precluded the

nvestigation of any correlation between pharmacodynamic effects in

lasma/tissue and treatment outcomes. 

Immunological data suggest that the presence of tumor-infiltrating

ymphocytes (including CD8 + T cells) is potentially associated with

mproved survival in patients with solid tumors [34] . Anti-angiogenic

gents have been shown to improve the integrity of the tumor vascula-

ure and to increase the associated T-cell infiltration [35–37] . Ad hoc

nalysis to evaluate the association between CD8 + T -cell infiltration

n tumor samples by IHC and best response was inconclusive in this

tudy. In the paired tumor samples analyzed, CD8 + T -cell infiltration

as low at baseline and during treatment. A non-significant increase
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Fig. 6. Difference between baseline and end-of-treatment signature scores in tumor samples for interferon (IFN), lipopolysaccharide (LPS), T cell and tumor necrosis 

factor (TNF)/nuclear factor kappa-light-chain-enhancer of activated B (NF- 𝜅B) that achieved statistical significance (p < 0.05) a ( n = 18). Signatures were divided into 

several categories that can be an indicator of inflammation (LPS, natural killer [NK], NF- 𝜅B and IFN) or of increased expression of genes related to T cells (T-cell 

signatures from scores from Angelova et al. [28] , Li et al. [29] and Tirosh et al. [30] ). Individual p-values obtained for the signatures represented above are shown 

below. 

Signature; Category; P value 

CHIANG LIVER CANCER SUBCLASS INTERFERON; IFN; 0.028 

GSE11864 CSF1 PAM3CYS VS CSF1 IFNG PAM3CYS IN MAC; IFN; 0.034 

GSE1432 CTRL VS IFNG 1H MICROGLIA; IFN; 0.039 

GSE1432 CTRL VS IFNG 6H MICROGLIA; IFN; 0.046 

GSE3337 CTRL VS 16H IFNG IN CD8POS DC; IFN; 0.019 

GSE14000 UNSTIM VS 4H LPS DC; LPS; 0.021 

GSE14000 UNSTIM VS 4H LPS DC TRANSLATED RNA; LPS; 0.029 

GSE14769 UNSTIM VS 120MIN LPS BMDM; LPS; 0.003 

GSE14769 UNSTIM VS 240MIN LPS BMDM; LPS; 0.041 

GSE14769 UNSTIM VS 60MIN LPS BMDM; LPS; 0.024 

GSE14769 UNSTIM VS 80MIN LPS BMDM; LPS; 0.004 

GSE22886 CTRL VS LPS 24H DC; LPS; 0.042 

GSE2706 UNSTIM VS 2H LPS DC; LPS; 0.013 

GSE3982 CTRL VS LPS 4H MAC; LPS; 0.011 

SANA TNF SIGNALING; TNF.NFKB; 0.022 

LI T cell activation (I) (M7 1); Tcell; 0.031 

LI T cell activation (II) (M7 3); Tcell; 0.032 

LI T cell activation (IV) (M52); Tcell; 0.046 

LI T cell differentiation (M14); Tcell; 0.032 

T CELLS ANGELOVA; Tcell; 0.002 

TIROSH T CELLS CELL TYPE SPECIFIC GENES; Tcell; 0.044. 

9 
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Fig. 7. Correlation of the biomarkers (Cluster of Differentiation [CD] 3, CD8; Angiopoietin [ANG] 2; microvessel density [MVD]) with the expression of the genes 

within the progressive disease (PD)-like signature for tumor samples. Each column is a gene selected among the most differentially expressed between treatment 

and baseline (p-value > 0.05 and log-fold change > 0.5). The genes are sorted from left to right, from the highest to the lowest log-fold change. The DN category 

indicates genes with a negative log-fold change (decreased expression in treated samples). Rows are the biomarker measurements. Cells are colored when there is a 

moderate to high correlation. A red cell indicates a Spearman correlation higher than 0.3, and a blue cell indicates a Spearman correlation inferior to 0.3 ( n = 18). 
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n CD8 + and CD3 + T cells and M2 macrophages for patients receiving

anucizumab at the higher dose was detected but was not replicated at

he lower dose. Furthermore, a similar analysis of CD4 + and CD16 + T

ells showed no significant changes or trends. Overall, the small sample

ize meant that no reliable interpretation could be applied to the rela-

ionship between clinical response and T-cell tumor infiltration. Besides,

umor biopsies can only reveal a snapshot of the tumor microenviron-

ent, with an extrapolation of data for the whole tumor, potentially not

ntirely reflecting a heterogeneously activated and infiltrated immune

ontexture. However, signature score analysis after gene expression pro-

ling of the paired tumor biopsies showed modest increase of inflam-

atory processes and T-cell-related signature scores under treatment

ith vanucizumab, implying recruitment and potential activation of

ymphocytes ( Fig. 6 ). This was not the case for macrophage-specific sig-

atures and macrophage coverage using IHC. We hypothesize that two

easons are behind this lack of correlation. First, macrophage IHC read-

uts are based on the area covered by the macrophages, not the number

f macrophages. The amount of messenger RNA (mRNA) is typically a

unction of the number of nuclei (cells) rather than the area covered by

he cells, and the macrophage signatures were, of course, derived from

ene expression (mRNA) data. Second, the subtype of macrophages (e.g.

1 vs. M2) represented by the macrophage signatures may not reflect

he subtype detected by IHC in this study. 

In conclusion, this analysis of patients with a variety of advanced

olid tumors treated with vanucizumab in a phase I study confirmed

n expected biological effect on vascular-related biomarkers in plasma,

umor samples, and wound-healing biopsies and demonstrated proof of

oncept for this bispecific antibody. These findings are consistent with

reviously reported improvements in tumor vascular permeability, leak-

ness and perfusion with anti-angiogenic therapy [18] . Our data also

upport the use of skin-wound-healing biopsies as a surrogate to ex-

lore angiogenesis. Furthermore, we demonstrated changes in immune-

nfiltrating cells induced by anti-angiogenic treatment deserving further

nvestigation in a more homogenous and larger patient population to

laborate the relationship of angiogenesis and immune cell infiltration,

s well as a potential association between the observed pharmacody-

amic effects and the drug dose administered. 
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